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Abstract

Systems Biology combines experimental biology with mathematics and computational simulations
to better describe biological phenomena that emerge from the interaction of different players.
Extensive prior knowledge and experimental feasibility make the eukaryotic single-cell organism
S. cerevisiae the preferred model organism for systems biology, while the strongly conserved
features might enable conclusions for more complex organisms.

In this thesis, a ‘Systems Biology’-approach was taken to better understand how S. cerevisiae
coordinates different transcriptional and metabolic responses to adapt to two exemplary
environmental changes, i.e. inositol depletion and low-level ER stress.

Firstly, a quantitative model guided the construction of fast-folding, actively degraded reporter
proteins, which were able to rapidly indicate specific transcriptional changes in single cells.
Secondly, the developed reporter proteins, a fluorescent sphingolipid (SL) intermediate and
classical molecular biology techniques were used to investigate the interaction of the signaling
pathways, which enable S. cerevisiae to survive after inositol depletion, and to understand the
role of SL metabolism during this process. The results highlighted the temporal order of
transcription factors that follows the removal of inositol, i.e. first INO2/4, then HAC1 and lastly
RLM1, and suggested that decreased SL biosynthesis is probably not responsible for the delayed
disruption of ER homoeostasis but perturbs cell wall integrity after HAC1 activation.

Thirdly, the adaptation to low ER stress was studied with a reporter protein for HAC1 and
established fluorescent labels. The experimental insights then motivated a quantitative model for
the adaptation to new environments, which lower the growth rate and change the inheritance of
essential resources during cytokinesis. From the results, it emerged that ER stress mainly affects
G1 duration in daughter cells and reduces the amount of ER content that is inherited by them.
This lower inheritance probably contributed to the daughter-specific HAC1 activation. The
analysis of the model implied that such a lower resource inheritance increases the daughter:
mother ratio and probably lowers the resource demand of the population.

Overall, the results supported the idea that transcriptional adaptation is primarily performed by
daughter cells and is often a multi-step process. This work moreover lays the foundation to
investigate transcriptional dynamics during other environmental changes and to further study the
role of lipid metabolism for ER homeostasis. It also provided a mathematical model for the long-

term impact of changes in the distribution of limiting resources.
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1 Introduction

1.1 Motivation

Adaptation to new conditions is an important ability of most living organisms that enables them to
thrive in a constantly changing environment. It consists of two steps, detection and response,
which are connected by a signal transduction cascade that can run through different layers of the
cellular organisation.

The lowest layer is the activity of certain proteins, which directly respond to changes in the
environment. Several key enzymes are regulated this way to rapidly adjust the metabolism to
environmental fluctuations. Phosphofructokinase-1, for example, is activated by high AMP to ATP
ratios or fructose 1,6-bisphosphate to accelerate glycolysis and meet the energy need of the
organism [1,2]. More complex mechanisms, which divide detection and response among different
proteins, expand the number of possible reactions during the adaptational response to a single
stimulus. Prominent examples of this mechanism are protein kinases, e.g. protein kinase A (PKA),
which phosphorylate and activate several target proteins in response to a single stimulus, e.g.
cyclic AMP concentration for PKA [3]. In contrast to these rapid mechanisms that do not change
the total amount of participating proteins, mechanisms that can change the absolute amount of
affected components take more time and usually respond to slower and less transient
environmental changes [4].

Some of these mechanisms change the stability or the translation rate of individual proteins [5,6],
while others change the transcription rate for a set of genes to adjust multiple protein levels in
response to a stimulus [7]. In particular, transcriptional regulation is very common for the
adaptation to various environments as increased transcription can increase the abundance and
activity of every possible protein [8], and the set of target genes can easily be adapted during
evolution [9,10]. However, this powerful mechanism requires the coordination of three processes,
i.e. detection, gene transcription and protein translation, and the components that mediate
between them.

Even though some signaling pathways, e.g. regulation of sterol synthesis, use environment-
sensitive transcription factors that detect the stimulus and induce the transcriptional change
[11,12], many signaling pathways actually benefit from a separation of detection and response.
They consist of multiple receptor proteins and several intermediate components to detect different
stimuli and amplify the signal, e.g. regulation of cell wall integrity [13].

In addition to these advantages, burst-like transcription makes it difficult to adjust the strength of

a transcriptional response to the initial stimulus [14], while the number and duration of the
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intermediate biochemical reactions delay the final response, whose strength may then not
correlate with the current stress level, and thus increase the probability of wasteful oscillations
[15,16]. Due to these problems, even simple adaptation processes in prokaryotes require a
complex machinery to enable a perfect response, e.g. chemotaxis [17].

At least two properties of eukaryotic organisms further complicate transcriptional adaptation, and
it thus needs to be investigated separately. In contrast to the sigma factors of prokaryotes,
eukaryotic transcription factors can only initiate a subset of the transcriptional changes that are
required in a new environment [18,19]. Eukaryotes thus need to activate several transcription
factors from different signaling pathways to perfectly adapt to a new environment [7].

Secondly, eukaryotic organisms are characterised by the existence of organelles [20]. These
membrane-enclosed subcompartments might increase the efficiency of certain biochemical
reactions but also separate the transcriptional adaptation process spatially: detection in a certain
organelle, the cytoplasm or the extracellular space; gene transcription in the nucleus; protein
translation in the cytoplasm; possibly protein secretion and lipid biosynthesis in the endoplasmic
reticulum (ER) [21]. This spatial separation further delays the adaptational response and might
limit the ability to determine the right strength or to avoid oscillations.

These properties are particularly problematic during changes such as perturbations of lipid
metabolism, which not only affect a single process but have long-term consequences for multiple
organelles and necessitate extensive transcriptional changes [22,23], or changes that indirectly
involve certain organelles and only require the graded activity of a certain adaptation mechanism,
e.g. heat stress and ER homeostasis [24].

Comprehensive research in different eukaryotic organisms has uncovered the molecular
components and isolated function of various signaling pathways that respond to different
environmental stimuli and maintain the homeostasis of different organelles, e.g. the unfolded
protein response for the ER, protein kinase C signaling for cell wall integrity, OPI1 for lipid
metabolism in S. cerevisiae or retrograde signaling for the mitochondria [13,25-27]. However, it
is still unclear how the strength and the carriers of a transcriptional response are determined to
provide the optimal adaptation to complex perturbations that either require the coordination of
different signaling pathways or do not require the full response of a single signaling pathway [28—
31].

In order to better understand how eukaryotic cells respond to such complex stimuli during an
environmental change, this project therefore investigated how individual cells determine an

adequate transcriptional response to deal with graded ER stress and how yeast cells activate
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different essential signaling pathways in response to a perturbation that initially only disturbs lipid

biosynthesis but ultimately affects the membrane of several organelles.

1.2 Scope of this study

The adaptation of eukaryotic cells to perturbations of ER homeostasis and lipid metabolism can
be investigated in different organisms and different experimental set-ups. The unicellular
organism S. cerevisiae offers several advantages over more complex organisms and was
therefore used throughout this study. Most importantly, previous research has already identified
different environmental changes such as chemical treatments or nutrient supply that can influence
certain cellular processes, e.g. protein folding in the ER, cell wall integrity or lipid biosynthesis
[32-34], and also revealed the signaling pathways that connect the initial stimulus to the
transcriptional response, e.g. the unfolded protein response (UPR), the protein kinase C (PKC)
pathway or the activation of INO2/4 [7,13,26,35,36] (see subchapter 1.3.4 - 1.3.6 for details).
However, the relatively short life cycle of S. cerevisiae, its rapid mMRNA dynamics and its relatively
large cell-to-cell differences make it necessary to investigate transcriptional adaptation on a
single-cell level and with high temporal resolution [37—40]. Therefore, fluorescent techniques,
which enable live observation and single-cell resolution, were primarily used in this work.
Several conditions such as protein overexpression, chemical treatment or genetic perturbation of
ER-resident proteins can be used to perturb ER homeostasis and trigger adaptation [41-43] (see
subchapter 1.3.3 for details), but only the addition of chemicals exposes all cells of the population
to the same stress, is easily reproducible and does not remove a potential component of the
adaptive response. In this project, it was thus investigated how individual yeast cells combine
different adaptational mechanisms for ER homeostasis, e.g. the unfolded protein response (UPR)
and ER inheritance [44,45], to respond adequately to graded levels of chemically induced ER
stress, and a mathematical model was then applied to predict the population-wide consequences
from single-cell behaviour.

In contrast to the well-studied direct perturbations of ER homeostasis, perturbations of lipid
metabolism affect different organelles (e.g. ER and plasma membrane) and cellular processes
(e.g. lipid biosynthesis and protein folding) in ways that are not completely understood [23,46]
(see subchapter 1.3). Therefore, the investigation of adaptation to lipid metabolism perturbations
first requires a sufficient knowledge of how they affect different cellular processes.

The removal of inositol from the growth medium, which was chosen as an exemplary perturbation

for this work, depletes an important precursor of lipid metabolism and over time affects several
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biosynthetic processes, e.g. phospholipid biosynthesis, sphingolipid biosynthesis and the
synthesis of certain extracellular proteins [47—49] (see subchapter 1.3.1 and 1.3.2 for details).
Ultimately, inositol depletion also perturbs the homeostasis of at least two subcellular
compartments, i.e. the ER and the cell wall [50,51]. This connection between organelle
perturbation and lipid metabolism is not perfectly understood, but sphingolipids, which are
associated with various roles in cell physiology [52-55], might be crucial in this respect.

Previous research already identified the main components of the signaling pathways, i.e. UPR,
INO2/4 or protein kinase C [45,56,57], that adjust lipid metabolism and maintain organelle
homeostasis during inositol starvation and also studied the role of sphingolipid metabolism for
processes such as apoptosis that are not directly connected to inositol starvation [58]. In this
project the interconnection between sphingolipid metabolism and ER homeostasis, cell wall
integrity or cell division [32] was hence explored, before the coordination of the participating

signaling pathways during inositol starvation was investigated.

1.3. Background

1.3.1 Structure and function of the endoplasmic reticulum in S. cerevisiae

In S. cerevisiae and other eukaryotes, the endoplasmic reticulum (ER) consists of a single lipid
bilayer and the enclosed lumen. It forms a large network that extends from the nucleus, where it
blends with the nuclear membrane (i.e. perinuclear ER), to other cellular organelles and the
plasma membrane (i.e. cortical ER). The contact sites with these other organelles, e.g.
mitochondria or peroxisomes [59,60], are stabilised by dedicated protein complexes and may
serve to exchange lipids or other molecules (see figure 1.1) [61]. A close interaction with the
cytoskeleton supports its extended structure and also enables the active transport of vesicles to
and from the ER [62].

The endoplasmic reticulum houses the synthesis of most proteins that reside in the membrane or
lumen of cellular organelles and the extracellular space, is the main location of lipid metabolism
and also serves as intracellular calcium storage [63—65]. Due to the first two functions, the ER is
essential for the de novo synthesis of other cellular organelles, like peroxisomes or the Golgi
apparatus [66,67], and itself cannot be generated de novo. Therefore, dedicated molecular
mechanisms ensure its homeostasis in changing environments and its inheritance to both

descendent cells after cytokinesis [25,44] (see subchapter 1.3.6).
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Figure 1.1: ER structure and organisation

Diagram of an eukaryotic cell with the ER, mitochondria (M), Golgi apparatus (Golgi), lipid droplets (LD), peroxisomes
(Pex), ribosomes (black dots) and the plasma membrane (PM). Shaded areas indicate the different functional domains
of the ER (rough ER, smooth ER) and bars indicate verified (dark grey) and proposed (light grey) membrane contact
sites between the ER and other organelles (adapted from [61] copyright Elsevier).

Lipid metabolism on the ER membrane comprises the main synthesis steps of the four lipid
classes in eukaryotic organisms, i.e. triacylglycerol (TAG), phospholipids (PL), sphingolipids (SL)
and sterols (ergosterol in yeast), and their biophysical characteristics then determine their
polymerisation and cellular function [68]: Hydrophobic TAGs are mainly used for energy storage.
Amphiphilic PLs form sheets in aqueous environments and are the main component of cellular
membranes [69]. Rigid Ergosterol and SL closely associate and form transiently stable
subcompartments in lipid bilayers, which serve as an anchor point for protein complexes and
confer mechanical stability to certain membrane structures [70].

