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1. Abstract

1.1. Abstract

During cell division many components of the celtlsias DNA or membranes are synthesised to
provide the emerging daughter cell with the neagssquipment to live independently. Previous
work done in our group demonstrated a link betwiggd homeostasis (lipolysis) and cell cycle
progression. It was demonstrated that the cyclpeddent kinase Cdc28p, the major regulator of
the cell cycle, governs the activity of Tgldp, ajonatriacylglycerol lipase inSaccharomyces
cerevisae. These findings raised the question as to whad lgpecies originating from TAG
degradation are required for cell cycle progressam which “check-point” monitors the
availability of these compounds. One potential odate is Swelp. At the G2/M phase of the cell
cycle it phosphorylates and inhibits Cdc28p andeyge stalling the cell cycle until certain
requirements such as cell size are met. It wasadserved that deletion &\VE1 recovers a G1/S
delay in the cell cycle in thgl3tgl4 mutant.

By analysing lipid profiles obtained by UPLC-qTOFSMf the strains described previously we
found that Swelp has a direct effect on lipid melism. It was observed that in all strains the
main TAG species that are degraded during thecgelk are unsaturated, and this also reflects on
the profiles obtained for the other lipid clasdésvas also seen that thgl 3tgl4 andtgl3tgl4swel
lipase mutantshow residual lipolytic activity during the cell dg suggesting the presence of
another lipase. These lipid profiles also indiddtat Swelp might show acyltransferase activity,
and that the lipase mutants have a compensatoriyanistn to counteract the lack of lipolysis.
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1.2. Kurzfassung

Waéhrend des Zellzyklus werden viele Komponenten delte, wie zum Beispiel DNA oder
Membranen, repliziert oder synthetisiert damit daxhterzelle unabhéngig funktionnieren kann.
Unsere Gruppe hat vor einiger Zeit den Zusammenhangchen Lipolyse und dem zeitlichen
Ablauf des Zellzyklus demonstriert. Die Zyklin-albiggige Kinase Cdc28p reguliert den Zellzyklus
und hat einen stimulierenden Effekt auf Tgl4p, eihaglyzeridlipase in Saccharomyces
cerevisiae. Diese Ergebnisse haben verschiedene Fragen aufigew Welche Abbau-Produkte
von TAG spielen eine Rolle im zeitlichen Verlaufsdgellzyklus und welche “check-points”
kontrollieren diese Substanzen? Ein guter Kandfdat das Letztere ist Swelp. Am G2/M
Uebergang im Zellzyklus phosphoryliert diese Kin&#c28p, was zu einer Verzégerung des
Zellzyklus fuhrt bis verschiedene Kriterien wie z@mispiel Zellgrésse erreicht sind.

Eine Analyse der Lipidprofile von verschiedenen é&immen, die durch UPLC-qTOF-MS
generiert wurden, hat ergeben dass Swelp einektefir&ffekt auf den Lipidmetabolismus der
Zelle hat. Es wurde beobachtet dass in allen Stametesr ungeséattigte TAG Spezies im
Zellzyklus abgebaut werden und dass sich diesera@dbb den Profilen anderer Lipid Klassen
wiederspiegelt. Es wurde auch beobachtet dassip@asé Mutanteigl3tgl4 undtgl 3tgl4swel eine
lipolytische Aktivitat aufweisen, was auf die Prdseeiner weiteren Lipase deutet. Diese
Lipidprofile haben auch gezeigt dass Swelp moghebise Azyltransferaseaktivitat aufweist und
dass die Lipase Mutanten einen Ausgleichsmechasisbasitzen, der die fehlende Lipolyse

ausbalanciert.
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2. Table of abbreviations

ATGL
CDK
CDP-DAG

DAG
DNA

FA

FACS

GO phase
G1 phase
G2-phase
IST

LE

MAG
M-phase
ONC

PA

PC

PE

Pl

PIP

PL

PLC

PS
qTOF-MS
RNA

SL
S-phase
TAG

Adipose triglyceride lipase

Cyclin dependent kinase

Cytidine diphosphate-diacylglycerol
Diacylglycerol

Deoxyribonucleic acid

Fatty acids

Fluorescence activated cell sorting
Gap 0 phase

Gap 1 phase

Gap 2 phase

Internal standard

Lipid extraction

Monoacylglycerol

Mitosis phase

Over night culture

Phosphatidic acid
Phosphatidylcholine
Phosphatidylethanolamine
Phosphatidylinositol
Phosphatidylinositol phosphate
Phospholipid

Phospholipase C
Phosphatidylserine

Quadrupol time of flight mass spectrometry
Ribonucleic acid

Sphingolipid

DNA synthesis phase (cell cycle)
Triacylglycerol

Page 10 of 74



Tgl3p,4p,5p
UPLC
VLCFA

WT

YNB

YPD

7DC

Triacylglycerol lipase 3,4,5

Ultra performance liquid chromatography
Very long chain fatty acid

Wild type

Yeast nitrogen base

Yeast extract peptone dextrose

7 day culture
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3. Introduction

3.1.Lipid metabolism

The last decade has shown an alarming increaséeistyle related pathologies such as obesity,
diabetes and cancer. Lipids play an important noléhese afflictions and research on lipids in
general helps elucidate certain aspects of thesasks. Lipids are important molecules in all cells
and they play various roles in their morphologgulation and survival. The yea&ccharomyces
cerevisiae offers itself as an attractive model organism tiadg the role of lipids in eukaryotic
cells. It is easy to handle, and discoveries madgeast often give insights into the biochemistry
and physiology of more complex organisms, as maonggsses are conserved between yeast and
higher eukaryotes. Lipids are involved in many atpeof a cells life. They are part of the
membranes; act as storage molecules or even plajeain signalling.Figure 3.1 shows a
simplified view of lipid metabolism with speciescaoonnections relevant to this thesis. Lipids can
be classified in two major groups, hamely neut@atls and polar lipids. Neutral lipids encompass
species such as triacylglycerol (TAG) or diacylglsa (DAG), amongst others. TAGs are
molecules that act as energy storage componetite icell. They are buffer systems to store fatty
acids (FA), as high concentrations of free FA asectto cells. A typical structure of a TAG would
involve a glycerol molecule esterified with thresty acyl chains, which can vary in their length
and degree of unsaturation. TAG metabolism needxe tbghtly controlled, as TAGs need to be
synthesised or degraded quickly and efficiently asaction to different environmental cues. TAG
degradation occurs through the activity of TAG $#es. The main lipases in yeast are Tgl3p, Tgl4p
and Tgl5p, and their activity results in the formaatof DAG and monoacylglycerol (MAG). Tgl3p
and Tgl4p were identified as the major lipolyticzgmes, with Tgl3p also showing activity as
DAG lipase (Kurat et al., 2006; Rajakumari et &@Q08). Tgldp was also identified as the
functional ortholog of mammalian adipose triglyderilipase ATGL, underlining the fact that
many biochemical processes are conserved betweest ed higher eukaryotic organisms (Kurat
et al., 2006).
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Figure 3.1: Overview Lipid Synthesis with link to the work ofsAno et al. (2005), Harvey et al. (2005) and Ketat
al. (2009).
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DAGs are formed from TAGs, by cleaving a singletyfahcyl ester bond. However TAG
degradation is not the only source of DAGs. They ba produced by many different other
reactions, such as PL degradation by phospholiga@eLC) or as a by-product in sphingolipid
synthesis. Furthermore, DAG can also be formeddaynbvo synthesis”. DAG levels are strictly
regulated, as in addition to being an importaneénmiediate, this class of lipids is also bioactive
and plays a role in certain signalling pathways(@wvska et al., 2001Figure 3.2 underlines the
importance of a tight regulation of lipid metabaiis Although it shows the effect of DAG
signalling in mammalian cells, it still demonstsateow DAG is involved in many biological

processes, emphasizing once more the importanedigiit regulation.

Phosphatidic acid (PA) is at the cross-roads afl lipetabolism as it can be used to produce
neutral and polar lipids, such as TAGs or phosypiatdi (PL) (C.f.Figure 3.1). Also the e novo
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synthesis” pathway will produce PA as a precursaother lipids. Additionally to this PA is also

bioactive and plays an important role in regulatipgl metabolism itself (Young et al., 2010).
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Figure 3.2: DAG signalling in mammalian cells (TokeEMBO reports (2005)6, 310 — 314).

The most notable polar lipids are the class of phobpids (PL) such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidyise (PS) and phosphatidylinositol (PI).
These PLs are the major components of biologicahbmanes, with PC and PE constituting the
major building blocks for membranes. A typical sture of a PL describes a hydrophilic glycerol-
3-phosphate head-group and a hydrophobic tail, neddeo fatty acyl chains that can differ in
length (mostly C16 or C18) or in their degree ofataration (0 or 1 double bond). The structure

of the head groups differs for different PL species

Figure 3.3 shows the flow of fatty acids in the general lipiettabolic pathway. Fatty acids are
very versatile molecules and are used for manygee® Lipids can be degraded and FAs used for
energy production bg-oxidation in the peroxisomes. TAGs can be degradetiused to produce
PL. The released FA's can be used for various maposuch as protein modification or

remodelling of different lipid species.
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“De novo” Synthesis

Protein Modification

Neutral Lipid Formation/ Degradation L:bl Acyl-CoA L:—’l Sphingolipid Formation/ Degradation

Elongation/ Desaturation

PL Degradation/ Remodelling ¢

Figure 3.3 Fate of Acyl-CoAs (activated fatty acids) in tigd metabolic pathway.

3.2.Lipid link to cell cycle

3.2.1. Cell cycle & growth phases

Cells grow and divide and for this they need tdicape their DNA and synthesise many essential
components such as membranes. Defects in thisggaes lead to pathologies such as cancer and
research on cell cycle can give very importantghts to these diseases. The cell cycle is described
as a series of events that lead to cell divisiahtae production of a daughter cell, which contains
chromosomes identical to those of the mother teltlish et al., 2007).

The cell cycle can be divided in 4 phases, namdly$; G2 and MFigure 3.4 illustrates these 4
phases. During the G1 phase (Gap 1) cells growzm and prepare for the S phase (synthesis
phase) by synthesising proteins and machinery sapgdo enter the next step. During the S-
phase, the DNA set of the cell is replicated inparation of division, as the daughter cell requires
the complete replicated genome of the mother Takk G2 (Gap 2) phase is an intermediate phase

where cells prepare to enter mitosis or M-phaseainguhe M-phase the doubled DNA content
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and the cellular content such as organelles aidativbetween the mother cell and the emerging
daughter cell. Cytokinesis occurs at the end of Niphase, producing a daughter cell from a
mother cell. These cells then re-enter the cellecy{todish et al., 2007).

] Spindle
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migration B
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!'. el ¥ . =
G2 A\
‘-:‘-:_ Chromesome
W segregation;
] M W nuclear
DNA replication I" = |'| division
|
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[ ..'I\ I'r-‘ :i I[;;H' -
Bud -
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I ™ -
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hody duplication START B
Growth
.:r' ™
N

Figure 3.4 lllustration of the cell cycle i®. cerevisiae (Griffiths et al., 1999).