The ER does not contain its own DNA or ribosomes, and secreted proteins are thus still translated
in the cytoplasm and translocated into the ER only during or after their translation. The
translocated proteins then refold in the ER lumen and are afterwards transported via the Golgi

apparatus to their final destination [20].
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1.3.2 Glycerolipid biosynthesis and the impact of inositol starvation

The synthesis of glycerolipids, i.e. phospholipids and storage lipids, starts at the ER membrane
with the synthesis of phosphatidic acid (PA) from two acyl-CoA and glycerol-3-phosphate but

diverges afterwards (see figure 1.2A).

A Acyl-CoA

/DAG¥>-TAG PS —» PE-—--P PC
2 A0y|-COA + o /
Glycerol-3-P > PA T~

CDP-DAG 7" Pl

Inositol

PA PI PS
Figure 1.2: Synthesis and structure of phospholipids and storage lipid
A, the synthesis of phosphatidic acid (PA), CDP-diacylglycerol (CDP-DAG), phosphatidylinositol (Pl), diacylglycerol
(DAG), triacylglycerol (TAG) and phosphatidylserine (PS) from acyl-CoA and glycerol-3-phosphate happens entirely in
the ER. However, the synthesis of PE and PC necessitate an intermediate step (PS to PE) that happens in the
mitochondria. (solid lines, single step chemical reaction, dashed lines: multiple reactions, bold names: lipids). B, the

amphipathic structure of phospholipids: hydrophobic tail (dark grey) and polar/ hydrophilic head group (grey), (R
indicates the residues that define the phospholipid class) (images are taken from [26]).

On one hand, the exothermic phosphate group removal from the glycerol backbone generates
diacylglycerol (DAG), which can accept an additional acyl-CoA to produce triacylglycerols (TAG)
that are also known as storage lipids [71].

On the other hand, the activation of PA with cytidine triphosphate (CTP) produces cytidine
diphosphate-DAG (CDP-DAG) and initiates phospholipid biosynthesis. CDP-DAG, a high-energy
intermediate, can directly react with serine, choline or inositol to yield three of the four essential
phospholipids, phosphatidylserine (PS), phosphatidylcholine (PC) or phosphatidylinositol (PI)
[72]. PS can further be transferred to the mitochondria, where it is converted into the last major
PL, i.e. phosphatidylethanolamine (PE) [73].

22


https://paperpile.com/c/5UGRXr/ew33Y
https://paperpile.com/c/5UGRXr/hG2KS
https://paperpile.com/c/5UGRXr/bHB0H

To generate PC in the absence of choline, PE can be transferred back to the ER and be converted
into PC through the addition of three methyl groups [74]. The two other head group precursors,
i.e. serine and inositol, are either taken up from the environment or de novo synthesised by the
cell, i.e. inositol from glucose by INO1 [75] and serine from phospho-glycerate by SER1 and SER2
[76]. During inositol/choline starvation, lower inositol/choline levels decrease PI/PC production
and trigger PA accumulation [48]. Higher substrate concentrations subsequently increase PS and
DAG formation, but the metabolic changes also trigger a transcriptional response over the INO2-
INO4-complex (see subchapter 1.3.4 for details) to increase inositol synthesis and PE-to-PC

conversion for permanent adaptation [26].

1.3.2 Biosynthesis of sphingolipids and ergosterol

Sphingolipid biosynthesis (see figure 1.3) starts on the ER membrane with the condensation of
palmitoyl-CoA and serine to the long chain base 3-ketosphinganine. Two enzymes, TSC10 and
SUR2, then catalyse two oxidations that convert 3-ketosphingosine to dihydrosphingosine (DHS)
and phytosphingosine (PHS). The attachment of a very long chain fatty acid (VLCFA) to the
sphingosine backbone by ceramide synthases, i.e. LAC1 and LAGH1, is the last essential step in
the ER and yields phytoceramide (PHC) from PHS or dihydroceramide (DHC) from DHS [63,77].
However, an optional VLCFA hydroxylation by ER-resident SCS7 increases sphingolipid diversity
[78,79]. In the Golgi apparatus, the attachment of phosphatidylinositol (PIl) to the different
ceramides by AUR1 yields inositol phosphorylceramide (IPC), the first mature sphingolipid [80].
The attachment of a mannose sugar and an additional PI then yields the two other mature
sphingolipids, mannosyl-inositol phosphorylceramide (MIPC) and mannosyl-di-inositol
phosphorylceramide (M(IP)2C) [52].

Inositol starvation, which lowers Pl levels, decelerates the synthesis of IPC and M(IP).C and leads
to the accumulation of ceramide and other upstream metabolites [48]. Genetic perturbations of
SL metabolism, e.g. gene knock-outs, are lethal for most enzymes upstream of IPC synthesis.
Notable exceptions are ceramide synthesis, which is catalysed by two redundant proteins, and
the two oxidations by SUR2 and SCS7, which are not essential for IPC synthesis and only change
SL hydroxylation pattern [78]. Alternatively, specific inhibitors can disturb different enzymatic
steps in SL metabolism, e.g. myriocin for LCB1 [81], Fumonisin B1 for LAC1 and LAG1 [82], or
Aureobasidin for AUR1 [83], and are highly toxic for yeast.
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Figure 1.3: Sphingolipid biosynthesis in Saccharomyces cerevisiae.

The reactions (solid arrows), enzymes (in bold), substrates (normal font) and inhibitors (italic font) of sphingolipid
biosynthesis are mainly localised in the membrane of the endoplasmic reticulum (ER) or the Golgi apparatus (Golgi).
While the ER-resident reactions only consume NADPH and acyl-CoA, the synthesis of all three mature sphingolipids,
i.e. M(IP)2C, MIPC and IPC, requires phosphatidylinositol (PI) or UDP-Mannose and happens in the Golgi apparatus.

The regulation of SL biosynthesis, which is less understood than the regulation of phospholipid
synthesis, happens mainly via the inhibition of the initial step, i.e. 3-ketosphingosine synthesis,
by the ORM1 and ORMZ2 proteins [84] (see subchapter 1.3.4 for details). A molecular mechanism
for the regulation of downstream steps has not been reported so far but might require ergosterol
[85]. Due to their very long hydrophobic tail (see figure 1.4B), sphingolipids can support the
mechanical stability of membranes, while the interaction with bulky cholesterol generates
transiently stable subcompartments inside the lipid bilayer, i.e. lipid rafts, that are characterised

by a greater depth than that of the surrounding phospholipid bilayer [70].
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Figure 1.4: Structure of ergosterol (A) and sphingolipid (B).

A, The four interlinked carbon rings make ergosterol, the fungal cholesterol equivalent, a very rigid and hydrophobic
lipid. B, The very long fatty acid makes up the long hydrophobic tail of sphingolipids (dark grey shading) and depending
on the sugar profile (light grey shading) the head group can either serve as protective coat in fungi or a molecular

recognition pattern in humans (adapted from [86]) )

Ergosterol biosynthesis does not start from acyl-CoA but from squalene - a linear chain of 30
carbons that is synthesized from acetyl-CoA via the mevalonate pathway [87]. In the endoplasmic
reticulum, multiple oxidation and cyclisation reactions, which are catalysed by the enzymes of the
ERG cluster, convert this 30-carbon backbone into a complex 28-carbon structure, which is
characterised by four ring structures [88,89] (see figure 1.4A). Two negative feedback loops, one
in the mevalonate pathway via the stability of a rate-limiting enzymes [90] and one in the
ergosterol pathway via the transcription of the ERG cluster genes [91], maintain a stable sterol
production in a changing environment (see subchapter 1.3.4 for details). Ergosterol biosynthesis
does not require inositol and inositol starvation has probably no direct impact on ergosterol

metabolism.
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1.3.3 Protein import, folding and quality control in the ER and the molecular

basis of ER homeostasis disruption

While lipid biosynthesis resides in the ER membrane, the main function of its lumen is to provide
an intermediate environment for the controlled and facilitated folding of peptide chains into
functional three-dimensional structures, before they are transported to their less controllable final
destinations [92]. Moreover, the oxidising environment and the presence of specialised
chaperones in the ER can enable protein conformations that are not possible in the reducing
environment of the cytoplasm or the nucleus [93]. Secreted or transmembrane proteins, which
are still translated by cytoplasmic ribosomes, fist need to translocate into the ER lumen or the ER
membrane via co- or post-translational mechanisms.

For co-translational translocation (see figure 1.5), most secretory proteins contain a short,
hydrophobic signal sequence on their N-terminus. This sequence is recognised by the signal
recognition particle (SRP) during translation and then triggers the relocalisation of the entire
translation unit, i.e. ribosome, MRNA and the nascent peptide chain, to the translocon at the ER
membrane [94]. The translocon is a protein complex that forms a tunnel in the hydrophobic lipid
bilayer and enables the passage of unfolded peptide chains from the cytoplasm into the ER lumen
[95]. The subsequent binding of chaperones, i.e. KAR2, to the nascent peptide chain inside the
ER Ilumen provides a pulling force from ATP hydrolysis and regulates the directionality of the
transport process, i.e. molecular ratchet [96]. With enough distance from the ATPase-activating
function of the translocon, KAR2 ceases to hydrolyse freshly bound ATP, dissociates from the

peptide chains and initiates their folding [97].
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Figure 1.5: The co-translational translocation of proteins into ER Lumen via the molecular ratchet
Sequential binding of ADP-bound KAR2 to newly appearing parts of the peptide chains (solid black line) prevents back-
diffusion and represents a molecular ratchet. With enough distance from the translocon, ADP exchange triggers KAR2

release and initiates the folding of peptide chain.

In addition to its role during translocation and like other HSP70 chaperones, KAR2 also promotes
protein folding inside the ER lumen via the well-studied ATPase cycle (shown in figure 1.6)
[98,99]: Exposed hydrophobic peptides of unfolded or misfolded proteins are recognised by J
proteins that recruit ATP-bound KAR2 to their client proteins [100]. Subsequent ATP hydrolysis
promotes the unfolding of the client protein and releases the J protein from the complex. The
ADP-bound KAR2 is subsequently recognised by a nucleotide exchange factor (NEF), which
catalyses the exchange of ADP for ATP on substrate-bound KAR2. After this exchange, ATP-
bound KAR2 loses the affinity for unfolded peptides and releases its client protein. While free
ATP-bound KAR2 can now participate in another folding cycle, the unfolded client protein either
folds into its native state and is secreted from the endoplasmic reticulum or misfolds and performs

another folding cycle. The over-expression of secreted proteins or misfolded substrate proteins
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such as CPY* overloads this folding mechanism and leads to an accumulation of unfolded or

misfolded proteins, which eventually perturbs the ER homeostasis [41].

Native client ‘g
protein a.
or oo
“’ \ ‘\‘
L“‘ATE'-*- kY

j Sk s
Non-native tP\\‘i‘ \ \

client protein g |

. ADP 6

-
S
v

ATP

. A&/ P | {:ﬁ‘;:;‘\% ,.
D i ’ A0PL QK
N as S

]
»

€ £~y { Q e
N TR ADPLQAD \ 4 o
AR o Py
9 NES

Figure 1.6: Protein folding cycle via HSP70 chaperones

1, J protein binds to the hydrophobic peptide of the non-native client protein. 2, J protein recruits ATP-bound HSP70
chaperone. 3, After the J protein triggers ATP hydrolysis, the ADP-bound chaperone unfolds the peptide and releases
the J protein. 4, 5, 6, the binding of a nucleotide exchange factor (NEF) promotes the exchange of ADP for ATP, and
the ATP-bound chaperone releases the unfolded client protein, which now reinitiates its folding process. (Pi: inorganic
phosphate) (Adapted from [101] copyright: Nature Publishing Group)

Due to the oxidative redox potential in the lumen of organelles or outside the cell, disulfide bonds,
which are neither formed in the reducing environment of the cytoplasm nor the nucleus, are a
common feature of proteins along the secretory pathway and in the extracellular space. Multiple
cysteine residues on the surface of most secreted proteins increase the proportion of
dysfunctional disulfide bond combinations and complicate the folding process [102]. Because the
redox potential of functional disulfide bonds is usually lower than that of non-functional ones, S.
cerevisiae and other eukaryotic organisms maintain an intermediate redox environment in the ER
and use dedicated redox enzymes, i.e. PDI1 and ERO1 [103,104], to decrease the likelihood of
the formation of non-functional low-energy disulfide bonds and to promote the formation of

functional high-energy ones [93] (see figure 1.7).
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Figure 1.7: Disulfide bond formation and electron transfer during the folding of secreted proteins.

Unfolded proteins with reduced cysteine residues attract PDI1 and thereby trigger a series of inter- and intramolecular
redox reaction that transfer electrons (dotted arrows) from the unfolded protein over PDI1 and ERO1 to molecular
oxygen. The initial formation of the labile inter-molecular disulfide bond (bold and asterisk) is reversible (A) and only
the irreversible formation of a functional disulfide bond (B) in the client protein enables the final dissociation of substrate
and PDI1.

After PDI1 recruitment to misfolded or unfolded client proteins, PDI1’s unstable disulfide bond
reversibly oxidizes cysteine residues on the client protein through the formation of an
intermolecular disulfide bond [105]. This fragile inter-molecular disulfide bond can be displaced
by either (A) the initial disulfide bond of PDI1 or (B) a high-energy disulfide bond between two
cysteines of the client protein. While the first route releases the original, reduced substrate protein,
the second route leads to the formation of a functional disulfide bond in the client protein and
reduces PDI1. The subsequent regeneration of PDI1 by ERO1 consumes reduced glutathione
and oxygen to generate oxidised glutathione, water and oxidised PDI1 [106,107]. The
regeneration of reduced glutathione consumes NADPH, which is generated in the cytoplasm.

Reducing agents such as dithiothreitol (DTT) and beta-mercaptoethanol reduce the chemical

environment of the ER, prevent the formation of new disulfide bonds and dissolve existing bonds.
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This immediately unfolds most proteins in the secretory pathway and rapidly perturbs ER
homeostasis [50].

Many secreted proteins are glycoproteins and CNE1, the only calmodulin homologue in
Saccharomyces cerevisiae, can via its lectin domain exclusively bind to their newly attached N-
glycan chains. CNE1 thus performs a crucial function during ER quality control and protein
degradation [108,109] (see figure 1.8).

client
protein

5~S-E %

folded
glycoprotein

Glucosidases
&N

Gtuco.\
!ransfergse O/ Glucosidase Il

ERAD

SH
Figure 1.8: CNE1 functions as the pivotal co-chaperone for ER Quality control (ERQC).
The membrane-bound CNE1 (Cne1p) binds to unfolded glycosylated (G) client proteins. It subsequently functions as
a co-chaperone and recruits PDI1 (Pdi1) or other chaperones to promote disulfide bridge formation and refolding.
During client protein release, it recruits glucosidases to shorten the glycan chain. While folded proteins can now be
transported to the Golgi, the shortened glycan chain either triggers re-glycosylation and CNE1 re-binding or ER-

associated degradation of unfolded proteins. (http:/biochemistry.utoronto.ca/person/david-b-williams/)

After CNE1 recognises unfolded, glycosylated client proteins via its lectin domain [110], it
promotes their interaction with PDI1 or possibly other chaperones. Release from CNE1 triggers
the removal of another glucose subunit from the glycan chain, and properly folded proteins are
then transferred to the Golgi apparatus. However, misfolded proteins are either recognised by a
glucosyltransferase that elongates the glycan chain and initiates another folding cycle or
recognised by the lectin protein YOS9, which initiates ER-associated degradation (ERAD) [111].
As multiple unsuccessful folding cycles increase the likelihood of YOS9 binding, non-folding N-

glycosylated proteins are usually degraded via ERAD [112] (see subchapter 1.3.6 for details).
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Tunicamycin and 2’-deoxy-glucose inhibit the formation of N-glycan chains and prevent the
interaction between secretory proteins and CNE1, which facilitates their folding. Depending on
the rate of protein secretion, the accumulation of non-glycosylated and misfolded proteins can
then perturb ER homeostasis [113,114].

While the presented mechanisms are usually sufficient to enable the correct processing of most
secreted proteins, certain soluble proteins are further attached to a lipid anchor, which links them
permanently to the membrane [115]. For extracellular proteins, this lipid anchor consists of
glycosylphosphatidylinositol (GPI) and is necessary for their proper secretion from the ER [116].
The depletion of inositol also reduces GPI synthesis and thus perturbs the proper processing of
this class of proteins, i.e. GPl-anchored proteins.

After their successful folding, secreted or transmembrane proteins are recognised by cargo
receptors in the ER membrane and recruited into coat protein Il (COPII) vesicles, which pinch off
the ER and deliver cargo proteins to the Golgi apparatus [117]. In the Golgi, falsely secreted
proteins can be transferred back via COPI vesicles, whereas the rest of the proteins are sorted
and trafficked to their final destination [118,119].

If applied on mammalian cells, Brefeldin A inhibits the formation of COPI vesicles, prevents the
physiological recycling of ER proteins, e.g. chaperones, and increases the likelihood of an
accidental fusion between the Golgi apparatus and the endoplasmic reticulum. Once fused with

the Golgi apparatus, the homeostasis of the ER is inevitably lost [120].

1.3.4 Regulation of lipid metabolism

As mentioned earlier, Saccharomyces cerevisiae possesses several mechanisms that control
lipid metabolism and adjust it to the current environmental conditions.

For phospholipid metabolism, a transcriptional feedforward mechanism via phosphatidic acid
(PA), the OPI1 protein and the heterodimeric transcription factor complex between INO2 and
INO4 (INO2/4), ensures an efficient utilisation of PA as the substrate for TAG and PL synthesis
[26,121] (see figure 1.9).
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Figure 1.9: Transcriptional regulation of phospholipid synthesis via PA, INO2/4 and OPI1

Phosphatidic acid (PA) is continuously produced on the ER membrane during exponential growth. In the presence of
head group precursors, e.g. inositol, it is immediately converted to phospholipids, e.g. phosphatidylinositol (PI), but
accumulates in the ER in the absence of precursors. Depending on PA concentration, OPI1 either resides inside the
nucleus, binds to INO2/4 and represses the transcription of ICRE-regulated genes, e.g. enzymes for phospholipid
biosynthesis (left side, PA low), or it binds to PA on the ER membranes, releases INO2/4 inhibition and enables the
transcription of ICRE-regulated genes (right side, PA high).

The promoters of many genes in PL metabolism such as the inositol synthase INO1 and the
methyltransferases that convert PE to PC, i.e. OPI3 and CHOZ2, contain the inositol choline
responsive element (ICRE) [122-124]. This ICRE-sequence is recognised by the INO2/4
complex, which can activate gene transcription but is repressed by OPI1 binding at low PA
concentrations [125]. If inositol depletion, decreased DAG synthesis or faster PA synthesis
increase the PA concentration in the ER [126,127], the accumulated PA and ER-resident SCS2
recruit OPI1 from the nucleoplasm to the ER membrane [128]. After this releases INO2/4
inhibition, the expression of ICRE-containing genes increases PA consumption and re-
establishes lipid homeostasis via increased inositol production and faster PE to PC conversion.
In addition to PA concentration, the cytoplasmic pH and glucose can also influence OPI1
localisation [129].

Ergosterol biosynthesis is in part controlled by flux-dependent ubiquitination and degradation of
HMG2, i.e. the enzyme that catalysis the rate-limiting step of mevalonate biosynthesis: Fast
mevalonate synthesis triggers ubiquitination and degradation of HMG2 through the ERAD
pathway [90,130]. Furthermore, two transcription factors UPC2 and ECM22 regulate the
transcription of genes for the conversion of squalene to ergosterol, i.e. the ERG cluster. In the

presence of sterols, UPC2 and ECM22 reside in the cytoplasm, and the transcription of ERG
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genes is repressed. Upon sterol depletion, they relocalise to the nucleus, where they depend on
heme to induce the expression ERG genes [131-133].

Sphingolipid biosynthesis is mainly regulated by the conserved proteins ORM1 and ORM2 that
can directly bind to LCB1 and inhibit its initial step, i.e. the formation of 3-ketosphingosine by
LCB1/2 [134]. The activity of these inhibitors is controlled on the transcriptional level by the
unfolded protein response during ER stress [135] and via phosphorylation of ORM2 by kinases
of various signaling pathways, e.g. SLT2 [136,137].

1.3.5 Control of protein secretion and cell wall integrity by protein kinase C

Cell wall integrity is critical for cell growth, division and survival [138-140]. A crucial function of
the endoplasmic reticulum is the secretion of enzymes and structural proteins that maintain it.

Under normal conditions, the production of these proteins is regulated by the life cycle of S.
cerevisiae. Fresh-born daughter cells, for example, induce the expression of enzymes that
separate them from the mother cells after cytokinesis [141]. After cell wall perturbation due to
higher growth temperatures, environmental stress or changes in the lipid composition of the
membrane, a dedicated response mechanism, i.e. the cell wall integrity (CWI) pathway, triggers
transcriptional changes that promote cell wall synthesis [51,57] (see figure 1.10). This pathway is
a prototypical kinase cascade with five transmembrane receptors (WSC1-3, MID1 and MTL1),
which are interlinked with the cell wall and can recruit the GTP exchange factors, i.e. ROM1 and
ROM2, upon cell wall perturbation. At the plasma membrane, ROM1 and ROM2 subsequently
interact with RHO1 and exchange RHO1-bound GDP for GTP [142]. RHO1-GTP then activates
protein kinase C 1 (PKC1) [143], and this activation triggers a phosphorylation cascade that
culminates in SLT2 activation and the phosphorylation of the transcription factor RLM1 [13].
Activated RLM1 induces the transcription of cell wall proteins (CWP) and enzymes for chitin
synthesis [144]. The elevated CWP expression and chitin production can restore cell wall integrity

and counteract the initial stimulus but perturbs ER homeostasis [24].
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Figure 1.10: The kinase cascade that maintains cell wall integrity after perturbations

Environmental stress perturbs cell wall integrity and activates WSC1 or another sensor in the plasma membrane. This
sensor then recruits the GTP exchange factor (GEF) ROM1 or ROM2, which catalyses the exchange of RHO1-bound
GDP for GTP. The activated GTPase then activates PKC1 and triggers a kinase cascade that consists of BCK1, MKK1
and SLT2. SLT2 phosphorylates RLM1, and RLM1 induces the expression of genes for cell wall synthesis (CWS) such
as cell wall proteins and chitin synthases that reestablish cell wall integrity.

Other secreted proteins, e.g. pheromones, receptors and intracompartmental enzymes, also
necessitate ER homeostasis, but their expression is regulated by less understood mechanisms

that have not yet been be investigated.

1.3.6 ER homeostasis regulation

S. cerevisiae coordinates different control mechanisms to maintain ER homeostasis and ensure
the proper folding of secreted proteins, the activity of ER-resident enzymes and the continuous
production of lipid intermediates (see figure 1.11). The unfolded protein response (UPR) and ER-
associated degradation (ERAD) are relatively specific to the ER, while ER inheritance, ER
surveillance (ERSU) and ER-phagy share many components with similar pathways for other
cellular organelles [25,44,145-147].
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Figure 1.11: Important components of and interaction between the different ER homeostasis mechanisms
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ER stress leads to the accumulation of misfolded proteins or nonfunctional membrane fragments. Misfolded proteins
can either be transported out of the ER by the ERAD (ER associated degradation) machinery and degraded by the
proteasome or activate IRE1 and induce the UPR response. UPR activation increases the expression of ERAD
components and chaperones that help to clear misfolded proteins. Non-functional ER membrane fragment and proteins

in the ER lumen can also split from the ER, and the vesicles can then be degraded via ER-phagy.

In S. cerevisiae, the UPR is the main mechanism that triggers a transcriptional response to ER
stress and consists of at least three different components:

(1) IRE1, a transmembrane protein with four different domains, i.e. a lumenal domain that binds
to unfolded proteins in the ER, a transmembrane domain plus a kinase and an RNAse domain in
the cytoplasm.

() HACA1, a transcription factor that induces the expression of genes with an unfolded protein
response element (UPRE) in their promoter sequence.

(1) ER-resident chaperones such as KAR2 and PDI1 that support ER homeostasis and are
upregulated after UPR activation [45,50].