During this cell cycle, there are at least threeakhpoints that allow the cell to recognize ifiall
running smoothly and if so, to transition into thext phase of the cell cycle. The START check-
point in the G1 phase includes factors such as siz&gient availability and genetic integrity. If
some of the criteria are not met (e.g. availabititynutrients), the cells delay the cell cycle or
alternatively exit the G1 phase, and enter quiesses state described subsequently as GO (Lodish

et al., 2007). The GO phase, or stationary phasa,doping mechanism used by cells, to ensure
viability during times of nutrient limitation.

When cells are grown in culture, prior to entryoimfuiescence, several phases of growth can be
distinguished. After stationary cells are trangfdrinto a new nutrient-rich environment, they enter
the lag-phase where they are biochemically actitehbve not started dividing yet. Cells adapt to

their new environment (nutrient-rich), exit thetgtaary phase and prepare for re-entry into the
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cell division cycle. When the cells start dividiagain, they enter the log- or exponential phase.
They will continue dividing until some nutrient &xhausted or some metabolite starts becoming
toxic (Singh et al., 2006). When essential nutsesuich as glucose are depleted, cells will enter th

stationary phase again as a result of carbon stam@Verner-Washburne M. et al., 1993).

TAG metabolism shows very notable differences duthrese different phases of growth. During
the stationary phase, lipases are active and degradbs slowly to provide FAs as an energy
source. During the exit of the GO phase, TAGs aegraded for different reasons. Their
degradation products presumably provide precursarsPL synthesis, which allows a rapid
initiation of growth. This TAG degradation is mainperformed by Tgl3p and Tgl4p. These
enzymes work in parallel and independent of eabkrolt has been suggested that the activity of
these lipases differs in different phases of growtfi4p being the majorly active lipase during the
lag-phase, and TgI3p during the log-phase (Kuredlet2009; B. Weberhofer, Diploma Thesis
2010).

3.2.2. Cyclin dependent kinases, lipolysis and their limkhe cell cycle

Cyclin dependent kinases (CDK) are heterodimergmmdtinases that regulate the progression of a
cell through its division cycle. CDKs are the cgtial subunits of a larger complex formed with
cyclins, the regulatory subunits of the heterodineryeast the concentrations and types of cyclins
vary greatly over time and are dependent on thlecgele phase the cells are in. The activity of
cyclin associated CDK is highly regulated. The $wats specificity of each cyclin-CDK
heterodimer is defined by the associated cyclichEEDK can associate with a number of
different cyclins, which in turn determines the CBHKarget proteins and, thus, activity. Cyclins
Clinlp, CIn2p and CIn3p are the essential cycliressary to guide the cells from G1 to S-phase.
The S-phase requires cyclins such as Clb5p andpCIiB&ype cyclins such as Clblp, Clb2p,
Clb3p and Clb4p help the cells progression intoNiphase (Lodish et al., 2007; Wittenberg et
al., 1990; Richardson et al., 1992).
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Cdk1/Cdc28p is one of two cyclin dependent kinasegeast and is of particular interest in this
work. It has been shown that Cdc28p phosphorylag#dp, a major TAG lipase in yeast. This

phosphorylation activates Tgl4p, leading to a ghprincreased TAG degradation. This TAG

degradation presumably provides precursors for Yithesis which are needed for membrane
production during rapid initiation of growth (Kurat al., 2009; Zanghellini et al., 2008).

1) Mihl

2) Additional Kinases
3) Inactivation of
! Phosphatases

Figure 3.5 Interactions between Swelp and Clb2-Cdc28 acagridi Harvey et al. (2005).

Swelp is a protein kinase that acts as a morphsgembeckpoint and regulates the cell's
progression into mitosis (Lew et al. 2003). Cheolafs control key processes that are necessary
for cell division, and if these requirements aré met, cell cycle check-points delay the cell cycle
Swelp has such a check point function, and it detag cell cycle at the G2/M transition in
response to improper bud-formation by negativelgutating mitotic Clb2p cyclin associated
Cdc28p (Sia et al., 1998Figure 3.5 shows the interactions between Swelp and Cdc28el|s
binds to Clb2-Cdc28p and gets phosphorylated by28plcThis stabilises Swelp and activates
Swelp tyrosine kinase activity. Swelp then in refopinosphorylates Cdc28p at a tyrosine (Y19)
residue and inactivates the latter, leading tolayee entry into mitosis. When the morphogenesis
checkpoint requirements (such as cell size or agtganisation) are met, Mihlp phosphatase
dephosphorylates CIb2-Cdc28p, reactivating it aedding the cell into mitosis. Swelp is
hyperphosphorylated and subsequently degradedsIbben suggested that Cdc28p plays a role in
this hyperphosphorylation, as do the sites wheasephosphorylation takes place (Sia et al., 1998;
Harvey et al., 2005; Hu et al., 2008).
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Kurat et al. (2009) proved the link between Cdc28p Tgl4p during G1/S. Asano et al. (2005)
and Harvey et al. (2005) demonstrated the link betwSwelp and Cdc28p during G2/M. This
previous work does not directly link Swelp to lipgk, as the two effects described earlier take
place at two different times during the cell cyclelc28p and Tgl4p interaction occurs in the early
phases of the cell cycle (Kurat et al., 2009), whsrthe interaction between Cdc28p and Swelp
occurs in the late G2 phase (Harvey et al., 20Q6)at et al. (2009) demonstrated a delay in the
cell cycle of thetgl3tgl4 deletion strain. Unpublished work by N. Chauhaaveh that additional
deletion of SVEL in this lipase deletion strains recovers this yetaiggesting an effect of Swelp

at the earlier stages of the cell cycle.

4. Aim & Experimental setup

4.1.Ai

The aim of this thesis was to identify a lipid-degent checkpoint and to establish which TAG
derived lipid species are critical to cell cyclogression and/or delay by observing lipid profiles
of synchronised cells obtained from various defesitrains. This work should give an insight as to
the effect of Swelp on lipid metabolism and how dbsence of this kinase manages to rescue a

G1/S cell cycle delay caused by a lack of lipolysis

4.2. Experimental setup

The experimental setup used was specially designeaddress the aims of this thesis. Some
aspects were already established methods and sare redefined for the purpose of these
experiments. All results shown in the following s were obtained by experiments that
followed the work flow described iRigure 4.1 First the strains were cultured for two days on
YPD plates and kept at 4°C until further use. Amrenight culture (ONC) of the selected strain
was made in YPD. Following this, a 7 day cultur®CJ was inoculated in YPD. After these 7

days, the quiescent cells in the GO phase weraaepafrom the non-quiescent and dead cells by
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RediGrad® centrifugation (Allen et al., 2006). Alamunt was performed using the CASell
Counter and typically 5*0cells were inoculated into fresh YNB media. Thésceere counted
and harvested at 30 minute intervals up to 240 tegun addition the cells were cultivated up to
72 hours and samples taken at 9h, 24h and 72hsessdipid alterations during growth. The
harvested cells were frozen in liquid nitrogen atdred at -80°C until lipid extraction was
performed. An internal standard mix (IST) was adbefbre each lipid extraction to aid in the later
evaluation. Lipid extraction was performed accogdin the Standard Lab Operating Procedure
(modified after Folch et al. (1957)). The lipid exdts were then analyzed by UPLC-ESI-qTOF-
MS and the chromatograms and mass spectra obtaimedevaluated using Wat&assLynxX"

and Lipid Data Analyzer Software (Hartler et alg1R). For details on the standard operating

procedures, materials and methods used pleasdwefection 7 and 8 of this thesis.

ONC

|

7 Day Culture

]

RediGrad Centrifugation

|

Cell Count, Inoculation & Harvest at 30minutes interval (including 9, 24 and 72h time pointg

— IST

Lipid Extraction

]

UPLC-qTOF-MS

Figure 4.1: General work flow.
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5. Results & Discussion

5.1. Synchronisation: gradient centrifugation with RediGrad®

A synchronised population of cells is in the sarhage of the cell cycle. Various synchronisation
techniques exist and all have their positive anghatiee sides. RediGr&dcentrifugation was used

in these experiments as they were designed to dapeoresults observed by Kurat et al. (2009).
For a detailed review on different synchronisatieohniques please refer to C. Taus: Diploma
Thesis 2010. The main attribute of this technigaes what there was no chemical influence on the
cells, as observed for example with @afactor arrest. The mating pheromaméactor arrests the
cells in the G1 phase of the cell cycle, and prepahem for mating. This influences their
biochemistry and might alter the outcome of the esxpent. One drawback of gradient
centrifugation is that the cells might not be ascgely synchronised as whesactor is used. The
general consensus states that cells enter quieswodren they are in the G1 phase, and they are in
a situation of nutrient/carbon depletion. It hasfshown, however, that cells cultured in a similar
way to the culturing conditions described for thegperiments, show a minor fraction of cells that
enter quiescence at different stages of the cellecfLaporte et al., 2011). Laporte et al. (2011)
describe the population as being composed of 90abbtidded cells (G1) and 10+5% of budded
cells (S/G2). This means the cells separated byiGRaed® centrifugation may contain a small

fraction of cells that will not re-enter the cejlote at the G1 phase.

Previous FACS experiments (not shown here, N. Cliaubuggested that at Omin there was a
small part of the cell population that had a dowga@eof chromosomes (2n). It was thought that this
was due to cells sticking together. However theeolegtions of Laporte et al. (2011) suggest that a
small percentage of the cells possess 2 sets afmdsomes, however this percentage is
insignificant. A viable alternative to the gradiergntrifugation technique would be elutriation,
where cells are separated according to their size C. Taus, Diploma Thesis 2010). There would
be no chemical interaction with the cells, and aammecisely synchronised population could be
obtained. Unfortunately this technique was notlabée in our lab.
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5.2.Growth

During the experiments, approximately 5%*1¢ells were inoculated into fresh YNB media after
synchronisation. During the harvest at 30min irdésyeach culture was recounted to correct for
pipetting errors. These measurements also providecaverage size of the cells in culture and
allowed to assess the change in size over tifigare 5.1 shows the development of cell volume
over time for the 4 analysed strains. When congidethe cell size and the FACS analysis (not
depicted here), it could be seen that Wel and tgl3tgl4swel mutant populations started
dividing between 150 and 180min, whereastghgtgl4 mutant only started dividing between 180
and 210min. This delay is not as obvious when anlysidering cell volume. The average volume
seems to peak at 180min for all strains beforeedrelases again. Even if a fraction of the cells
started dividing earlier, the majority of the pogiivn was still growing in size. Only when the
majority of the cells have divided, will this refteon the average volume. The “non-chemical”
approach to synchronisation also has its draw-bdadks cells separated by gradient centrifugation
are stationary and some cells might need longstand dividing than others. It will therefore be
assumed that the cells are synchronised only 15@+180min.
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Figure 5.1: Cell volume in the 4 deletion strains over thetfR40min after initiation of the cell cycle.
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5.3.FACS: Fluorescence activated cell sorting

FACS analysis was used to determine the complésea$echromosomes in the cell and by this
track the cells progression through its divisiorley The first peak represents cells with one full
set of chromosomes (1n). Cells have not enteredstpbase of the cell cycle. The second peak
that appears represents cells with 2 sets of chrsomes (2n). Those cells have already passed the

S-phase and possess 2 identical sets of chromosomes

LLLL
LLLL-

LlL -
LLL -~

Figure 5.2: FACS analysis of WT and ttsavel, tgl3tgl4, tgl3tgldswel mutants (courtesy of N. Chauhan).

It should be mentioned that the FACS data showFRigure 5.2 was generated from different

cultures. This was due to technical problems with EACS machine during the time the lipid
profiling experiments were performed. However as ACS experiment has been performed
many times, and was reproducible, so it will beuas=d (only for the purpose of this thesis), that

the FACS experiments depicted above are accurate.

WT cells start replicating their DNA between 60 &@imin. The same applies to theel and the
tgl3tgl4swel mutants. Thegl3tgl4 strain shows a delay of about 30min compared ¢octier
strains, consistent with previous studies. Theydsken in thegl3tgl4 strain might be explained
by the severely impaired TAG degradation. As a equasnce PL production for membranes
would be significantly slowed. This delays the whoell division cycle, as the cells need a certain

amount of PL to produce membranes for the ememdgughter cell.
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5.4.Cell cycle results for WT and the wsel, tgl3tgl4 and tgl 3tgl4swel mutants

The following section will show the obtained resu#ind observations made. For every class of
lipids there will be a general graph showing theele of this lipid class for the 4 deletion strains
during the first 240 minutes after initiation ofetltell cycle. Additionally to that there will be
graphs showing the behaviour of each species witanlipid class.

5.4.1. Triacylglycerol (TAG)
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Figure 5.3: Sum TAG in all deletion strains over the first 240rafter initiation of the cell cycle.

Figure 5.3 shows the sum of all TAGs in the 4 deletion ssailuring the first 240min after
initiation of the cell cycle. WT TAG levels show hmeviour as expected. During the first 60min a
decrease of about 36 % can be seen due to TAG isailmh. TAG being storage molecules are
degraded in the first 60min to produce other mdessusuch as PL for membrane synthesis.
During this period of time TAG degradation is a menergy efficient way to produce PL thale “
novo” synthesis. In these first 60min it can be assurttet lipolysis outweighs de novo”
synthesis, as TAGs are quickly used to produce d?Lgfowth when a new nutrient source is
sensed (Kurat et al. 2006, Gray et al. 2004, Zdhghet al. 2008). After 60min, the total TAG
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levels stay constant. There is a dynamic balantedeas lipolysis andde novo” synthesisFigure

5.4 shows that single TAG species vary over time, efdhe total TAG amount stays the same.

It was shown during the FACS experiments that WIIs start dividing between 150 and 180min
after initiation of the cell cycle. It can be saarFigure 5.3that after 180min the TAG levels start
decreasing. This can be partly explained by lipgelysowever it has been suggested that other
phenomena might play a role in this TAG decreaseh ss the “dilution effect”. Theagl mutant
shows lower TAG levels than WT. A possible explarafor this might be found in the Swelp
amino-acid sequence. Swelp shows an acyltransfenasié If this motif represents a TAG
synthesising acyltransferase activity, then Swedptributes directly to total lipid levels and the
deletion ofSWEL will decrease total TAG levels. This theory howeglees not explain the higher
TAG levels in thetgl3tgl4swel mutant strain. In thewel mutant the first 60min show a decrease
in total TAG levels of roughly 28 %. The slightipMer percentage of decrease might be explained
by the smaller cell size of th@vel mutant. Less PLs need to be synthesised. FACScalhd
counting experiments also suggest that cells irsti@d mutant start dividing at a slightly smaller
size than WT. A possible explanation for the sm@dll size is that there is no Cdc28
phosphorylation by Swelp. Phosphorylated Cdc28estsror delays cell division until certain
requirements such as cell size are met. Whennbigphosphorylated, it can be considered active

and cells will divide without having reached a aértsize (Lew, 2003).

The tgl3tgl4 strain shows a permanently increased TAG leveis #hdue to the missing lipases
Tgl3p and Tgl4p. TAGs are not so efficiently degracnd accumulate. However when observing
the behaviour over time, thgl3tgl4 mutant shows an unexpected decrease in total BAEd of
about 35 % in the first 60min after initiation dfet cell cycle. This TAG degradation might be
explained by the presence of an additional lipasgh as Tgl5p or Tgllp for example.
Unpublished data (N. Chauhan) shows that TglSpoisup regulated on the mRNA level, its
activity however could still be amplified. At thigne it is hard to say what enzyme is responsible
for this TAG decrease in th@gl3tgl4 strain. This data is unexpected considering preshjou
obtained data (B. Weberhofer, Diploma Thesis 20i0fhat case TAG levels increased in the first
3 hours after initiation of the cell cycle. Howeuéis should be considered with caution as the

culturing conditions were very different. It is kmo that Tgl5p is present; however this lipase
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cannot recover the delay observed in ti8tgl4 strain. It can therefore be postulated that the

delay observed in this strain is due to the abseh@gl3p or Tgl4p.

The tgl3tgl4swel deletion strain shows slightly elevated TAG leviel€omparison to thegl3tgl4
mutant. Thedl3tgl4swel mutant also shows a decrease in total TAG levelbout 23% in the
first 60min, again suggesting the presence of adipolytic enzymes. Neha Chauhan suggested
the idea that Swelp might be a lipid sensor, anddnsing the lack of lipolysis (or the given
products) it delays the cell cycle. Additional dele of SWE1 and the subsequent recovery of this

delay give circumstantial evidence that this thearght be valid.
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Figure 5.4: Main TAG species observed in WT in the first 240rmafter initiation of the cell cycle.

Figure 5.4 shows the main species for the WT strain. The rapéties are TAG 48:0, 48:1, 48:2,
48:3, TAG 50:0, 50:1, 50:2, 50:3, TAG 52:0, 52:2;4 52:3, and the following discussion will
mainly refer to these species. The WT profile carebsily explained when one thinks of the FA
composition of these TAGs. The most abundant FAs1&:0, 16:1, 18:0 and 18:Table 5.1
shows the FA composition of the main TAG speciestbin WT.

At Omin the main species are double and triple wmated TAG specieg={gure 5.4). The Omin

time point is equivalent to a 7 day old cultureislthought that during quiescence the cells use
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TAGs as an energy source (Gray et al., 2004). Tiseythe FA as a substrate faoxidation. -
oxidation requires additional steps to degrade tunated FA. This explains the higher levels of
unsaturated TAG species at the starting time paistsaturated FA may be preferentially used
during quiescence to provide energy.

TAG FA composition

48:0 16:0 16:0 | 16:0 0 FA unsaturated
48:1 16:0 16:0 | 16:1 1 FA unsaturated
48:2 16:0 16:1 | 16:1 2 FA unsaturated
48:3 16:1 | 16:1 | 16:1 3 FA unsaturated
50:0 16:0 | 16:0 | 18:0 0 FA unsaturated
50:1 16 16 18 1 FA unsaturated
50:2 16 16 18 2 FA unsaturated
50:3 16:1 16:1 | 18:1 3 FA unsaturated
52:0 16:0 | 18:0 | 18:0 0 FA unsaturated
52:1 16 18 18 1 FA unsaturated
52:2 16 18 18 2 FA unsaturated
52:3 16:1 18:1 | 18:1 3 FA unsaturated

Table 5.1:FA composition of the main TAG species in WT (FAler cited does not refer to sn-position).

The profile seen ifrigure 5.4 also provides insight as to which species areatkgt preferentially
over time and which ones are used more for storEgs.discussion will relate mainly to the 48:n,
50:n and 52:n species. Species that have no ouonsaturated FAs tend to increase over time.
They will be referred to as n:0 and n:1 speciesh Wi and 1 referring to the number of double
bonds, or more precisely, the number of unsatur&adin the TAG species. This increase
continues until 150-180min, the point where théscetlarts dividing. (Note that for better visibyjlit
Figure 5.4 Figure 5.6, Figure 5.7, Figure 5.8 do not show error bars which are typically in the
range of 10-20%). In the same time range doubletapl® unsaturated TAG species decrease
dramatically. N:2 species decrease most in thegsl20min, and then seem to stay constant. N:3
are the main species that are degraded. They decosar time until the cells start dividing. When
consideringFigure 5.5 it can be seen that when n:2 and n:3 species egeaded, single and
double-unsaturated DAGs are formed. These produretsalso reflected in the PL composition.
The decrease seen in n:2 and n:3 TAG speciesasreflected in the DAG, PA and PL profiles
(PL 32:n, 34:n, 36:n).
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As shown in previous work (Kurat et al., 2009, Beh®rhofer, Diploma Thesis 2010) the main
lipases are Tgl3p and Tgl4p. It has been suggektedhe preferences of these lipases lie more in
the length of the FAs, as opposed to their degfesatoiration (Daum et al., 2007). However this
could not be confirmed by these experiments. Thgehilecrease in n:3 TAG species cannot be
directly seen in the corresponding DAG profiles. Gg\are intermediary molecules and quickly
funnelled towards production of other lipid speciesaddition to this DAGs are also bioactive

molecules and their levels are strictly regulat@elawska et al., 2001).

TAG 48:2 TAG 48:3 TAG 50:2 TAG 50:3 TAG 52:2 TAG 52:3

DAG 32:1 DAG 32:2 DAG 34:1 DAG 34:2 DAG 36:1 DAG 36:2

Figure 5.5: TAG degradation and resulting DAG products.

TAG 50:3 and TAG 52:3 are the main species in Wlnain with both of them constituting about
38% of total TAG amounts. TAG 50:3 is the main spegecat Omin (equivalent to 7 day old
culture). This species represents by itself al2dsto of the total TAG amount. At 7 days the cells
are in quiescence and do not divide anymore. Theimbranes do not need to be as dynamic and
fluid, so the unsaturated FAs are stored as TAG({Het al. 2011). When the cells are released
in new media, they exit quiescence and start digdigain. It has been reported (Dowhan, 1997)
that certain species change their membrane congrosit response to a change in growth
conditions. A possible theory that emerges frors ttiea is that the membranes of dividing cells
need different physical properties to be able towalbud formation and division. Membrane
fluidity for instance is conferred by unsaturatedl i the PL. After about 180min, TAG 50:3
represents only about 7 % of the total TAG amosuggesting that this species plays an important
role during cell division. The degradation produetsl up in PL, as peroxisom@oxidation is
repressed when cells exit quiescence (Trotter, 2001
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Figure 5.6 shows the distribution of TAG in th&vel strain. The main species distribution is
similar to WT with TAG 48:n, 50:n, and 52:n beirgetpredominant species. The levels of these
species are slightly lower than those observed ih. Wonsidering the link between Swelp,
Cdc28p and Tgl4p (introduction), it can be postdathat in absence of Swelp, Cdc28p stays
active and continues to stimulate Tgl4p. This lesmlsan increased lipolysis and to generally
decreased TAG levels. TAG 50:3 and TAG 52:3 arentlbst important species at Omin with 30%
and 18%, respectively, of the total TAG amount. SEhiavo species alone constitute almost half of
all TAGs in theswel strain. In WT this percentage only amounts to 38¥%e main differences
compared to WT are that the total levels are diydloiver, that the n:2 species are not degraded
over time and that the main species TAG 50:3 an® BR:3 represent nearly 50% of the total
TAG amount.
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Figure 5.6: Main TAG species observed in thgel mutant in the first 240min after initiation of tkell cycle.