Under normal conditions and with low protein secretion, the ER chaperone KAR2 binds IRE1 and
keeps it in an inactive state. Increased protein secretion or perturbed protein folding depletes
KAR2 from IRE1 [148], and unfolded proteins subsequently bind to the lumenal IRE1 domain.
This facilitates IRE1 dimerisation and increases the proximity of two inactive kinase domains
[149]. Binding of additional unfolded proteins and transphosphorylation between the kinase
domains of adjacent IRE1 proteins trigger IRE1 oligomerization and activate its RNAse domain

[150]. The activated RNAse domain initiates the splicing and enables the translation of HAC1
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mMRNA [151]. This transcription factor subsequently passes to the nucleus and induces the
expression of chaperones and other UPRE-containing genes that promote protein folding and re-
establish ER homeostasis [152,153]. The IRE1 kinase and RNAse domain have also been
associated with less understood, HAC1-independent mechanisms that might be more relevant for
higher organisms (e.g. regulated IRE1-dependent decay of mMRNAs (RIDD)) [154,155].
Independent of UPR activation, ERAD continuously removes terminally misfolded proteins from
the ER, but some ERAD components, e.g. HRD1 and HRD3, are further upregulated after UPR
induction to complement the increased chaperone activity [156]. Through its interaction with
YOS9 and the binding of terminally trimmed glycan chains and unstructured peptides, HRD3
recruits proteins that failed ER quality control by CNE1 (see subchapter 1.3.3) [157,158] and
facilitates their back-translocation to the cytoplasm via a transmembrane tunnel, which is formed
by HRD1, HRD3 and DER1 [112,159]. On the cytoplasmic face of the ER membrane, the ubiquitin
ligase HRD1 attaches ubiquitin to the emerging peptide chains and labels them for proteasomal
degradation.

ER-phagy is an additional control mechanism that degrades entire ER fragments [160]. The name
describes two different processes that either use macroautophagy to continuously recycle newly
generated excess ER membrane during nitrogen starvation, or use microautophagy to degrade
existing cortical ER fragments after ER stress exposure [161,162]. While the former requires the
core autophagic machinery, stress-triggered microautophagy bypasses the autophagosome,
delivers ER fragments directly to the vacuole and resembles other organelle-specific
microautophagy processes, e.g. for the mitochondria or the peroxisome [147].

To ensure ER inheritance to mother and daughter cell after cell division, the perinuclear ER is
transmitted to the bud alongside the nucleus during mitosis [44], while the motor protein MYO4
actively transports cortical ER along actin filaments into the emerging bud during the entire
budded phase [163]. A ceramide-dependent diffusion barrier in the bud neck additionally prevents
the passive diffusion of cortical ER components and contains possibly toxic protein aggregates in
the mother cell [164,165]. Upon strong ER stress, CWI-dependent ER surveillance (ERSU)
decelerates cortical ER transport, prevents the inheritance of protein aggregates and ensure the

survival of both cells after cell division [146,166]
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1.4 Aims of this work

Most of the presented knowledge on the molecular basis for ER function and homeostasis was
gained as part of research that primarily focused on the long-term adaptation or the population-
wide response to environmental stimuli [7,154,167,168]. As a consequence, very few genetic
tools are available to measure the short-term transcriptional response and the metabolism in
individual cells, which are possibly important during the adaptation to environments that require
the coordination of different transcription factors or the graded response of a certain signaling
pathway. To overcome this shortage and investigate the metabolic and transcriptional changes
during transient responses after experimental perturbations of ER homeostasis or lipid
metabolism in single cells and at the desired temporal resolution, this PhD project was divided

into three parts with different complementary aims, outlined here as follows:

(1) Develop reporters for transcriptional changes during the adaptation of lipid metabolism
and ER homeostasis under new conditions and find an appropriate tool to evaluate the
direct impact of a new condition on the sphingolipid metabolism of single cells.

(2) Investigate the role of SL metabolism in cell physiology and determine the temporal and
causal connection between transcriptional and metabolic changes after inositol depletion.

(3) Investigate the adaptation to qualitatively different levels of ER stress on a single-cell level
and theoretically assess the consequences of this behaviour for the overall population and

over evolutionary time scales.

These objectives were key steps to extract the underlying principles that govern the adaptation of
S. cerevisiae in new environments that not only necessitate the full activation of a single signaling
pathway but require a weighted combination of different signaling pathways. Each of the
objectives is addressed in a separate chapter of this thesis after chapter 2, which describes the
materials and the methods that were applied throughout the whole study.

Chapter 3 describes an innovative approach to design and build three different single-cell
reporters that can dynamically track the essential transcriptional changes that are triggered by
three different signaling pathways after changes of lipid metabolism or ER homeostasis. The
feasibility of a fluorescent sphingolipid, i.e. NBD-C6-ceramide, as a reporter for lipid metabolism
changes was also evaluated in this chapter.

In chapter 4, the transcriptional changes after inositol depletion or SUR2 knock-out were
monitored with the developed reporter proteins and were then used to estimate the temporal and

causal sequence that leads to the transcriptional adaptation after inositol depletion. The
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fluorescent sphingolipid intermediate was further used to estimate the impact of both
perturbations on sphingolipid biosynthesis.

In the first part of chapter 5, the reporter for UPR activity and established fluorescent markers
were used to determine the contribution of asymmetric cell division to the adaptation of single
cells in different levels of ER stress. The different experimental observations influenced the
development of an abstract model to analyse the effect of asymmetric inheritance on population
growth and resource demand in the second part of this chapter.
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2 Materials and Methods

2.1 Chemicals

Unless otherwise specified, chemicals for growth media or buffer preparation were purchased
from Sigma Aldrich. Antibiotics and chemicals were prepared as >/=500 x stock solutions in water
(i.e. 100 mM Inositol and 1 M DTT), DMSO (i.e. 1 mg/ml tunicamycin, 1 mM Aureobasidin, 1
mg/ml myriocin, 5 mg/ml nocodazole, and 1 mg/ml rapamycin) or 50% ethanol (50 mg/ml
Ampicillin) as required. Inositol, yeast nitrogen base without amino acids and yeast nitrogen base
without amino acids or inositol were purchased from Formedium. NBD-C6-ceramide stain and the
Tetramethylrhodamine Conjugate of Concanavalin A (TRITC-ConA) were purchased from

Invitrogen (now ThermoFisher Scientific™).

2.2 Growth Media

Escherichia coli were cultured on Luria-Bertani (LB) agar or in liquid LB medium supplemented
with antibiotics. For 1 L of liquid LB medium, 25 g of an LB premix (NaCl (2) : yeast extract (1) :
tryptone (2)) premix were diluted in 1 L of double distilled water and autoclaved at 128 °C for 15
minutes. For 1 L of LB - Agar, 40 g of an LB Agar premix (NaCl (2) : yeast extract (1) : tryptone
(2) : agar agar (3)) were diluted in 1 L of double distilled water and autoclaved at 128 °C for 15
minutes.

For Saccharomyces cerevisiae three different liquid growth media, i.e. minimal synthetic complete
(SC), synthetic dropout (SD) and yeast peptone dextrose (YPD) medium, were prepared
according to Gietz et al. [169] with the recipes stated below and autoclaved at 128 °C for 15
minutes. For culture plates, SD or YPD agar was prepared as the liquid medium but an additional

16 g of agar agar added before autoclaving.

YPD Media:
10 g/l Yeast extract
20 g/l Peptone
20 g/l Glucose
(16 g/l Agar agar for YPD agar)
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SD Media:

6.7 g/l Yeast Nitrogen Base without amino acids (Sigma)

1.9 g/l Yeast Synthetic Drop-out Medium Supplements*

20 g/l Glucose

(16 g/l agar agar for SD agar)

* exact composition depends on the specific prototrophy of the cultured yeast strain, i.e. without

histidine for histidine prototroph strains (reporter strains) or without uracil for uracil prototroph

strains.

Minimal SC media with (or without) inositol:

6.7 g/l Yeast Nitrogen Base without amino acids (or inositol) (Formedium)
0.5 g/l amino acid mix (see below)

(20 g/l autoclaved glucose were added after autoclaving)

Amino Acid mix (36.2 g):

2.0 g Adenine hemisulfate

2.0 g Arginine HCI
2.0 g Histidine HCI
2.0 g Isoleucine
2.0 g Leucine*

2.0 g Lysine HCI
2.0 g Methionine
3.0 g Phenylalanine
2.0 g Serine

2.0 g Threonine
3.0 g Tryptophan
2.0 g Tyrosine

1.2 g Uracil

9.0 g Valine
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2.3 Polymerase chain reaction (PCR)

All PCRs were performed in 20 pl or 50 pl, with the NEB Phusion™ polymerase enzyme, the

respective primer sets (see table 2.6 at the end of this chapter for sequences) and according to

the manufacturer's protocol:

20 or 50 pl of the reaction mix (see table 2.1) were prepared at room temperature and

subsequently incubated in a thermocycler with primer and template specific modifications of the

annealing temperature and the elongation time in the general PCR protocol (see table 2.2).

Table 2.1: PCR recipe for 20 or 50 ul PCRs

Stock Volume Final concentration
10 uM forward primer 1(2.5) ul 0.5 uM

10 uM reverse primer 1(2.5) ul 0.5 uM

Template DNA 2 (5-10) pl Variable

5x Phusion™ HiFiBuffer 4 (10) pl 1x

10 mM dNTPs 0.4 (1) pl 200 uM

Phusion™ enzyme (2 units/pl) | 0.2 (0.5) pl 0.02 units/pl

ddH20 Ad 20 (50) pl | -
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Table 2.2: Cycling program for Phusion™ PCRs:

Step Duration Temperature
Initial denaturation 20 sec 98 °C
25-35 Cycles:
- Denaturation 15 sec 98 °C
- Annealing 15 sec 55-65°C
- Elongation 15-30 sec per kb template 72 °C
Final Elongation 5 min 72 °C

2.4 Molecular cloning
Restriction digests, dephosphorylations and ligations were carried out with NEB enzymes and
according to the manufacturer's protocol. 20 or 50 pl of double digest reaction (see below) were

prepared at room temperature and subsequently incubated at 37 °C for 1 hour.

20 (50) ul DNA digest reactions:
DNA (plasmid or PCR product) 1 Hg

CutSmart Buffer™ 10x 2 (5) ul

First restriction enzyme 0.5 ul
Second restriction enzyme 0.5 ul
ddH20 ad 20 (50) pl

Calf Intestinal Phosphatase enzyme (1 pl) was subsequently added to the reaction to
dephosphorylate the digested DNA fragments. Digested plasmid fragments were separated with
gel electrophoresis and purified with the Wizard DNA purification kit™ (Promega). Digested PCR
products do not need to be separated and were immediately used for DNA purification with the
same kit.

For plasmid assembly, 10 ul of ligation reaction were prepared with the purified DNA fragments
and the T4 DNA ligase:
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Dephosphorylated Vector (20 - 50 ng/pul) 3 ul

DNA insert(s) (~15-25 ng/ul) 5ul
T4 DNA ligase buffer 10x 1l
T4 DNA ligase 1l

After the reactions were incubated for 1 hour at room temperature, they were used for the

transformation of chemically competent NEB® Turbo Competent Cells.

2.5 Plasmids

The different reporter plasmids (see table 2.7 at the end of this chapter for details) all shared the
same general layout (depicted in figure 2.1) and were assembled with established molecular
biological techniques (see subchapter 2.3 and 2.4), i.e. polymerase chain reaction (PCR), overlap
extension PCR, restriction digest and DNA ligation. The individual parts of the transcriptional unit
of each reporter construct, i.e. promoter, ubiquitin gene, superfolder GFP and CYC1 terminator
sequence, were amplified by PCR from the matching template and with specific primers pairs
(see table 2.6 at the end of this chapter). After gel purifying the amplicons with the Wizard DNA
purification kit™ (Promega), the full transcriptional unit was created from the individual parts via
overlap extension PCR. The full transcriptional unit was subsequently cloned into the pRS403
backbone vector or another reporter plasmid with the restriction enzymes Sacl and Clal or Sacl
and Spel, respectively. The complete plasmid was transformed into E.coli cells, and its
organisation and sequence were confirmed after Miniprep and with restriction digest or
commercial Sanger DNA sequencing, respectively (the full sequence of the common, coding DNA
sequence of all reporter plasmids, i.e. UBI4, linker and yeast codon-optimised superfolder GFP,

can be found in appendix A).
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Figure 2.1: General layout for the reporter plasmids

The transcription factor specific promoter, the endogenous ubiquitin gene (UBI4), the linking aspartate codon (GAT
(D)), the yeast codon optimised sequence for GFP and the endogenous CYC1 terminator were integrated into the
pRS403 backbone that contains the HIS3 gene for yeast selection, and an OriC and AMP resistance cassette for the
amplification in Escherichia coli. (dashed lines indicate the cutting sites of the different restriction enzymes, bold
indicates the translated coding DNA sequence).