Figure 5.7 shows the distribution of TAG in thgl3tgl4 deletion strain. Similar to WT, the main
species appear to be TAG 48:n, 50:n and 52:n. Hemievthetgl3tgl4 mutant the main species at
0 min seems to be the n:2 species (when companed @nd n:3), as opposed to WT anddel

mutant, where the main species seem to be n:3.
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In thetgl3tgl4 mutant TAG levels are about three times as higim &§T. It shows an increase in
very long chain TAGs, such as TAG 58:1, 58:2, 6@Q:;2, 62:1 and 62:2 (Data not shown).
However the percentage they represent of the T&#@ amount does not differ significantly from
WT. When observed over time however, a differemiav@ur emerges. Referring fagure 5.3 a
major decrease can be seen in the total TAG amaouhe tgl3tgl4 strain in the first 60min after
initiation of the cell cycle. This decrease canskeen in nearly all the species. This suggests that
the lipolytically active enzyme present does navela preference for triple unsaturated species as
seen in WT. Tgl5p may be important for this degtixta even though it was reported that this
lipase shows a substrate preference for C26:0 et al., 2007).

Absolute Distribution TAG  tgl3tgl4

00 min
030 min
060 min
090 min
0120 min
@150 min
D180 min
H210 min
W 240 min

i
)

TAG amount [AU]

TAG species

Figure 5.7: Main TAG species observed in ttg3tgl4 mutant in the first 240min after initiation of tkell cycle.

As stated before, Tgl5p does not seem to be upatesglion the mRNA level. Its activity could
still be increased to compensate for the loss d8gnd Tgl4p. B. Weberhofer suggested in his
Diploma Thesis that Tgl5p allows normal growth he tgl3tgl4 strain. The main differences
observed for thégl3tgl4 strain compared to WT are that total TAG levelsaeut 3 fold higher,
the main species at Omin are the n:2 species amd th a degradation of TAG in the first 60min

after initiation of the cell cycle.
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Figure 5.8shows the TAG distribution in thgl3tgl4swel deletion strain. Similar to WT the 48:n,
50:n and 52:n species are predominant. Howevescibimes clear that the n:2 species are the main
molecules, when compared to their n:1 and n:3 @vpatts. This suggests a shift in the main TAG
species when TgI3p and Tgl4p are deleted. Therenargossible explanations for this: either one
of the major lipases Tgl3p or Tgldp shows prefeeefar n:2 TAG species, and in their absence
these species accumulate, or the remaining limalyyi active enzyme, suggested previously,
preferentially degrades other species, leavindave@ls higher. The additional deletion®/VEL in

the tgl3tgl4 strain emphasizes the phenomenon already obsertée tgl3tgl4 mutant’s profile.
Observations made in thgl3tgl4swel strain suggest that Swelp might have a secondtdink
lipolysis as TAG levels are even higher than intthi8tgl4 mutant. Ubersax et al. (2003) suggest
Tgl5p as a potential target for Cdc28p which woedgblain the TAG degradation in tigl3tgl4

and tgl3tgl4swel mutant. However if this were the case, TAG levelghetgl3tgl4swel mutant
should be reduced
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Figure 5.8: Main TAG species observed in ttgh3tgldswel mutant in the first 240min after initiation of tkell cycle.

Another difference emerges: thgl3tgl4swel strain only shows TAG degradation in the first
30min. After 30min most TAG species seem to staplst or show a slight increase, but not to the
same extent as in thgl3tgl4 strainAs seen in thegl3tgl4 mutant, TAGs containing VLCFA are

also increased in thigl3tgl4swel mutant. However their percentage of the total TAd&tent is
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similar as in WT. The main differences observedtiatgl3tgl4swel strain are higher total TAG
levels compared to WT and thg3tgl4 mutant a clear shift in main TAG species to the n:2 TAGs

and a TAG degradation in each species in the3Dstin.

5.4.2. Diacylaglycerol (DAG)
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Figure 5.9: Sum DAG in all deletion strains over the first 240rafter initiation of the cell cycle.

Figure 5.9 shows the development of DAG in all 4 deletioraisis during the first 240min after
initiation of the cell cycle. The WT strain shows iaitial increase and subsequent decrease in the
first 90min that can also be observed in the sirsglecies profile (c.Figure 5.10. As budding
starts at 90min, this suggests that DAG is involiethis event. After the first 90min, there seems
to be a steady increase in DAG species until thie strt dividing. It is hard to relate DAG levels
to TAG degradation, as DAG levels are so much IoW&G is an important intermediate, and it
is produced from several different reactions. DAGlso involved in several signalling pathways,
so their levels need to be strictly regulated €igure 3.2). It is hard to draw any tangible
conclusions from analysing DAG data from this expent alone. Thevel mutant shows a
steady increase of DAG over time. The decreaseAf Devels around 90min observed in WT
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disappears. Swelp has an influence on sphingatigthbolism, which in turn is also a source of
DAG. This might account for the differences betw#erswel strain and WT.

Thetgl3tgl4 strain shows a pronounced increase in total DA& thwe first 120min. This might be
due to the TAG degradation, but it is more likdgttthis increase has to do with signalling. The
tgl3tgl4swel strain also shows a high increase in DAG in thst fl20min. Again it can be
observed that the additional deletion®¥E1 emphasizes the effect observed inttiidtgl4 strain.

An additional observation is that the DAG levelghe tgl3tgl4 andtgl3tgl4swel mutants end up
at similar levels, as do the DAG levels of WT ahddwel mutant.

Figure 5.10 shows the distribution of DAG species in the WTaistr In a cell DAG has many
different sources, such as TAG degradation, sphipigosynthesis, phospholipase activityje"
novo” synthesis etc. DAG is present in different “pdadsd looking at the total amount makes it
hard to draw conclusiongigure 5.5 suggests that when only considering TAG degradaboe
would expect DAG 34:2 to be the most abundant DAECes, as it is a product of the degradation
of the main n:3 TAG species. This is not the caseDAG 34:1 seems to be the quantitatively
predominant species (c.f 5.4.4). However qualigdyiv considering what TAG species are

preferentially degraded, the detected DAG spedielsd degradation pattern.
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Figure 5.10: Absolute distribution of DAG species in WT over tirst 240min after initiation of the cell cycle.
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An interesting observation of WT DAG species sh@av8-30min “burst” in DAG. This can be
related to the high TAG degradation in that timet &s DAG is also involved in signalling, it is
not unlikely that that sudden increase plays airotle cells leaving the stationary phase. Another
interesting observation is that certain speciesabehin a different way than others.
Monounsaturated DAGs behave differently than dituretded DAGs, a feature that will be
observed in many other lipid species. This suggesty different roles for lipid species with
varying FA compositions. Preliminary observatioms our lab suggest a different role of
monounsaturated versus diunsaturated species (tmfbh, Schopf F., Cristobal A.).
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Figure 5.11: Absolute distribution of DAG species in thgel mutant over the first 240min after initiation bktcell
cycle.

Figure 5.11 shows the distribution of the different DAG spe&c@ver time in thewel strain. It
reflects the general observation made with thd @#G amounts in WT. At Omin the n:2 species
are higher than their n:1 counterparts, howevemerges quickly that n:1 levels get higher than
their n:2 counterparts over time. All species iaseover time. Thevel strain also does not show
that 0-30min “burst” as observed in WT. If that dad increase is due to TAG degradation maybe
that suggests that mobilisation in theel strain is not as pronounced as in WT. As Swelp is
linked indirectly to Tgl4p and its activity througBdc28p, maybe the absence of Swelp, and
resulting higher lipolytic activity of Tgl4p, mayxplain the steady increase of DAG over time.
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However since the levels are so low, they cannotibectly correlated to the degraded TAGs

without further study.

Figure 5.12shows the distribution and development of DAGhatgl3tgl4 strain. The n:1 species
behave differently than the n:2 species. n:1 sgesi®w a clear increase until 120min, and then
they level out. This might be linked to TAG degradia during this time. n:2 species stay constant
until 90min and then show an increase, suggestifgare quickly used for something else. All
species show a “burst” between 90-120min, sugggstinink to the budding behaviour of the

tgl3tgl4 strain.
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Figure 5.12: Absolute distribution of DAG species in ttgt3tgl4 mutant over the first 240min after initiation bkt
cell cycle.

Figure 5.13shows the development of DAG species inttii8tgl4swel strain. The behaviour of
the DAG species is similar as in thgi3tgl4 mutant; again it is emphasized by the additional
deletion ofSVEL. n:1 species show an increase until 120min, aed #hclear decrease. This could
partially be linked to TAG degradation during thiisie period. However the total TAG amounts
only show a TAG degradation during the first 30ngnggesting that additionally to that DAG in
this strain originates from other sources. DAG 3dghbws a 10 fold increase over the first 120

minutes. This correlates to the fact that TAG 58:the main species in this strain. The n:2 species
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decrease in the first 30min suggesting that thpseiss are actively used from the beginning of

cell cycle initiation.
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Figure 5.13: Absolute distribution of DAG species igl 3tgl4swel mutant over the first 240min after initiation bkt
cell cycle

5.4.3. Phosphatidic acid (PA)
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Figure 5.14:Sum PA in all deletion strain over the first 240mafter initiation of the cell cycle.
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Figure 5.15shows the PA distribution and development oveetimthe WT strain. PA 32:1 and
PA 34:1 are the predominant species. They showaagtincrease until the cells start dividing. PA
32:2 and PA 34:2 show a significant increase inftfs¢ 30min, suggesting these species play a
role in budding. PA levels are very low, which eefls the fact that PA is a tightly regulated
intermediary molecule and is very quickly funneliatb PL or even neutral lipid production. n:1
species are always higher than their n:2 countesrp@AG 34:1 And PA 34:1 end up mainly in PI
(Figure 5.20. The equivalent 34:2 species appear to end up md?S, PE and PC.
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Figure 5.15: Absolute distribution of PA species in WT over fltst 240min after initiation of the cell cycle.

Figure 5.16 shows the distribution of PA in thevel deletion strain. The profile is very different

to the one seen in WT. PA 32:1 is not present atstime amounts as in WT. The behaviour
observed irFigure 5.14during the first 90min is also seen here in thénmsgecies 32:n and 34:n.
PA 32:2 and 34:2 species only decrease in the3istin and then increase until 90min. After that

it is unclear whether they stay constant or deexeBiis indicates that these species might serve as
substrates for PL production. An interesting asped¢he 0-30min decrease in the main species
32:n and 34:n. This is in stark contrast to whatliserved in WT. The reason for this decrease is
still unclear. As Swelp is also involved in sphilngd metabolism, and Pl serves as a precursor

for some of these molecules, it can be assumedthdA species might be directed towards this
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pathway.Figure 5.20which depicts PI levels in thavel strain gives credibility to this claim as
the Pl 34:1 species shows a related increase dtimmdirst 30min. An analysis of spingolipid

levels would confirm this claim.
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Figure 5.16: Absolute distribution of PA speciesswel over the first 240min after initiation of the cellcle.
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The PA 32:1 species is higher in all other delestrains. DAG 32:1 and PA 32:1 are most likely
products of TAG 48:2 and TAG 50:2 degradation. Refg to Figure 5.6 and the observation that
the main TAG n:2 species stay relatively constatr dime, the fact that PA 32:1 is so low in the

swel strain is a logical consequence.

Figure 5.17 shows the distribution of PA in thgl3tgl4 strain. The pattern observed for the PA
species is very different to that of WT or theel strain. PA 32:1 and 34:1 are the predominant
species; just like in WT, however their behavioiffetls. They show a sharp increase in the first
90min, which can be explained by the TAG degradataring that time or even increasede“
novo” synthesis. PA 32:2 and PA 34:2 show a similatgratto each other. They peak at 30min
suggesting they are quickly synthesised after tAeedt and that reactions that use these species
only start up a little later. If the theory mentamhearlier is correct, and the activity of Tgl5p is
increased, this could explain certain fluctuatiomshe PA levels of thégl3tgl4 strain, as Tgl5p

also shows a PA acyltransferase activity (Rajakuetaal., 2010).
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Figure 5.17: Absolute distribution of PA speciestigl 3tgl4 over the first 240min after initiation of the cellcle.

Figure 5.18shows the distribution of PA in thgl3tgl4swel strain. The behaviour is very similar
to what was observed in thg3tgl4 strain. The increased amounts that are observghtie due
to the increased cell size, or to the additionédtaen of SVEL.
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Figure 5.18: Absolute distribution of PA species gl 3tgl4swel over the first 240min after initiation of the cellcle
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5.4.4. Phosphatidylinositol (PI)
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Figure 5.19:Sum Pl in all deletion strain over the first 240rafier initiation of the cell cycle.

Figure 5.19shows the development of Pl over time in the £twh strains. WT, th&gl3tgl4 and
tgl3tgl4swel mutants develop in a similar way, although theefatwo show a pronounced
decrease in the first 60min. Theed strain shows higher PI levels during the time wehaudding
plays a role. All 4 strains start at similar levated end at similar levels, but the developmerRIof
in theswel strain differs over time.

Figure 5.20shows the typical PI profile in a WT strain. Thajor species are the n:1 species, and
they increase steadily over time. This can be edlad the increase of membranes during growth.
n:2 species show a different behaviour: they deereser the first 90-120min and then increase
again. Pl is also used as a building block for o#ieecies, such as PIPs or IPC. This suggests that
n:2 species might be used to produce those othdecoies, but this needs to be further
investigated. An interesting aspect would be takhEPIPs and IPC prefer unsaturated FA as the
Pl n:2 species are so low. Another explanation ccdad that they are remodelled into n:1 PI

species.
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Figure 5.20: Absolute distribution of Pl species in WT over flist 240min after initiation of the cell cycle.
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Figure 5.21: Absolute distribution of Pl species $wel over the first 240min after initiation of the cellcle.

Figure 5.21shows the distribution of Pl in thewvel strain. The general tendencies are similar to
those observed in WT. n:1 is the major speciessimivs an increase over time which can be
linked to growth. The n:2 species also show a sinbiehaviour, however they seem to reach their

minimum level at around 180min, whereas in WT theimum level seems to be reached at
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around 120min. The levels of Pl 34:1 and Pl 364 leigher than those in WT linking these
species to the higher total levels of Pl seen @sifel strain. This indicates that these species are
critical to the differences seen between WT andstfed mutant
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Figure 5.22: Absolute distribution of Pl species in ttgt3tgl4 strain over the first 240min after initiation diet cell
cycle.

Figure 5.22shows the distribution of PI in thgl3tgl4 strain. The main species are the same as in
WT, namely the n:1 species. Even though they shgenaral increase over time, Pl 32:1 and 34:1
show a surprising decrease in the first 60min. Asgade explanation for this drop could be
remodelling or maybe they are funnelled into spbiipgd metabolism. The n:2 species show a
similar behaviour as in WT, with a decrease ur20rhin. The profile in thegl3tgl4swel strain
(data not shown) is very similar to that observethetgl3tgl4 mutant, with a difference being that
the Pl 34:1 species decrease until 90min beforegriagain and Pl 36:1 seems to stay constant
rather than increasing.

5.4.5. Phosphatidylserine (PS)

Figure 5.23 shows the development of PS over time in all &tl@h strain. Even though a high
error can be seen, the PS levels in all 4 straamdo start, develop and end in a similar way.
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Figure 5.23:Sum PS in all deletion strain over the first 240mtter initiation of the cell cycle.
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Figure 5.24: Absolute distribution of PS species in WT over fint 240min after initiation of the cell cycle.

Figure 5.24 shows the distribution of PS in WT. The profilestbé tgl3tgl4 and tgl3tgl4swel
strains display minor differences to the WT profiiiata not shown)The main species are 32:n

and 34:n, with 34:2 standing out at later time [®i836:n species will not be considered in this
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section. All species seem to show an increase twver except PS 34:1, which decreases until
150min. This decrease is much less pronouncedemngtBtgl4 and tgl3tgl4swel strain, but still
present The svel strain shows a rise in the first 30min for thieasps. The measurements in this
experiment show high errors, and should be corsterth caution. The question arises as to
what is the fate of this PS 34:1 species? The tikady explanation is that it is remodelled into PS
34:2. PS is a precursor to PE and PC and the marties in these PL are 34:2.

5.4.6. Phosphatidylethanolamine (PE)

Figure 5.25shows the development of PE over time in all 4isstaWT and theswel mutant
show similar behaviour, both show a decrease infitee 30min, followed by an increase over
time. They end up at the same level. TgBtgl4 and tgl3tgl4swel mutants also show similar
behaviour although their levels are slightly highidowever the drop observed in thg3tgl4
mutant seems to go on until 60min, whereas allradtrains show an increase after 30min. This is
the first species that might reflect the 30min galathe cell cycle observed during the FACS
analysis. All of these initial drops could be expéad by the fact that PE is also a precursor to PC,

a main PL component of membranes and that excessfBEnelled into PC production.
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Figure 5.25:Sum PE in all deletion strain over the first 240rafter initiation of the cell cycle.
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Figure 5.26: Absolute distribution of PE species in WT over fingt 240min after initiation of the cell cycle.

Figure 5.26 shows the PE distribution in the WT strain. It igeresting to see that the main
species seem to be reversed compared to P, witB2BEand 34:2 being the major species. Both
of them show a steady increase over time althondghE 32:2 a clear increase is only seen after
120min. PE 32:1 and 34:1 show a slight decreag@anfirst 60min, then they rise again. The
minimum level seems to be reached between 60 afichih2The swel strain shows a similar
profile to WT (data not shown). The only differesce that PE 32:2 seems to stay constant over
time and that the decrease in the n:1 speciesti@)\@pronounced. PE is a major component of
biological membranes. A change in level over timheeartain PE species might indicate that more
or less PE is needed to form membranes. One cogleeahat in order to bud, the membrane
composition needs to change. A different PL contposiwill give rise to different physical
properties required during budding or growth ineyah
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Figure 5.27: Absolute distribution of PE species in tigEdtgl4 strain over the first 240min after initiation diet cell
cycle.

The tgl3tgl4 strain Figure 5.27) shows the same main species as WT andvieé mutant, but
their behaviour differs. The drop in PE 32:1 andl3dnly lasts the first 60min but is much more
pronounced. The same tendencies can be seen i2:PEi®d PE 34:2: first a decrease and then a
significant increase over time. This might be ekmd by the fact that PE gets transformed into
PC before budding starts. However that would ben deeall strains. The tendencies in the
tgl3tgl4swel strain are similar to those observed in tii8tgl4 strain. A notable difference is that

the n:2 species start their rise already at 60khiwever the n:1 only start increasing after 90min.

5.4.7. Phosphatidylcholine (PC)

Figure 5.28shows the levels of PC in all 4 deletion straiég. shows a slight increase over time,
however not significant enough to correlate PC eointo cell growth. This might be explained by
a change of PL composition of the membrane. Unfatiely total PL levels cannot be calculated,
as the different PL classes were analyzed usirigrdift IST. After 180min PC levels of WT seem
to decrease a little, which is logical when consitg cell division and decreased cell size. The
swel mutant shows a rise until 150min and then a deerea
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Figure 5.28: Sum PC in all deletion strains over the first 240after initiation of the cell cycle.

Thetgl3tgl4 strain shows a surprising decrease in the firs@@fin. This might be explained by a
change in membrane composition, and PC is usedoupe other necessary lipid species. The
tgl3tgl4swel mutant shows a decrease in the first 30min, homewe to the higher errors this drop
should be considered with caution. Both strainssshalrop in PC levels after 180min, which can
be correlated to the smaller cell size after donsilf one would ignore the Omin time point, things
might seem more logical. The Omin time point se&rshow high errors. This could be due to the
fact that the cells were frozen in Tris buffer @osed to a rest of media for the other time
points). This might still contain a rest of Redi@raolution, which might interfere with the
analysis. It is unlikely though, as this would leers in all other lipid classes. Another explanation
might be that at Omin, the cells are stationaryte A7 days they might have a thicker cell wall,
which would interfere with the analysis. Again thigument would imply that it would be seen in
all classes. Looking at these results in a diffeparspective, for the first time the delay of the
tgl3tgl4 mutant might be seen. WT and theel mutant PC levels do not decrease at first. The
tgl3tgl4 mutant PC levels decreases until 60min, anddi3tgl4swel mutant’s PC levels drop the

first 30min. This might illustrate a partial recoyef the delay.
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Figure 5.29: Absolute distribution of PC species in WT over fingt 240min after initiation of the cell cycle.

4:2

Figure 5.29shows the PC profile in WT. PC 32:2 and 34:2 areenpzedominant than their n:1
counterparts. PC 32:1 increases until cell divistart, whereas PC 34:1 seems to stay relatively
constant until cell division. PC 32:2 and PC 34rfycshow a clear increase after 120min. It is

unclear if they are constant or if they decreaderbehat.
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Figure 5.30: Absolute distribution of PC speciesswel over the first 240min after initiation of the cellcle.
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The behaviour of PC in thevel deletion strain is very similar to that observedNT with a few
notable differencesHgure 5.30. PC 32:1, PC 34:1 and PC 36:1 start their deeresready at
120min, which suggest that certain PC species atenaeded after budding. PC 32:2 stays

constant until 90min, which suggests that this selsecomes significant after budding.