2.6 Yeast Strains

All yeast strains used in this study (listed in table 2.8 at the end of this chapter) were either part
of the yeast knock-out collection [170] and purchased from GE Dharmacon™ (e.g. BY4741 and
knock out mutants) or created via yeast LIAc/SS/PEG - transformation [171] (see subchapter 2.9).
Linear DNA fragments for the transformation were either created by PCR amplification with
integration specific primers (see table 2.6) and on the pMaM175 plasmid [172] or single restriction
digests with Nhel for reporter plasmids, i.e. pFJ1, 4, 8 and 25, and Ndel for pFJ17. Plasmid
transformation was verified with selection medium and fluorescence measurements, and the
insertion of PCR fragments was PCR-verified with the primers specified in table 2.6.

The genomic DNA template for PCR verification was isolated using the sodium hydroxide method
[173]: Single yeast colonies were picked from an agar growth plate and resuspended in 20 pl
0.02M NaOH by vortexing. The suspension was incubated at 99 °C for 10 minutes and briefly
centrifuged. 1.5 pl of the supernatant were subsequently used as a template for PCR (see
subchapter 2.3).

2.7 Escherichia coli transformation

To prepare chemically competent E. coli cells, NEB® Turbo Competent Cells were exponentially
grown in 300 ml of liquid LB medium until an OD of ~0.5. The culture was then cooled on ice for
at least 10 minutes. Afterwards, the cooled cells were collected during a 10-minute centrifugation
at 2880x g, and supernatant discarded. After the cell pellet was washed twice with ice-cold 0.1 M
CaCly, it was resuspended in 15% glycerol and 0.1M CaCl,. Resuspended cells were immediately
dispensed into 50-100 ul aliquots and stored at -80 °C for further use.

For transformation, chemically competent E. coli cells from -80 °C, were thawed on ice, and 10 pl

of ligation reaction were added to thawed cells. After a 30-minute incubation on ice, the cells were
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transferred for 1 minute to 42 °C. After this heat shock, cells were kept on ice for additional 5
minutes. The cells were then spread on prewarmed LB + ampicillin (50 mg/ml) agar plates and

incubated at 37 °C overnight.

2.8 Plasmid Miniprep

5 ml of liquid LB media with 50 mg/ml ampicillin were inoculated with a single transformed E. coli
colony and incubated overnight at 37 °C. After the saturated overnight culture was collected at
6000x g for 1 minute, the plasmid was extracted with the Plasmid Miniprep Kit | peqGOLD

(Peqlab) and DNA concentration was determined with NanoDrop1000™.

2.9 Yeast transformation

The LiAc/SS/PEG transformation method of Gietz et al. [169] was slightly modified to generate all
non-commercial yeast strains that were used in this study:

Before transformation, saturated overnight cultures of the original strain in the respective media
(e.g. YPD for BY4741 and knock-out mutants and SD-His for the reporter strains) were diluted
1:10 into fresh prewarmed YPD (500 ul per transformation). Cultures were grown for 6 hours to
reach exponential phase and collected via centrifugation for 1 minute at 1500x g. Pellets were
then washed once with 0.1 M LiAc. Cells were subsequently resuspended in 50 ul of

transformation mix (see table 2.3) and incubated for 30 minutes at 30 °C.

Table 2.3: The recipe of the preincubation solution for the yeast transformation.

Stock Volume Final concentration in 50 pl
Yeast cells var. -

1 M LiAc 5ul 0.1 M LiAc

10 mg/ml ssDNA 10 2 mg/ml

1 ug DNA (digested plasmid | var. 20 ng/ul

or purified PCR)

ddH20 Add. 50 pl -
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After this incubation period, 450 pl of PEG-LiAc solution (see table 2.4) were added to the cells,

and the cells then mixed carefully by pipetting.

Table 2.4: The recipe of the PEG-LiAc solution for yeast transformation

Stock Volume Final concentration in 500 pl
50 % PEG 3800 300 pl 30 %

1 M LiAc 50 pl 0.1M LiAc

DMSO 50 10% DMSO

ddH20 Add. 450 pl -

The Yeast/LiAc-PEG mix was incubated for another 30 minutes at 30 °C, mixed, i.e. flicking the
tube, and exposed to a 30 minute heat shock at 42 °C. After heat shock, cells were collected via
centrifugation, i.e. for 2 minutes at 1000 x g, resuspended in 70 pl 5 mM CacCl, and plated on

selective media plates, e.g. SD without histidine for the reporter strains.
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2.10 Yeast cell preparation for treatments

If not noted differently for a specific experiment, cells for all treatments were prepared according
to same general scheme:

On the day before the experiment, three different colonies of a strain were picked from an agar
plate and incubated in appropriate medium for strains with a selective marker, e.g. SD medium
without histidine for the reporter strains, or YPD medium for strains without a selective marker.
On the next day the three cultures, i.e. biological replicates, were 100- to 200-fold diluted (~OD600
= 0.05 - 0.1) into minimal SC medium or YPD medium and incubated in a shaking incubator at 30
°C.

After 4.5 (YPD medium) to 6 (YPD medium and minimal SC medium) hours, the exponential
cultures were treated according to the experimental procedure: synchronised with Nocodazole
(optional); stained with TRITC-ConA (optional) and put into the prewarmed treatment medium.
For inositol starvation, the growing cells were always collected with centrifugation (i.e. 600x g for
1 minute) and washed with inositol-free medium before they were resuspended in inositol-free or

inositol-supplemented medium.

2.11 Growth rate determination

Growth rate determination was adopted from Toussaint et al. [174] and performed as follows:
Exponentially growing yeast cultures were 100-fold diluted into the treatment medium, and 2*200
Ml of each culture were dispensed into two neighbouring wells of a clear 96-well, flat-bottom
microtiter plate (Corning® CLS3370), i.e. 2 technical repeats. After the plate was covered with a
Breathe-Easy® sealing membrane (DiversifiedBiotech), it was incubated at 30 °C with shaking
and for at least 20 hours in a Synergy™ HT plate reader (BioTek®). Every 5 or 10 minutes, the
optical density at 600 nm (OD600) of each well was measured.

Because the OD600 of each well with strongly diluted cells did not differ by more than 5% from
the OD600 of a well with the same medium but without cells, the lowest OD600 during the first 10
measurements of each well was subtracted from all OD600 values of the same well to yield
blanked OD600 values. Blanked OD600 values of each well were subsequently converted into
log space. As this curve was almost linear during the exponential growth at low ODs (see
subchapter 3.6), i.e. between 0.05 and 0.2 for minimal SC medium or between 0.1 and 0.3 for
YPD medium, the slope of a fit to this linear part was used as the exponential growth rate.

The exponential growth rate of the two technical replicates was subsequently compared and their

average used. For all discussed experiments, the mean and standard deviation of the average
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growth rates of three different colonies, i.e. biological replicates, from one strain were used to

determine the growth rate and standard variation of this strain in a certain media.

2.12 RNA extraction and cDNA Library Preparation

The RiboPure™ RNA Purification Kit for yeast (ThermoScientific™) was used according to the
manufacturer's instructions to extract RNA from ~107 yeast cells, i.e. 2 ml of a culture with OD
0.5. The RNA concentration was determined via spectroscopy on the Nanodrop 1000™
(ThermoScientific™). 1 ug of the RNA was immediately used for a reverse transcriptase reaction.
The reverse transcription was carried out with the Tetro™ cDNA Synthesis Kit (BioLine) and
random hexamers according to the manufacturer's protocol.

The generated cDNA libraries were stored at -20 °C and the remaining RNA was stored at -80 °C

for later use.

2.13 Quantitative Real Time PCR

Mastercycler Realplex (Eppendorf) was calibrated according to the manufacturer's manual: 10 pl
of ddH.0 were dispensed into each well of a 96-well gPCR plate (Eppendorf CatNr: 0030132734)
covered with sealing films (Eppendorf, CatNr: 0030132904), and this plate was then used to
determine the background fluorescence for correction.

For each measurement and according to the manufacturer’s instructions, a fresh target-specific

non-template gPCR mix (see below) was prepared and kept on ice.

gPCR mix per technical replicate:

5l 2x SYBR green master mix (S9194 SIGMA)
0.5 pl target-specific forward primer (see table 2.6)
0.5 pl target-specific reverse primer (see table 2.6)
ad. 8 pl ddH20

For each of the technical triplicates and each target gene, 8 ul of a gqPCR mix were pipetted into
a precooled 96-well plate and 2 ul of cDNA sample (or ddH-O for no template control) were added
to each of the gene-specific triplicates. The cDNA was subsequently amplified and detected in

the Mastercycler Realplex and with a 2-step 40-cycle protocol (see table 2.5).
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Table 2.5: Cycling program for quantitative realtime PCR

Step Temperature Duration
Initial melting and enzyme activation 95 °C 5 minutes
40 Cycles:
- Melting 95 °C 15 seconds
- Annealing + amplification 63.4 °C 40 seconds
- Fluorescence measurement - -
Melting curve program 98 -25°C 15 minutes

The melting point, which was determined in the subsequent melting curve program (a linear 15
minute cooldown from 98 °C to 25 °C), was used to verify the purity of the gene-specific
amplicons.
The built-in software was then used to determine the Ci, i.e. cycle of fluorescence threshold
crossing, for each technical replicate and the average C: value of the three replicates of each
primer - template combination determined. Relative mRNA amounts in the different samples were
determined with the delta delta Ci method as described by Livak et al. [175]:

mRNA (Gene A, sample 1) / mRNA (Gene A, sample 2) = 2%

X = (Ct (Gene A, sample 1) - C; (Ref. Gene, sample 1)) -

(Ct (Gene A, sample 2) - C; (Ref. Gene, sample 2))

2.14 Yeast synchronisation with Nocodazole

Nocodazole was added at a concentration of 3 nM to exponentially growing yeast cells in YPD
medium. After 2 hours, the cells were collected for 2 minutes at 3000 rpm in a MiniSpin®

centrifuge (Eppendorf®), i.e. 600x g, and used for TRITC-ConA staining (see below).

2.15 TRITC-ConA staining

Exponentially growing cells were collected for 2 minutes at 3000 rpm in a MiniSpin® centrifuge
(Eppendorf®), i.e. 600x g, washed in PBS and resuspended in 0.1 mg/ml TRITC-ConA in PBS.

After 15 minutes incubation at room temperature, cells were collected, washed once in PBS and
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resuspended in prewarmed treatment medium, i.e. YPD with DMSO or different tunicamycin

concentrations.

2.16 Yeast NBD-C6-Ceramide in vivo staining

According to the supplier's manual, a highly concentrated 25-fold staining solution (125 yM NBD-
ceramide + 125 yM BSA) in PBS was prepared from a 1 mM NBD-C6-ceramide in DMSO stock
and a sterile 10 mg/ml BSA in PBS solution. After a 15-minute preincubation at room temperature,
this concentrated staining solution was added to yeast cultures at a final concentration of 5 uM
and incubated for at least 30 minutes or the rest of the experiment. Samples were then taken for

flow cytometry or epifluorescence microscopy.

2.17 Flow Cytometry - data acquisition

Samples from NBD-C6-ceramide-stained cells or cells with the transcriptional reporter protein
were diluted 1:100 (overnight cultures) or 1:10 (exponentially growing cultures) in 200 ul flow
cytometry buffer, i.e. 6.9 g/l yeast nitrogen base in ddH20, in 96-well flat-bottom plates. The
samples from cells with the HDEL-GFP construct, i.e. pFJ17, were diluted 1:10 in 200 ul flow
cytometry buffer with 10 mM DTT, due to their redox-sensitive GFP fluorophores [168].