The PC profile of thégl3tgl4 strain seen ifrigure 5.31shows a significant difference to WT and
the swel strain. PC 32:2 drops in the first 60min and thises significantly. PC 34:2 shows a
decrease that lasts 30min longer before it risesnadhe drop at 90min in PC 32:1 might also be
of importance. A possible explanation for this @ase observed in most of the species might be
that with TAG degradation gone, PC serves as acsoaf FA. These FA could be used for
remodelling or maybe for protein modification. Pploglipases and other lipases might increase
their activity to provide precursors for moleculbsit are imminently required for cell division.
The PC profile of thegl3tgl4swel strain is very similar to that observed for tigi8tgl4 mutant
However the drop observed in the PC 34:2 specigsseems to last 60min. This might be an

indication that this species is a key player indbtay observed in thgl3tgl4 strain
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Figure 5.31: Absolute distribution of PC species in tig3tgl4 mutant over the first 240min after initiation bitcell
cycle.
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5.5. Growth phase results for WT and theswel, tgl3tal4, tgl3tgl4swel mutants

A different set of measurements was taken duriegetkperiments described earlier, to illustrate
the behaviour of certain lipid species in the cekyond the first cell cycle. (c.f.: § 3.2.1). The
results of these measurements are shown in thenfoldy section. It is important to keep in mind
that for all graphs depicted here, the Oh time fpsirequivalent to a 7 day old culture and that the

time point 72h in thewel strain is only represented by a duplicate experime

5.5.1. Triacylglycerol (TAG)

Figure 5.32 shows the evolution of the total TAG content i #h deletion strains over a time
period of 72h. As observed earlier, all strainsvglacslight decrease of TAG content over the first
3 hours. B. Weberhofer observed a drastic dropA Tevels in the first 9 hours in most of his
strains. He argues that this is due partially taGTétilisation and partially to the “dilution” effec
of cell division. However in these experiments @lisdrop can only be seen in tigk3tgl4 strain.

It has to be noted though that the culturing cood# in these experiments were very different

than those used by B. Weberhofer, which could explee differences in cell behaviour.
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Figure 5.32:Sum TAG in all deletion strains over 72h after inlation into fresh media.
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WT shows a decrease in the first 3h that is disaligs detail in 85.4.1. At 9h the TAG levels are
similar to those at 3h. It can be argued that TA®Gilsesis has started up again, since cells are in
their exponential phase, dividing quickly and th&Gl levels stay constant. Over time the TAG
levels increase to a maximum at 72h. It is intemgsio observe that TAG levels at Oh and 72h are

not that different. TAG levels are quite dynamieen the stationary phase.

One observation of the species behaviour does simwmteresting aspect: while at Oh the main
TAG species seem to be triple unsaturated TAGs/2dt the double unsaturated TAGs are
predominant. This is logical since the cells argesgent and in absence of an external energy
source they degrade TAGs as a source of energgg Ush as substrate for peroxisonfal
oxidation (Gray et al, 2004). Saturated FAs areeeds degrade than unsaturated FA, explaining
the decrease in the degree of saturation in TAG tree. (c.fFigure 5.33. Between 72h and 7
days (0Oh) the amount of saturated FA in the tofeGTdrops from roughly 35% to 21%.
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Figure 5.33 Distribution of saturated versus unsaturated fFfAAG over time, WT.

The swel strain shows a lower level of TAGs in the first Blowever this changes. At 9h, 24h and
72h theswel mutants TAG levels are higher than those in WT.idarease in TAG can even be
seen between 3 and 9h, which suggest again that Sthesis is well on the way. When

comparing the TAG levels at 0 and 72h, a greaedbfice can be seen. It suggests that TAG levels
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in the swel strain decrease significantly when the cells arghie stationary phase. The same
observation as in WT was made concerning the amafusdturated FA in the total TAG amount.
In this strain it decreases from about 31% to 1d#ta not shown). However it seems that the
swel strain has a higher TAG consumption during théstary phase (72h and Oh time points).
Referring back to the hypothesis that Swelp cod@dablAG synthesising acyltransferase: the
decreased levels of TAG at Oh might be explainedtiy fact that Swelp is indeed an
acyltransferase and that the balance between TAfhesis and TAG degradation in theel
mutant is disrupted. On the other hand experimeavith deletion strains lacking all TAG
synthesising enzymesigallrolarelare? strain) do not show residual TAG levels that cobél
linked to Swelp and its acyltransferase activigtéPhnigg et al., 2009).

Thetgl3tgl4 strain shows a significantly lowered TAG levelB&t which can mainly be explained
by the dilution effect. Cells are actively dividiregnd in absence of lipases, the remaining TAG
stock is shared between mother and daughter édtlr. 9h TAG levels increase until 72h, ending
up at only a slightly higher level than seen atldBeems that thed& novo” synthesis at this point
outweighs the dilution effect, replenishing thddar TAG stores.

The tgl3tgl4swel mutant does not show such a dramatic decreads, anfl ends up at nearly the
same levels as seen at Oh. The dilution effect etgnes into play, since the cells are dividing
quickly. The question remains why the additiondetien of SVEL results in these higher levels?
As stated earlier, a possible explanation couldHa Swelp has a more direct link to lipid
metabolism than previously suggested. If Swelprsctly linked to lipolysis (deletion cBWEL
recovers the delay), then it is not far fetcheduppose it also regulates TAG synthesis. As Swelp
is a regulatory kinase, it could be involved intbeynthesis and degradation of TAG. This would
explain why in its absence TAG levels are highet do not fluctuate as severely. This theory,

however plausible, is in contrast with Swelp barigAG-acyltransferase.

While observing the distribution of saturated veransaturated FA in these 2 strains an interesting
observation was madé&ifure 5.34) The decrease in saturated FA content (betweenardh7
days) seen in WT and tlseel mutant is also seen in thg 3tgl4 andtgl3tgl4swel strains with a
drop from 42% to 34% in both cases. This suggésiiseven in absence of the main lipases, TAGs
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are still degraded and FAs used for 3-oxidatio5g @ould be responsible for this degradation.
When comparindrigure 5.33and5.34 it is interesting to see that WT and #veel mutant start
off at Oh with a much higher level of unsaturatedl, Bnd the level drops over time. It can
therefore be postulated that these strains prignariéave off unsaturated FA during TAG
mobilization. Thetgl3tgl4 and tgl3tgl4swel mutants on the other hand do not show such a
dramatic shift in their distribution of FA duringat mobilization phase. As seen in the previous
sections, there is TAG degradation during the ndtibn phase in the strains lacking lipases
suggesting the presence of an additional lipasecdanteracts the Tgl3p and Tgl4p deficiency.
However while observingigure 5.34it can be postulated that this additional lipasesdnot show
such a pronounced preference for unsaturated FPgI8p is responsible for this degradation these
observations suggest that it might shift its sudtetipreference when the cells are in different
phases of growth. It cleaves off saturated FAsrdyitie stationary phase for [3-oxidation, however

during the mobilization phase, it does not shovhsaupreference.
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Figure 5.34:Distribution of saturated versus unsaturated FAAG over time tgl 3tgl4.
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5.5.2. Diacylglycerol (DAG)

Figure 5.35shows the development of DAG during the growthsglsan all 4 strains. DAG levels
seem to spike at 3h and 9h in all 4 strains, sdggesn important role of DAG during the

exponential phase of yeast growth.
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Figure 5.35: Sum DAG in all deletion strains over 72 h aftevdanlation into fresh media.

WT DAG levels peak at 3h and eventually returntsotesg levels at 72h. This might signify that
DAG is not an important molecule during the stagignphase. The same trend is observed for the
tgl3tgl4 andtgl3tgl4swel strains, although levels differ. As in these sisaihe main lipases are
missing, the elevated DAG levels might be due thfferent source. In the lipase deletion strains
“de novo” synthesis might be upregulated to compensatettier need of precursors for PL
membrane synthesis. However distinct lipolytic tti is observed during the first 3h after
inoculation into fresh media, so maybe DAG levetsa@so due to TAG degradation. As observed
previously, DAG levels in thewel strain behave in a similar way as TAGs. As of DAG levels

in the swel mutant are higher than those observed in WT. gy do not reach initial levels at
72h. Referring back to the idea that Swelp migha DAG acyltransferase, the absence of Swelp
could explain the slightly higher levels of DAG.
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5.5.3. Phosphatidic acid (PA)
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Figure 5.368 Sum PA in all deletion strains over 72 h afterdalation into fresh media.

Figure 5.36 shows the behaviour of PA in all strains during thifferent growth phases. WT
shows an increase of PA during the lag- and logghaf growth suggesting that PA is important
for these phases. This is logical since PA is adliprecursor for membrane phospholipids. When
returning to the stationary phase, WT PA levelsrelese drastically. This is also in accordance
with the fact that PA is a precursor, as duringgtegionary phase, there is not so much need for
new PL. PA levels in thewel mutant show a very different behaviour. They d¢ increase
during the exponential phase and show higher letras in the other strains upon entry into the
stationary phase (~24h). This behaviour illustrates Swelp definitely has an effect on lipid
metabolism. However the direct link is still noteat. If supposedly Swelp has a lyso-PA
acyltransferase activity, then the absence ofgtogein might explain the deviant behaviour of PA
in this strain. This theory however is contradictethen observing the behaviour of the
tgl3tgl4swel strain, and its PA content. Thel3tgl4 and tgl3tgl4swel strains show similar
behaviour to WT, although their levels are sligtttigher than WT when entering the stationary
phase. The PA levels in WT and the lipase deficgtrdins suggest that PA might not directly

originate from lipolysis. Either PA is produced migi by “de novo” synthesis, or the lipase
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deficient strains have an additional compensata@ghanism that normalizes PA levels in absence
of lipolysis. If supposedly Swelp is a lyso-PA ayhsferase, the additional deletion SVEL
should also decrease the PA levels intghdtgl4swel strains. However, if the absence of lipases

kick-starts ‘tle novo” synthesis in lipase deficient strains, then #ffect would be counteracted.

5.5.4. Phosphatidylinositol (PI)

Figure 5.37shows PI levels in all 4 strains during the diferphases of growth. All strains show
similar behaviour in their Pl content. It risestive first 3h, and then drops at 9h. This could be
correlated to cell size. At 9h the cells are dinglquickly and their size is on average smaller as
the population is unsynchronised. Pl is also aromamt molecule in signalling pathways, and this
drop could signify that during the exponential ghad growth Pl is very actively required for
biochemical processes. Upon entry into quiescehdevels in WT, thegl3tgl4 andtgl3tgl4swel
mutants seem to stay relatively constant, whicdge explained by the fact that Pl is a component
of membranes and that stationary cells do not gmoywnore. It could also mean that the signalling
pathways where Pl is involved occur mainly durihg lag- and the log-phase of growth.
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Figure 5.37:Sum Pl in all deletion strains over 72 h aftercuation into fresh media.
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Pl levels in theswel mutant are lower at 72h than those of the othainst Pl and Swelp are
linked to the sphingolipid (SL) metabolism. The SGfates that Swelp phosphorylates Ormlp
and Orm2p, major regulators of the SL metabolisis.SAvelp is a morphogenesis check-point, it
is not implausible to think that its activity is mby inhibitory. N. Chauhan also suggested the idea
of Swelp being a lipid sensor. If Swelp has a nwrect link to lipid metabolism and its
regulation, it is logical to think that part of igtivity needs to be sensory. If Swelp negatively
regulates PI use for SL production, then the alesehthis protein explains the lower levels of P,
as they are used for SL production. On the othedhhis would be reflected throughout the
measured time points. When observing the 9h timetpBl levels in theswel strain are slightly
higher. When comparing the Pl levels of all straah§2h and Oh, all strains show higher Pl levels
at Oh. This means that during their stationary phetween 3 and 7 days, their PI content changes.
An explanation for this might be that stationaryisc@eed a different PL content with different

physical properties.