The automatic multi sampler (AMS) from Cytek was then used to sequentially inject the samples
in the BD Bioscience FACScan for flow cytometry measurements. GFP or NBD fluorescence was
excited using a 488 nm Argon laser and photomultiplier tubes at a fluorophore-specific voltage,
i.e. 540 mV for most reporter plasmids (pFJ1, 4 and 8) or 640 mV for the other plasmids and NBD-
C6-Ceramide, used to record the fluorescence emission at 510 nm. TRITC-ConA fluorescence
was excited at 510 nm and measured at 590 nm using a photomultiplier at 750 mv. Each sample
was measured for only 17 seconds to minimise the time delay between different samples. A
threshold for the forward scatter of each measurement event was subsequently applied to avoid
saving and analysing fluorescence measurement of non-cell particles, e.g. salt crystals. The
fluorescent measurements were subsequently analysed in FlowJo (see subchapter 2.18).

Two experiments with NBD stain (see chapter 3.9 and chapter 4.3) were performed on a different
FACS machine e.g. Fortessa X30, and the median fluorescence values thus differ from the other

experiments, but the data was still analysed with FlowJo (see subchapter 2.18).
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2.18 Flow Cytometry - data analysis
After data acquisition, flow cytometry data was analysed using FlowJo™ (Version 10) (Tree Star
Inc.). First and to exclude non-yeast contaminations, i.e. cell fragments, and cell clumps, yeast

populations were gated according to their forward and sideward scatter (see figure 2.2):
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Figure 2.2: Visualization of the cell gating procedure
Forward (FSC-H) and sideward scatter (SSC-H) of each event that crosses the size threshold is visualised by a dot.
The black line corresponds to the gating boundary for further analysed yeast cells and excluded cell clumps or cell

fragments.

If necessary and possible, the intensity of the red TRITC fluorescence was used to separate
TRITC-positive mother and TRITC-negative daughter cells in the samples (see figure 2.3). Their
ratio was used to estimate the number of cell cycles since the staining, e.g. one daughter per
mother cell corresponds to one doubling after staining and 3 daughters per mother corresponds

to 2 doublings after staining.
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Figure 2.3: Visualization of gating procedure to separate TRITC-positive from negative cells
After gating the TRITC fluorescence of each fluorescence event is used to separate older, ConA stained and TRITC

fluorescent cells (mothers) from younger, TRITC negative cells (daughters).

If not stated otherwise, all reporter measurements were done in biological triplicates. Because the
distribution of green fluorescence resembled a log normal distribution with outliers (see
subchapter 5.3 for example), the median fluorescence was chosen to represent the fluorescence
level of the population or a subpopulation in the sample. Moreover, the data in the results section
is sometimes presented on a logarithmic scale to account for the large differences in the

fluorescence level between the different conditions.

2.19 Statistical tests

If not indicated otherwise, the star represents p-values smaller than 0.05 in a non-paired or paired
student's t-test for different biological samples (different genotypes) or of the same biological

replicate (different treatments), respectively. Tests were performed with Excel™ from Microsoft™.

2.20 Live cell fluorescent imaging

Live samples for fluorescent imaging were collected at 600x g for 2 minutes, washed in PBS and

resuspended in 1/20 of the initial volume in PBS or SC minimal media for a single image or live

52



imaging, respectively. Cells were then placed on agar pads that were prepared as described by
Rines et al. [176]:

In brief, 1.3 % molecular grade agarose was dissolved at 95 °C and in PBS or SC minimal
medium. 80 ul of liquid agarose was then pipetted onto a preheated microscope slide and covered
with a 1 mm-gap-casting slide. For polymerisation, “slide-agar-slide-sandwich” was incubated for
at least 15 minutes at 4 °C. Agar pads were then prewarmed to 30 °C before the cells were added
at the start of the actual imaging.

After the cells were added, 40*15 mm cover glass was placed on top of the agarose and the
remaining gaps between the cover glass and slide closed with petroleum jelly. Phase contrast
and epifluorescence imaging were then carried out and analysed on an inverted Nikon Ti-E
microscope at 63x magnification and with the probe specific filters, i.e. with excitation and
emission filters at 480 nm and 535 nm for the sfGFP and NBD ceramide or 532 nm and 590 nm
for TRITC.
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Table 2.6: Name, purpose and sequence of the primers that were used during this study

The primers were ordered from Sigma-Aldrich and either used during gPCR (gPCR) to construct the different reporter
plasmid (pFJ1 - pFJ27) or to generate and verify the C-terminal GFP insertion (GAP1-GFP).

Name
ACT1-1000 for
ACT1-1000 rev
HAC1 spliced for
HAC1 spliced rev
INO1 for

INO1 rev

CHO1 for
CHO1 rev
ERO1 for
ERO1 rev
UPRE for
UPRE-Ubi rev
UPRE-Ubi for
Ubi-sfGFP-rev:
Ubi-sfGFP-fwd:
sfGFP-Xbai-rev
Sacl-plno1
plno1-Ubi rev:
plno1-Ubi fwd:
Sacl-RLM1 for *
Sacl-Rpl19A for
Rpl19A-Ubi rev
Rpl19A-Ubi for

Sacl-Sur2

Sur2-Ubi rev

Purpose
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
gPCR
pFJ1
pFJ1
pFJ1
pFJ1
pFJ1
all pFJ
pFJ4
pFJ4
pFJ4
pFJ8
pFJ25
pFJ25
pFJ25

pFJ27

pFJ27

Sequence

CATGAAGTGTGATGTCGATGTCCGT
CGGCAATACCTGGGAACATGGTGG
TGCGACGATATAGCGGGAAACAGT
TTCAAACCTGACTGCGCTTCTGGA
CGGGGACTCAAAAGTGGCAATGGA
CGATGATCAAGGGCGTAGCCAGT
GGTGTGGCTCCGGCTGCAAT
TCTCGCTAAGCCGCAAAGGACA
TCCGGTTTCCATGCCTCTATCGGT
TCCAGATTGGGCTCCCATTTACCA
GGTTTTCCCAGTCACGACG
AGTCTTGACGAAAATCTGCATTATTAATTTAGTGTGTGTATTTG
CAAATACACACACTAAATTAATAATGCAGATTTTCGTCAAGACT
AGCTCTTCACCCTTGGAAACCATGGTGGCGACAGG
GTCGCCACCATGGTTTCCAAGGGTGAAGAGCTATT
AATAGTCTAGATTAGGATCCCTTATAAAGCTCGT
CTAAGAGCTCGTCGGGGACTCAAAAGT
AAAATCTGCATTGTTACTTCTTTTTCACTG
GAAGTAACAATGCAGATTTTCGTCAAGACT
ATAAGAGCTCGGGAGCAAGATCAAGATGT
ATTAGAGCTCCACTTCAGGTAAACCGTCTTCA
GACGAAAATCTGCATTTTTGCTTTGGAGTTCTTAATCAAC
ATTAAGAACTCCAAAGCAAAAATGCAGATTTTCGTCAAGACT

TTATGAGCTCTGCGGGAGTCCTTGTTGAAG

AGTCTTGACGAAAATCTGCATCGTATATTTTCTTTTCGTATACACC
CT

Template

ACT1 cDNA
ACT1 cDNA
HAC1s cDNA
HAC1s cDNA
INO1 cDNA

INO1 cDNA

PAH1 cDNA
PAH1 cDNA
ERO1 cDNA

ERO1 cDNA

pPM47
pPM47/p1434
pTW45
pTW45
pMaM175
pMaM175
yeast gDNA
yeast gDNA
pFJ1

p1434
yeast gDNA
yeast gDNA
pFJ1

yeast gDNA

yeast gDNA
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Sur2-ubi for

GAP1-S3 for

S2-GAP1 rev

GAP1-GFP check

AGGGTGTATACGAAAAGAAAATATACGATGCAGATTTTCGTCAAG

pFJ27 ACT PFJ1
ATGGCCACAAAGCCAAGATGGTATAGAATCTGGAATTTCTGGTGT

GAP1-GFP  cgracecTacacaTceac pMaM175
TGATTATCTAAAAAATAAAGTCTTTTTTTGTCGTTGTTCGATTCA

GAP1-GFP  a1c gaTeaaTTCGAGCTCG pMaM175

GAP1-GFP  gcrercacatcTacaTTcae Yeast gDNA
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Table 2.7: Name, backbone, insert, source and reference of the plasmids that were used during this study

All pFJ plasmids, except pFJ17, follow the general scheme that is depicted in figure 2.1, and were used to generate

the strains that are described in table 2.8 via single-site genome integration (tcyc1: terminator of the CYC1 gene,

pXYZ1: promoter of the gene XYZ1, HSRE: heat shock response element, UPRE: unfolded protein response element)

Name
pRS403
pPM48
pMaM175
p1434
pTW45
pFJ1
pFJ4
pFJ8
pFJ17
pFJ25
pFJ27

Backbone Insert

pRS403
pRS416

pRS403
pRS403
pRS403
pRS403
pRS403
pRS403

UPRE-mCherry-tyc1;pGDH3-eroGFP-tcyc1
sfGFP URA3 sfGFP(C)

HSRE-LacZ-tcyc1

UBI4-D-GFP

UPRE-UBI4-D-sfGFP-tcyc1
pINO1-UBI4-D-sfGFP-tcyc1
HSRE-UBI4-D-sfGFP-tcyc1
pTDH3-eroGFO-tcyc1
pRPL19A-UBI4-D-sfGFP-tcyc1

pSUR2-UBI4-D-sfGFP-tcyc1

Source
Addgene
Addgene
Knob lab
Levine lab
Ellis Lab
this study
this study
this study
this study
this study

this study

Reference
[177]
[168]
[172]
[178]

Master thesis of T. Weenike
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Table 2.8: Name, genotype and source of the yeast strains that were used during this study.

Strain

BY4741

BY4741HAC1A

BY4741IRE1A

BY4741SUR2A

BY4741SLT2A

FJ4741.1

FJ4741.4

FJ4741.8

FJ4741.17

FJ4741.25

FJ4741.27

FJ4741.GAP1GFP

FJ4741HAC1A.4

FJ4741HAC1A.8

FJ4741IRE1A.4

FJ4741IRE1A.8

FJ4741SUR2A1

FJ4741SUR2A.4

FJ4741SUR2A.8

FJ4741SUR2A.GAP1GFP

Genotype

MAT a his3A1 leu2A0 met15A0 ura3A0

MAT a hac1A::kanMX4 his3A1 leu2A0 met15A0 ura3A0

MAT a ire1A::kanMX4 his3A1 leu2A0 met15A0 ura3A0

MAT a sur2A::kanMX4 his3A1 leu2A0 met15A0 ura3A0

MAT a slt2A::kanMX4 his3A1 leu2A0 met15A0 ura3A0

BY4741 his3A1::pFJ1

BY4741 his3A1::pFJ4

BY4741 his3A1::pFJ8

BY4741 his3A1::pFJ17

BY4741 his3A1::.pFJ25

BYA4741 his3A1:.pFJ27
BY4741 gap1:: gap1-sfGFP URA3

BY474THAC1A his3A1::pFJ4

BY4741HACT1A his3A1:.pFJ8

BY4741IRE1A his3A1..pFJ4

BY4741IRE1A his3A1..pFJ8

BY4741SUR2A his3A1.:.pFJ1

BY4741SURZA his3A1::pFJ4

BY4741SUR2ZA his3A1::.pFJ8

BY4741SURZA gap1:: gap 1-sfGFP URA3

Source

GE Dharmacon

GE Dharmacon

GE Dharmacon

GE Dharmacon

GE Dharmacon

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

57



BY4741WHI5A

FJ4741WHI5A.1

MAT a whi5A::kanMX4 his3A1 leu2A0 met15A0 ura3A0

BY4741WHISA his3A1::pFJ1

GE Dharmacon

this study
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Chapter 3: Improved methods for the detection of metabolic and

transcriptional changes in single yeast cells

3.1 Introduction

Despite extensive research on the adaptation of Saccharomyces cerevisiae to ER stress and
perturbations of lipid metabolism [46,179,180], some questions still remain open:

(1) How does inositol starvation or other perturbations of lipid metabolism disturb ER homeostasis
and trigger UPR activation [46]?

(2) What interconnects metabolism and transcription in the multi-layered response of
Saccharomyces cerevisiae to complex perturbations, e.g. inositol depletion [181]?

(3) Is ER adaptation in yeast as uniform and switch-like as the conventional UPR pathway
suggests or it more gradual and can possibly differ between individual cells in the same population
[150,168,179]?

There are at least two different explanations for this gap of knowledge: (A) there is no reason to
expect any difference in the UPR response between different stresses and between different cells,
or (B) the currently available tools are not suited to experimentally address these questions.
Firstly, a thorough review of the literature already highlights differences between the UPR
activation after perturbations of protein folding via chemicals and perturbations of lipid
homeostasis such as inositol starvation [182]:

- Genetic mutations that perturb ER folding, e.g. CRZ1 or HRD1 knock-out, increase the
sensitivity to dithiothreitol (DTT) and tunicamycin (TM) treatment but not to inositol
starvation [23,183,184].

- Tunicamycin co-treatment leads to inositol auxotrophy in certain genetic mutants [185].

- Mutations that perturb phospholipid biosynthesis can rescue the inositol auxotrophy of
UPR-deficient cells [181].

- The IRE1 activation mechanism and UPR dynamics after inositol depletion differ from
those after chemically induced ER stress [156,168,179].

Secondly, even though there are fewer direct indications for possible cell-to-cell differences in the
transcriptional response during the adaptation to ER stress, a careful review of published results
and a comparison to other challenging conditions suggest that cell-to-cell differences might exist

during ER stress adaptation:
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- Mother and daughter yeast cells differ in the transcription level of secreted enzymes, the
protein composition of intracellular membranes and the homeostasis of other organelles
[186-189]

- Cell-to-cell differences increase during cellular adaptation to other challenging conditions
such as non-glucose carbohydrates [190-193].

- UPR activation varies during the cell cycle [194,195].

- UPR-deficient mother and daughter cells stop growing with a different ER redox potential

after inositol depletion [168].

However, the experimental methods that were applied to study adaptation can roughly be
classified into three categories with complementary characteristics:
- Growth experiments indicated ER-sensitive phenotypes in genome-wide screens and
revealed the role of specific genes for the steady-state after adaptation [23,46,183,196];
- The investigation of batch cultures provided an insight into population-wide transcriptional
dynamics after ER stress and revealed the signaling pathways that triggered the
adaptation mechanism [156,197,198];
- In vivo studies of signaling pathways with long-lived reporter proteins delivered a single-
cell resolution of ER homeostasis and UPR activation but responded much slower than
the population-wide mRNA concentration measurements [36,168,199];
and none of these methods has been chosen to assess the response dynamics of single cells on
a temporal resolution that would be sufficient to reveal transient cell-to-cell differences during

adaptation or distinct transcriptional phases in the adaptation mechanism.

For lipid metabolism, the high material demand of conventional lipidomic techniques such as
mass spectrometry or chromatography limits the investigation of metabolic processes to large
sample sizes. They were thus primarily used to measure steady-state profiles of several
genotypes or the adaptive changes in selected genotypes in big populations but not on a single-
cell level [46,181,200]. There was also no attempt to measure the transcriptional and metabolic
changes in the same experimental set-up and at a high temporal resolution, as it would be
necessary to reveal the dynamic interaction between them.

Conventional tools were probably not able to measure at the required resolution and do not seem
appropriate to answer the remaining questions on the adaptation to ER stress and perturbations

of lipid metabolism. | thus explored novel single-cell methods to measure the changes of lipid
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metabolism after inositol depletion and to rapidly determine the transcriptional changes during the

adaptation to inositol starvation or ER stress in this chapter.

3.2 The effect of protein translation, maturation and degradation on reporter
dynamics

The transcriptional changes after inositol depletion and ER stress are mainly triggered by the
transcription factors of three process-specific signaling pathways, i.e. INO2/4 for phospholipid
metabolism, HAC1 for ER homeostasis and RLM1 for cell wall integrity [23,51,201,202]. In
contrast to biochemical methods to analyse mRNA abundance and pathway activation that can
mainly determine the pathway activation after cell lysis [203—205], fluorescent proteins can be
observed in living cells. Therefore, GFP-tagged regulatory proteins and the expression of
transgenic fluorescent reporters are theoretically able to indicate the dynamics of these signaling
pathways in individual living cells but have their own disadvantages.

Fluorescently labeled regulatory proteins, for example, have been used to observe kinetic
processes previously [128], but the GFP tag might interfere with protein function. Moreover, their
read-out usually depends on a subcellular relocalisation during the response and can only be
assessed with imaging techniques but not flow cytometry [129,206].

Transcriptional reporter proteins (TRP), i.e. fluorescent proteins whose expression is controlled
by a pathway-specific promoter sequence, on the other hand, do not interfere with the
transcription factor function and can be measured with flow cytometry. However, their activity
depends on mRNA transcription and protein expression, and the duration of these processes
might hide transient transcriptional changes that are sometimes observed during the adaptation
to environmental changes [207].

Recent publications suggested that active proteasomal degradation can reduce the response time
of TRP and represents a possible way to overcome this problem [208,209], but reporter
degradation might occupy the proteasome and burden cell metabolism [210]. The tuning of other
participating processes, e.g. faster mMRNA degradation, might equally optimise the TRP dynamics
but possibly places less burden on cell metabolism.

To theoretically determine the main factors for TRP dynamics, differential equations, which
summarise the underlying biochemical reactions, i.e. transcription (TX), translation (TL), folding,
maturation and degradation, were used to quantify the impact of different changes, e.g. faster
protein degradation or increased protein expression, on the response time and amplitude of the

fluorescent signal (see figure 3.1).
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Figure 3.1: An extended TX-TL-model for the biochemical processes and entities that precede the detection of

a fluorescent reporter protein.

The transcription and translation of the reporter gene results in a dark unfolded protein, which only fluoresces after
maturation. Proteins and mRNAs are subject to degradation, while the gene is stably integrated into the host genome.
(Italic symbols in brackets indicate the respective variable in the mathematical model and the italic symbols below the
arrows represent the rate constants of the individual processes that were used in the mathematical description of the

model (see equations 3.1 to 3.3).

In this model, transcriptional activation, whose molecular multi-step mechanism might differ
between the signaling pathways, was simplified into a single signal-dependent switch from an
OFF-state without transcription to an ON-state with full transcription to focus on post-
transcriptional processes. Reporter expression after transcription activation was then simulated
as the evolution from an unstable initial state with activated transcription but no protein or mRNA
towards a new state with activated transcription, increasing protein and mRNA levels for a limited
amount of time. Further, the production and degradation of mRNA (m), dark protein (p) and
fluorescent protein (f) were assumed to follow the law of mass action with first order kinetics and

their dynamics (m’, p’, /) summarised in the equations 3.1, 3.2 and 3.3:

m'(£) = =-m(t) = kryx — dym(t) (3.1)
p'(t) = -p(t) = krym(t) — (dy + kp)p(t) (3.2)

1) =2 F(©) = kep(t) — dyp(2) (3.3)

The necessary parameter values for mRNA degradation rate (d,), translation rate (kz),
fluorescence maturation (ky), protein degradation (dr), and activated mRNA transcription after
gene activation (k7x) were subsequently derived from the existing literature (summarised in table
3.1).
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Due to the prior assumptions of the model and independent of the chosen parameter set, the
simulations of all variables (m, p and f) always resulted in a monotonically increasing curve that
approaches a stable steady-state, xss, with m ’(Xss)=p '(Xss)=f"(Xss)=0 (See equations 3.4-3.9 and
figure 3.2):

M (xs5) = 0= kry = dm(xss) & m(xss) = 2% (3.4)

P'(xse) = 0 = krym(t) = (d + kD (8) & plss) = “L22 (3.5)

f(tss) = 0 = kp(tss) — dpp(tss) © f(Xss) = % (3.6)

vm(t) < m(xs) = m'(t) > 0(3.7)

lem(t)

Vp(t—O)—Oandm(t)>0=>p(t>0)< :p(t)>0(38)

k fp(t)

Vit=0)=0andp'(t)>0= f(t>0)<—L—= f'(t) >0(3.9)

—— mRNA (m)

—  dark protein (p)
fluorescent protein (f)
maximal reporter output

= = = 50% response time

amount

time

Figure 3.2: The simulated dynamics of mRNA, dark protein and fluorescent protein after activation
The curves represent the dynamics of mRNA (m), dark protein (p) and fluorescent protein (f) for every reporter whose
kinetics are defined by formulas 3.1, 3.2 and 3.3. The absolute values of the final amounts (green dotted line) and the

50%-response time (vertical dotted line) depend on the actual choice of parameters.

Moreover, the simulations with any arbitrary parameters bigger than zero further indicated that
the synthesis of the first half of the final fluorescent protein amount is much faster than the
synthesis of the second half (see figure 3.2). This suggested that input signals shorter than the
time needed to reach 50% of the steady-state fluorescence might miss the main fluorescence

increase and that the gain from longer signals is relatively small.
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This 50%-response time, which probably correlated with the optimal signal duration that is
required for detection by the reporter, was subsequently used to evaluate the impact of protein
and mRNA degradation on TRP dynamics.

The cellular amount of MRNA and proteins either declines via dilution during cell division or active
degradation. MATLAB was thus used to calculate the 50%-response times for three reasonable
mMRNA decay rates and over a realistic range of reporter protein half-lives, i.e. from five minutes
for actively degraded proteins to 120 minutes for the division time of Saccharomyces cerevisiae
in synthetic complete medium [40,211](see figure 3.3, left).

The TX-TL model was also used to calculate the maximal reporter output, i.e. amount of
fluorescent proteins at steady-state, f(x,,), for the same range of mRNA degradation rates and

protein half-lives (see figure 3.3, right).

Table 3.1: Definitions, symbols, values and references for all parameters used in the TX-TL model

The parameter values are chosen based on the published literature.

Definition Symbol | Value Reference
Transcription rate krx 0.069 min-! 1 - 10 degradable mRNAs per gene per cell [212]
mRNA decay dn 0.207, 0.069, | Degradation rate of unstable, normal and stable mRNAs,

0.023 min-'! with half-lives (t112) 3.3, 10 or 30 minutes, respectively [211]

Translation rate kL 40 min™" 10 ribosomes per mRNA and 4 proteins per ribosome per
minute [212]
Maturation rate ky 0.14 min™! Maturation time superfolder GFP (5 min) [213]
Protein decay d, 0.0059 - 0.14 | In vivo half-life of CLN3 (5 min) and
min-"! doubling time of S. cerevisiae in SC (120 min) [193,214]
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Figure 3.3: 50%-response time (left) and maximal reporter output (right) of a transcriptional reporter system
over a range of realistic degradation times.
The 50%-response time and the maximal reporter output were derived by simulating a permanent input change from 0

to 1 with the formulas 3.1 to 3.3 and the parameters in table 3.1.

For all three mRNA half-lives, the calculated response time increased with protein half-life. The
response time was lowest at the shortest protein half-life and amounted to 13, 21 or 41 minutes
for the unstable, normal and stable mMRNA, respectively. The response time at the longest protein
half-life was highest and amounted to 132, 142 or 175 minutes depending on the mRNA stability.
While the 50%-response time increased by up to 10-fold between the shortest and longest protein
half-life (13 min vs. 132 min), it only increased by maximally 3-fold for the three different mMRNA
half-lives (13 min vs. 41 min).

This difference indicated that protein half-life is probably more important than mRNA degradation
for the response time in the biologically relevant parameter space. The relatively big response
time difference between the three exemplary mRNA half-lives at the shortest protein half-life
(>200%), and the small relative difference at the longest protein half-life (<50%) further indicated
that mMRNA degradation influenced the response time more if it happens on a similar time scale
as protein degradation.

Because protein degradation in yeast is generally slower than mRNA degradation [40,211], most
actively degraded proteins are probably suited to indicate TF activation after several minutes, ~

15 minutes, and detect transient transcriptional changes existing for this timespan.
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Over the range of protein half-lives, the reporter output increased from 144, 434 and 1304 proteins
for the three different mMRNA stabilities to 6651, 20 000 and 60 000 proteins. This strong
correlation between reporter output and protein or mMRNA half-life over their entire range showed
that both are equally important for reporter output. It further indicated that rapidly detected TRPs
with fast protein and mRNA degradation have a very small fluorescence output and might not be
detected at all.

A further optimisation of other post-transcriptional processes might help to increase reporter
fluorescence and improve the output detection of actively degraded TRPs. The TX-TL model was
subsequently used to evaluate the impact of fluorescence maturation speed and translation rate
on maximal reporter output.

To this end, the reporter output for the previous range of protein half-lives and a reasonable range
of maturation times, i.e. from 5 minutes for superfolder GFP to 40 minutes for mCherry, or
translation rates, i.e. 20 to 100 ribosomes per mRNA per minute, was first calculated with
MATLAB. The output amplification of each protein half-life maturation time (or translation rate)
combination was then defined as the ratio between reporter output at this combination and that
at the same protein half-life and the longest maturation time (or lowest translation rate) (see figure
3.4).
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Figure 3.4: Relative impact of maturation time and translation rate on reporter fluorescence.