5.5.5. Phosphatidylserine (PS)
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Figure 5.38:Sum PS in all deletion strains over 72 h after utation into fresh media.

Figure 5.38 shows the development of PS during growth in atlefletion strains. At Oh all 4

strains start of at the same level. This suggéstsRS levels stay the same during the lag-phase of
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growth. While comparing the 72h and Oh time poiatgireat difference can be seen in PS levels.
While WT and theswel mutant display similar levels, thgl3tgl4 and thetgl3tgl4swel strains
show a big difference. This suggests that the épas absence thereof, affect PS levels during the
stationary phase. Moreover it seems that duringost@y phase PS levels in those mutants are
very dynamic. The excess PS observed at 72h seebesdither degraded or funnelled into PE or
PC production during the stationary phase. The ratesef lipases shows the most pronounced
effect on PS levels upon entry into quiescences Téia further clue to the theory mentioned
earlier. If the lipase mutants have a compensat@ghanism that kick-startslé novo” synthesis,
then this would also reflect on PS levels. Howetes would be reflected more in the lag- and log
phases of growth. Maybe that compensatory mechastigys active throughout the cell’s division
and growth to compensate for the absence of TAGadetion. Another possible explanation for
the unusual PS levels could the fact that Cholp membrane bound enzyme. It is then not
unusual to think that PL composition around thigyame has an effect on its activity. If the lack of
lipases affects the PL composition, this could eéase (or decrease) its activity. A possible
experiment to confirm this theory would be to &t activity of Cholp in vitro, using different PL

compositions to create embedding micelles (CarmanZaimetz, 1996).

Another interesting explanation to these elevat®deRels would be the involvement of the acyl-
CoA binding protein Acblp. Acblp is a protein inved in transporting newly synthesised FAs
from the fatty acid synthase complex to locatiorteere they are needed (Shjerlin et al., 1996).
Fedderson et al. (2007) suggested an additionatibtamfor Acblp. They postulate that the Acblp-
Acyl-CoA complex regulates the transcription ofta@r PL synthesising enzymes. In absence of
Acblp, the complex is not formed and those genesipsregulated. One of those genes encodes
Cholp, the PS synthesising enzyme (Carman and EZgit@96). Although their work analyzed
the effect of the absence of Acblp on those gemescould speculate that the absence of certain
FAs, that bind Acblp, might have the same effexth@ Acbl-Acyl-CoA complex is formed and
thus the genes are up-regulated. Theoreticallyagsép mutants should be deficient in FAs,
especially in the lag-phase. This might in turnrpote the expression @HO1, and elevate PS
levels at later stages of growth. However our olet@yns do not support this theory entirely, as
there is a pronounced degradation of TAGs durieddly-phase. Nevertheless it was also observed
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that this degradation does not show a preferernrceefitain TAG species. This might suggest that

only certain FAs are involved in the transcriptibreggulation of PL synthetic genes.

5.5.6. Phosphatidylethanolamine (PE)

Figure 5.39shows the development of PE during growth. WT #ebwel mutant show similar
behaviour: PE increases over the first 9h, themedses upon entry into quiescence. Their levels
however increase again after 72h to reach the @uwyjtime point. This graph suggests that Swelp
does not have an effect on PE levels. PE levelsaigl3tgl4 andtgl3tgl4swel strains peak at 3h,
followed by a drop, and at 72h they rise again.ifTlegels decrease during the stationary phase, to
reach the 7day levels. These changes observedrafiezould be due to a change in membrane PL
composition, with stationary cells having differereguirements for their membranes. However
how the different deletions play a role is stillciear. Elevated PE levels in these 2 strains,
however, is a logical consequence of the elevatedelWels observed earlier as PS is a direct
precursor to PE. Another reason for elevated PEl$esould be found in the theory described by
Feddersen et al. (2007) which also includes theyriEhesising enzymes. The higher levels of PE
could, as a consequence, also be due to higheessipn oPSD genes.

Sum PE (growth phases)

12

BWT
( Oswel
mtgl3tgld
W tgl3tgldswel

PE amount [AU]

0 3 9 24 72
Time [h]

Figure 5.39:Sum PE in all deletion strains over 72 after inatioh into fresh media.
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The higher DAG levels observed during the log phafsgrowth in these strains might also be an
explanation for the high PE levels. DAG can beradiand indirect precursor for PE synthesis, as
there are two pathways that produce PE. Higher D&A@Is might push the cells to produce more

PE by the Kennedy pathway to prevent DAG toxicity.

5.5.7. Phosphatidylcholine (PC)

Figure 5.40shows PC levels over time in all 4 strains. Allifgtrains show similar tendencies: the
PC levels peak at 3h. Cells then start the expaalgpttase of growth and require a lot of PC to
create membranes. However when observing the chdmeg@een 72h and 7 days, the behaviour is
similar than seen in PS and PE. All 4 strains sR@Mevels that rise during stationary phase. The
same explanation as stated in the previous seatiayn apply, that membrane PL composition
during the stationary phase of growth varies, edneugh cells do not grow per se. The elevated
PC levels at 72h in the lipase mutant strains magfain be explained by the theory suggested by
Feddersen et al. (2007). The PC synthesising erzarealso transcribed at a higher level when
Acblp is absent, so one might suppose that thatssthe case when FAs are scarce. This theory
might explain the higher levels of PL observed @ame@ral, however it is in contradiction with the
postulate that lipase mutants counteract lipolgeiiciency by activatingde novo” synthesis”. If

this was the case then FA’s would be present amdPthsynthetic genes would not be transcribed
at a higher level. On the other hand if tlte hovo” synthesis is active, then the higher levels of
PLs in these strains could be explained also byeased incorporation of FAs into PL. It has to be
mentioned, however, that even if certain genestramscribed at a higher level, this does not

necessarily allow conclusions on the activity & &mcoded enzymes.
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Figure 5.40:Sum PC in all deletion strains over 72 h after ilaton into fresh media.

5.6. Further discussion

Referring back to the theory formulated by Feddeesteal. (2007) stating an up regulation of PL
synthesising enzymes in absence of Acblp (and malgoeof FAsS) and the alternative theory that
lipase mutants have a compensatory mechanism tderaist the absence of lipolysis, a third point
of view emerges where these two theories can kedinlf one supposes that Acbl is a FA sensor
and in absence of lipolysis, FA levels are low,oagible hypothesis could be that Acblp senses
low FA levels originating from lipolysis and acties an alternative way of synthesising PLs for
growth. It might kick-start de novo” synthesis and up-regulate transcription of PLtlsgrising
enzymes to allow normal growth. This would resaltai by-pass mechanism to compensate for
lack of TAG degradation. This theory is more likely Acbl is also reported to interact with the
fatty acid synthase complex, involved ite‘novo” synthesis, to transport newly synthesised acyl-
CoAs to acyl-CoA utilising processes (Shjerlin let H996).

Another interesting player that might be involvedhis theory is Crd1p. Crd1p is a protein in the
inner membrane of mitochondria involved in the prcitbn of cardiolipin. A quick search on the

STRING database for predicted protein interactiyigkled the following picture on Crd1p, which

can be seen irFigure 5.4Q This protein is interesting as it links Swelp,bAp and PL
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biosynthesis. Crd1p is predicted to interact witie\a PL synthetic enzymes, although the type of
interaction is not clear. It is also predictedrteract with Swelp and with Acblp. These predicted
interactions alone underline how important lipidtaimlism and homeostasis is for cell cycle

progression and regulation.

Figure 5.41:Predicted interactions of Crd1p according to th&®BIG database.

A possible model for these interactions can be geé&igure 5.41 The nature of the interactions
between Crd1lp and different metabolic pathwaysois yet known, but it emerges that Crd1lp

might play a central role in coordinating lipid rakbblism and its link to cell cycle.
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Acyl-CoA Transport Acyl-CoA Release
Transcriptional regulation Lyso-PL-acyltransferase
— PL metabolism: Cholp, Pislp, Pgslp, Cdslp
Pahlp —
Acyl-CoA Transport
: NL metabolism: Tgl4p
FA metabolism: Acbl Crdl .
P P (potentially Tgl5p)
Potential experiments with acb1A s
or cerulenin ! ’
Potential experiments:
? separate lypolysis and
acyltransferase activity
Cell Cycle: Swelp Cdc28p

Figure 5.42:Model involving Crd1p in lipid metabolism and ceilcle regulation.

6. Conclusions

Observations made in the lipid profile of the 4Bts in question gave interesting insights into the
effect of SWEL deletion on lipid metabolism. However looking hé tlipid profiles alone did not
elucidate those interactions entirely. Many unamsdejuestions remain, that would need to be
answered by further experiments. Interesting pdiotsfurther work would be to find out what
causes the TAG degradation in ttgt3tgl4 and tgl3tgldswel strains in the first 60min after
initiation of the cell cycle? What causes the dmpPC in those strains during the same time

period? An interesting target to answer these guestvould be the lipase Tgl5p.

One aim of these experiments was to see if theydelaell cycle observed by FACS analysis in
thetgl3tgl4 strain and the recovery of this delay by additiaheetion ofSAVEL could also be seen

in the lipid profiles. This might have given instginto which classes or species of lipids were
responsible for this delay. The previously desdatildelay (and its recovery) was, however, not
distinctively observed in the lipid profiles, altgh there were a few observations that need to be

mentioned. The lipid profiles of thgl3tgl4 andtgl3tgl4swel strains show very similar behaviour,
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the main conclusion being that the additional detebf SAVEL in the tgl3tgl4 mutant seems to
emphasize the levels and behaviour of most lipids#s over time. An interesting point of further
study might be to elucidate if Tgl5p also acts darget protein of Cdc28p. The profiles of WT
and theswel mutant are also quite similar in general; the nagparity being that thewvel mutant
shows dissimilarity in certain PA and PI specidssTcould be due to the involvement of Swelp in
the sphingolipid metabolism, for which PI, and nedtly PA, are precursors. It would be
interesting to check the sphingolipid levels insthstrains, to see if a flow of lipid species ititis
pathway can be determined.

Swelp clearly appears to have an impact on lipdpmsition, although a model for its specific
activity could not yet be determined. The generdidgreased lipid levels in tlsvel strain can
partially be explained by the hypothesis that Swadfs as a DAG-acyltransferase. However this
theory needs to be confirmed as it is solely bagethe observation that Swelp contains a motif
suggesting acyltransferase activity. The generaliiyated lipid levels in th&gl3tgl4swel strain
are harder to explain, as they contradict the thebrDAG-acyltransferase activity. It would be
interesting to dan vitro experiments to determine whether Swelp preseigtddaature, and if it
does, which kind of acyltransferase it would becadain observations also suggest a lyso-PA
acyltransferase activity.

Lipid profiling is a valuable tool to analyse thpidl composition and changes thereof in yeast.
However this MS based technique should always bmptemented by other experimental

techniques to confirm the observations that werden&Jnfortunately this was beyond the time-
scope of this thesis.

These experiments have given certain insights v Swelp might affect lipid composition
during the cell cycle, and they have suggested ee rdoect link of Swelp to lipid metabolism
than the one described by its interaction with @Ggc2The specific role of Swelp in lipid
metabolism remains unclear at this point. Neveegglsome interesting discoveries were made
when analysing the potential interaction partnérSwelp. Acblp and Crd1lp offer themselves as

a very interesting subject of study in the futwelétermine whether these three proteins might act
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in concert as lipid sensors during the cell cyeed thus directly regulating its progression or

delay.
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7. Materials & Methods

7.1. Strains and Media

The used strains can be seefable 7.1 Their genotype was confirmed by PCR ( not dedicte
here) and the primers used can be sediabte 7.2

Table 7.1:List of strains

Strains Genotype Source
BY4741 MAT a; his34 1; leu24 0; met154 0; ura34 0 Euroscarf
MAT a; his341; leu240; lys240; ura340;
Tgi34Tglad YMRBL3c- kXA YKROBOCkanwixa: | Kurat et al. (2006)
Sweld MAT a; his311; leu210; met15010; ura3L0; Euroscarf
YJL187c::kanMX4
MAT a; his341; leu240; 1ys240; ura340;
Tgl34Tgl44Snveld YMR313c::kanMX4; N. Chauhan
YKRO089c:: kanMX4; YJL187c:: kantM X4
Table 7.2 Primers
Primer
Tgl3 Forward CCTAGGTCTGAAAATTCAACCCTAACCC
Tgl4 Forward CTTAAGGGGTTTAAAAAAAGTAGGGTAAACTAG
Swel Forward GTGTGTTAACTATCCTGCACATCATCTTG
Kanmx4 Reverse GAAACAACTCTGGCGCATCG

Two types of Media were used during these expetisadrheir composition can be seeriliable
7.3.

Table 7.3:Media composition

YPD Media in H ,0 bidest.
Components Company Amount
Yeast Extract BD 10 g/l
Peptone BD 20 g/l
Glucose Monohydrate Roth 22 gll
YNB Media in H ,0 bidest.
YNB-(NH,),S04-AA Difco 1.7 g/l
(NH4),SO, Merck 5g/l
Amino Acid Stock 50x 20 ml/l
Glucose Monohydrate Roth 22 g/l
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7.2.Synchronisation

The method for synchronisation chosen for this weas density gradient centrifugation, which
separates quiescent from non quiescent/dead @dbslified after Allen et al., 2006, for detailed
SOP c.f Annexe)

7.3.Growth

An ONC and a 7DC of the selected strain were madéRD media, 30°C, and 180 rpm. After
synchronisation the cells were inoculated in fr¥$#B media. 5*18 cells were inoculated in a
250 ml flask with 50 ml YNB media. They were groatn30°C and 180 rpm. Every 30 minutes the

cells were counted, harvested, pelleted and frozeneparation for LE.

7.4. Lipid extraction and UPLC-gTOF-MS measurements

The lipids were extracted according to the Stan@gdrating Procedure of our lab (Modified after
Folch et al., 1957). The isolated lipids were tkeparated by UPLC, ionised by ESI and detected
by gTOF-MS. (For detailed SOP of LE, please refeAthnexe). The internal standard mix (IST)
used during the LE procedure is described able 7.3 For each sample 5@ of IST Mix was

used.
Table 7.4:1ST Mix composition (C/M: Chloroform/Methanol)
Lipid Concentration [mg/ml] in C/M 2:1
DAG 28:0 (Avanti) 0.05
TAG 36:0 (Larodan) 0.05
TAG 45:0 (Larodan) 0.05
TAG 51:0 (Larodan) 0.05
TAG 57:0 (Larodan) 0.05
PC 24.0 (Avanti) 0.05
PC 34:0 (Avanti) 0.05
PC 38:0 (Avanti) 0.05
PE 24:0 (Avanti) 0.05
PE 34:0 (Avanti) 0.05
PS 34:0 (Avanti) 0.05
PA 24:0 (Avanti) 0.05
PA 28:0 (Avanti) 0.05
PA 34:0 (Avanti) 0.05

The chromatographic separation was performed wsters Acquity UPLE The analysis was
performed on a Acquity UPLTBEH C18 hydrophobic column (1.7pum, 2.1*150mm), oagdime
period of 50min, using a mobile phase (MP) gradieth a flow of 18Ql/min.
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The mobile phase composition was as following:
*» Mobile Phase 1 (MP1) : Methanol (J.T. BakepZH(Roth) 1:1 ; 0.1% HCOOH
(Roth), 1% NHAc (Merck)
* Mobile Phase 2 (MP2) : Isopropanol (Roth); 0.1% HZ) 1% NHAC
The gradient was as following:
e Initial ratio : 55 % MP1 and 45 % MP2
e 30min: 10 % MP1 and 90 % MP2
e 32min: 0 % MP1 and 100 % MP2
*  43min: 55 % MP1 and 45 % MP2
The mass spectrometric analysis (positive and negainisation) was performed using a Waters
Synapf Q-TOF HDMS. The positive electro-spray ionisativas performed with a scan time of
1.5 s over a mass/charge range from 50 to 1800.ré&teeence mass of the LeuEnk peptide
standard was 556.2771 g/mol. The capillary voltags set at 2.4kV, the sampling cone at 45V
and the extraction cone at 4.0V. In the negativesation mode the capillary voltage was set at
2kV, the sampling cone at 50V and the extractiomecat 4.5V. The gradient remained the same

for both types of analysis.

7.5.EACS analysis (fluorescence activated cell sorting)

Cell cycle analysis was performed by fluoresceratvaed cell sorting (FACS) analysis. Aliquots
of stationary phase cells grown in YPD media weithdvawn and cells were spun down, washed
in distilled water, fixed in 70% ethanol, and teghtwith 10 mg/ml RNaseA in 50mM Tris-HCI
(pH 7.5) for 4h at 37°C. After resuspension in 50mMNs-HCI (pH 7.5), Proteinase K (2mg/ml)
was added and cells were further incubated fort1502C. DNA was stained with ImM SYTOX
Green (Invitrogen, Inc.) in 1x PBS (pH 8), sonichtg low intensity, and scanned in BD FACS
Aria flow cytometry system from BD, using BD FACSAi software (For a step by step SOP,
please refer to the Annexe section).
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. Annexe

(0]

.1.S0P

8.1.1. RediGrad Centrifugation

Prepare centrifugation tubes: wash with EtOH arydmthe drying cupboard
Divide 50ml 7DC into 4 equal volumes and transteit $5ml falcons (Greiner Bio One)
Centrifugation: Eppendorf Tabletop Centrifuge, 3500, 5min
Remove supernatant (media)
Add 2ml Tris Buffer (pH 7,5) and resuspend pellet
Centrifugation: 3500rpm, 5min
In parallel:

0 Prepare centrifugation tubes: add 9ml RediGrad H&&lthcare) solution and 1ml

NacCl 1,5M
o Creation of a gradient: centrifugation, Beckmarghkspeed centrifuge, 19000rpm,
15min

When cells are done: add 2ml Tris buffer pH 7,5 @sdispend pellet
Centrifugation: 3500rpm, 5min
Add 1ml Tris buffer pH 7,5 and resuspend pellet
Remove the centrifugation tubes GENTLY from thehhspeed centrifuge and place in a
rack. (do not disrupt gradient)
Pipette the cell suspension GENTLY down the sidéheftubes onto the gradient solution
in the centrifugation tube (cells should stay om slarface)
Place the tubes GENTLY in the table-top centrifug@g (1495rpm), 60min
Gently pipette lower band into 15ml Falcon tubes5if). (Upper band: non-
quiescent/dead cells)
Add 10ml Tris buffer pH 7.5, and shake thorouglttlisrupts the gradient)
Centrifugation: Eppendorf tabletop centrifuge, 3500, 5min
Remove supernatant, add 2ml Tris buffer and resuspe

Centrifugation: Eppendorf tabletop centrifuge, 3500, 5min
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Repeat washing steps twice

Resuspend in Tris buffer (Volume as required)

8.1.2. FACS

Add appropriate amount of cells to 50@f 100% EtOH (Roth) (storage at 4°C for several

months)

Pellet cells at maximum speed for 10min at 4°C @glorf Centrifuge 5415R)

Remove supernatant (EtOH) and add B@® ddH,0, vortex

Pellet cells at maximum speed for 10min at 4°C

Remove ddkD, and add 200 50mM Tris Buffer pH 7,5 and 4 RNAase (Roche)
20mg/ml

Vortex and incubate at 37°C, 550rpm for 4h

Pellet cells at maximum speed for 10min at 4°C

Remove supernantant

Add 8Qul 50mM Tris Buffer pH 7,5 and 20 Proteinase K (Roche) 5Smg/ml

Vortex and incubate at 50°C, 550rpm for 1h (Eppeh@lbermomixer compact)

Pellet cells at maximum speed for 5-10min at 4°@mRve supernatant, and add 00
PBS 1x (can be left overnight, not more)

Sonicate for 1,5min

Vortex and transfer to FACS tubes (!!Label Tube®imetransfer!!)

Add Lul I1mM SYTOX Green stain (Invitrogen Inc.), vortex

Leave at RT for a few minutes before measurements

8.1.3. LE

Grow cells to desired growth phase

Harvest cells (5*1bcells) 3500rpm, RT.

Remove supernatant quantitatively

Freeze pellet in liquid Nand store at -80°C

Add 5ml chloroform (Sigma-Aldrich)/methanol (RotR)1 to pellet and transfer to screw
cap 25ml Pyrex tube

Add 5Qul IST Mix to each sample
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Add 1ml methanol washed glass beads
Shake on Heidolph Multi Reax for 30min, level 10+zC
Add 1ml 0.034% MgCl
Shake on evapor mixer for 10min, level 10 at 4°C
Centrifuge 3000rpm, 5min, RT
Discard aqueous upper phase (not interphase)
Add 2ml artificial upper phase MeOH#8/CHCL; (48:47:3)
Centrifuge 3000rpm, 5min, RT
Discard aqueous upper phase (not interphase)
Transfer organic lower phase to a 15ml Pyrex tube

o0 With blue tips directly out of glass beads

o Proteins remain on glass beads

o Getrid of glass beads later
Evaporate organic solvents in $tream
Dissolve lipids in 1 mIC/M 2:1
Transfer to autosampler vials without glass beads
Dilute 1:20 before positive ionisation UPLC-MS asa$, use undiluted sample for
negative ionisation UPLC-MS analysis
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