The relative amplitude of at a certain maturation time (left) or translation rate (right), was calculated by taking the steady-
state amount of the fluorescence protein for a given maturation time (or translation rate) protein half-life combination
and dividing it by the steady-state amount of the fluorescence protein for the same protein half-but the maximal

maturation time (or the minimal translation rate).
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Regarding the maturation time, the strongest output amplification, i.e. around 4.5, was calculated
at the shortest maturation time and the shortest protein half-life, but the positive impact of the
shortest maturation time was much smaller at longer protein half-lives, e.g. 1.5 for the longest
protein half-life. For translation rates, the strongest output amplification was calculated at the
fastest translation rate and independent of the protein half-life.

The model therefore suggested that fluorescent proteins with short maturation times are
especially important to improve the fluorescence detection from fast-degrading TRPs, while
increased translation efficiency equally benefits slow and fast degrading proteins.

The predicted response time improvement via active protein degradation was repeatedly
observed in experiments [208,215], and | subsequently wanted to select specific modifications of
the transcriptional unit, i.e. promoter, coding DNA sequence and terminator, that can increase
translation rate, shorten maturation time and accelerate protein degradation to improve the

dynamics of TRPs.

3.3 Implementation guidelines for a dynamic reporter protein in
Saccharomyces cerevisiae

The minimal transcriptional unit consist of a promoter, a coding DNA sequence (CDS) and a
terminator. As the promoter sequence primarily determines the transcription factor specificity and
the effect of the terminator is less understood, | only considered CDS modifications as a way to
accelerate protein decay, translation and maturation to optimise the response time and output of
a reporter protein.

For accelerated protein decay, the protein decay rate can be determined by the speed of two
different biological processes, (A) passive diffusion during cell division and (B) active degradation
by the proteasome. While diffusion applies to all proteins in a dividing cell, degradation only
applies to misfolded or polyubiquitinated proteins. Polyubiquitination via the ubiquitin pathway
requires one of two possible features in the primary sequence: an internal PEST (proline,
glutamate, serine and threonine)-rich sequence or an N-terminal amino acid that differs from
methionine [216,217].

PEST-rich sequences are mainly responsible for the regulated degradation of signaling proteins
such as G1 cyclins [216]. Their effect on protein half-life might thus depend on the cell cycle stage
or their accessibility, which is defined by the three-dimensional structure of the protein.
N-terminal amino acids, on the other hand, are easily accessible and usually indicate non-native

protein modifications if they differ from methionine. Specific residues can thus lead to half-lives
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from 2 or 3 minutes for arginine or aspartate to several hours for proline or glycine of any protein
[218,219]. Internal protein cleavage, which can be triggered by an N-terminal ubiquitin fusion, is
a reliable way to generate a specific destabilizing residue and was chosen to yield N-terminal
aspartate for the rapid TRP degradation in this project [220].

As the translation rate of each codon contributes to the translation rate of the complete protein,
the codon choice in the CDS has a big impact on the protein translation rate. The translation rate
of a codon correlates with the relative abundance of the respective tRNA and can be estimated
from the overall codon usage in an organism [221]. An over-representation of slow and rare
codons might additionally deplete the pool of loaded tRNAs and interfere with host cell physiology
[222,223]. The substitution of rare codons by those with abundant tRNAs, i.e. codon optimisation,
is thus particularly important for the expression of transgenes in host organisms with a different
codon usage than that of their original host. For example, the rare arginine codons in the original
GFP sequence from Aequorea victoria should be exchanged for the more abundant AGA via site-
directed mutagenesis or de-novo DNA synthesis to optimise protein translation in Saccharomyces
cerevisiae [224-227].

After protein translation, maturation of fluorescent proteins consists of two steps, protein folding
and fluorophore maturation.

The folding rate of proteins mainly depends on their size and secondary structure, but single
amino acid substitutions can overcome energetic traps and accelerate this process [228,229].
The structural analysis of protein folding has led to the development of rapidly folding isoform of
fluorescent proteins that incorporate such point mutations, e.g. GFP mut3 and mCherry [230—
234].

For fluorophore maturation, the type and rate of the chemical reaction that leads to fluorophore
formation are specific for the spectral class of the fluorescent protein and range from rapid one-
step oxidations for GFP and its derivatives to slow, oxygen-dependent two-step oxidations for red
fluorescent proteins [235,236].

Together these criteria suggested that a yeast codon-optimised version of a fast-folding GFP
isoform such as superfolder GFP should be the optimal basis for an actively degraded reporter
protein [237]. Khmelinskii et al. [172] recently synthesized such a GFP sequence but did not use
it for an actively degraded reporter protein.

These promoter-independent steps of CDS optimization should enable the construction of
dynamic TRPs for every transcription factor (TF) that can activate a specific promoter sequence

(see figure 3.5).
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Figure 3.5: The three main modifications from conventional to dynamic transcriptional reporters.
Three synergistic CDS modifications, i.e. codon optimisation for efficient translation, AA changes to accelerate folding
(i.e. sfGFP) and N-terminal aspartate (D) after constitutive cleavage of an ubiquitin fusion protein (UBI4), can be

combined with every promoter sequence to yield dynamic transcriptional reporter proteins.

Pathway-specific TRPs for HAC1, RLM1 and INO2/4 activation were subsequently constructed
with the optimised CDS and transcription factor-specific promoter sequences: four UPRE
upstream of a minimal CYC1 promoter for HAC1 activity [50], the endogenous INO1 promoter for
INO2/4 activity [122], and two RLM1-binding sites upstream of a minimal CYC1 promoter for
RLM1 activity [238] (see table 3.2). To also evaluate the effect of changes in general cell
physiology on reporter expression, the optimised CDS was also fused to the promoter of a
ribosomal protein (RPL19A) that is not regulated by HAC1, INO2/4 or RLM1 [239]. For stable and
reproducible transformation, these four transcriptional units were integrated into the pRS403
vector, which enables a targeted single-site integration and confers histidine prototrophy to
histidine-auxotroph yeast strains such as BY4741 [177,240] (see materials and methods 2.9 and
Table 3.2 for details). These plasmids were subsequently transformed into BY4741 and used to

investigate the robustness, response time and metabolic burden of dynamic reporter proteins.
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Table 3.2: The names, transcription factors and promoters of the TRP-containing plasmids.
The TF-specific promoter regions were based upon published reporter plasmids for HAC1, INO2/4 and RLM1 activity.
The ribosomal promoter for pFJ25 was chosen as constitutive expressed gene that is not regulated by any of three

different transcription factors. TRPs were inserted into the pRS403 backbone and verified by DNA sequencing [177].

Plasmid pFJ1 pFJ4 pFJ8 pFJ25
Transcription HAC1 INO2/4 RLM1 not HAC1, INO2/4 or RLM1
factor
Promoter 4x UPRE | pINO1 [122] 2x RLM1 binding | pPRPL19A [239]
[50] site [238]

3.4 Robustness of dynamic reporter proteins

The fluorescence level of an ideal transcriptional reporter should only depend on promoter activity
and be robust against possible changes in post-transcriptional processes that are triggered during
an environmental change. Protein translation and proteasomal degradation represent two links
between host cell physiology and reporter fluorescence that could increase the sensitivity of
transcriptional reporter proteins (TRP) against post-transcriptional changes and lead to false
positives during an experiment [210].

The control reporter, which combines a constitutively and strongly expressed ribosomal promoter
(RPL19A) with the optimised CDS, relies on the same post-transcriptional processes but is not
affected by the investigated transcription factors [239,241]. This reporter was thus used as a
negative control to evaluate reporter sensitivity against possible changes of post-transcriptional
processes that follow perturbations of ER homeostasis or lipid metabolism, which are studied
during this project: inhibition of protein glycosylation by tunicamycin, inhibition of AUR1 and SL
biosynthesis with Aureobasidin A, inositol starvation and redox changes in the ER from DTT.

To this end three different wild-type clones with the control reporter were cultured for 6 hours in
minimal SC medium. To induce ER stress or lipid perturbations, each of these cultures was then
split and transferred to minimal synthetic complete medium (SC), minimal SC medium without
inositol or minimal SC medium with 2 mM DTT, 1 mg/ml tunicamycin or 2 yM Aureobasidin A.
After 2 hours, the fluorescence of each culture was determined with flow cytometry and analysed
with FlowJo (see figure 3.6 and materials and methods subchapter 2.17 and 2.18 for data

acquisition and analysis).
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Figure 3.6: The median fluorescence of a constitutively expressed reporter protein in different clones and ER
stress conditions.

Median GFP fluorescence levels of wild-type cells with a constitutively expressed, actively degraded reporter after 2
hours in minimal SC medium (SC), inositol-free minimal SC medium (SC-ino), minimal SC medium with 2 yM
Aureobasidin A (SC+AbaA), minimal SC medium with 1 mg/ml tunicamycin (SC+TM) or minimal SC medium with 2
mM DTT (SC+DTT) was measured with flow cytometry and analysed in FlowJo (n=3, dots represent the individual

biological replicates and squares the mean, asterisk indicates significant differences with p<0.05).

The median fluorescence of the control reporter varied by up to 50% in isogenic clones at the
same environmental condition (i.e. SC + tunicamycin) and by up to 40% in the same clone under
two different environmental conditions (i.e. SC vs Aureobasidin A treatment). Average GFP
fluorescence of all clones varied less than 20% between the stressed and the unstressed
conditions, and only inositol starvation and Aureobasidin A treatment significantly increased
fluorescence in all biological replicates (p<0.05 student's t-test).

The different fluorescence level in different clones suggested that internal factors differed between
isogenic populations and influenced the reporter expression even under unperturbed conditions.
Moreover, the fluorescence increase during inositol starvation and AUR1 inhibition might indicate
a common cellular response that influenced cellular reporter fluorescence, e.g. unbalanced
growth [242].
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Internal factors and the cellular response possibly act via post-translational mechanisms and also
affect the fluorescence of pathway-specific reporter proteins. To minimise clone-specific effects
during experiments, it is possible to compare reporter fluorescence after a stimulation to that of
the same clone before the stimulation, i.e. paired t-test. To further exclude fluorescence changes
that might be independent of transcription factor activity, | only considered relative fluorescence
changes above 100%, i.e. two times the strongest non-transcriptional fluorescence change, as

indicators for transcription factor activity changes in the following experiments.

3.5 Response time of the reporter constructs

The main objective of the design was to decrease the response time of the reporter constructs,
i.e. the delay between gene activation and detectable fluorescence change. To evaluate response
time, the TF activity of wild-type cells with a reporter construct was stimulated with an
environmental change that is known to activate the respective TF, and the in vivo reporter
fluorescence in single cells was measured at different timepoints after the stimulus. The
fluorescence dynamics were then compared to direct measures of gene transcription and pathway
activation in batch cultures.

For the HAC1 reporter construct with four UPREs in the promoter region, i.e. pFJ1, the reporter
fluorescence was compared to an endogenous measure of IRE1 activation (i.e. HAC1 splicing)
and target gene activation (i.e. ERO1 transcription) at different timepoints after ER stress
exposure [50,156]. For ER stress induction and UPR activation, exponentially growing wild-type
yeast cells (BY4741) for HAC1 splicing and ERO1 transcription and exponentially growing wild-
type cells with the HAC1 reporter (FJ4741.1) for reporter fluorescence from synthetic complete
medium were exposed to 2 mM DTT.

The abundance of spliced HAC1 and ERO1 mRNA in wild-type cells before and at three
timepoints, i.e. 3, 15 and 90 minutes, after DTT exposure was determined with quantitative real-
time PCR (qPCR) and normalised by the housekeeping gene ACT1 (see figure 3.7, left). The
reporter fluorescence of wild-type cells with the HAC1-activity reporter (FJ4741.1) was measured
at technically feasible times, i.e. 15, 45 and 90 minutes, after stress exposure and compared to

the fluorescence of untreated control cells (see figure 3.7, right).
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Figure 3.7: UPR activation and reporter fluorescence dynamics after DTT exposure.

(left) Exponentially growing wild-type cells were exposed to 2 mM DTT and spliced HAC1 and ERO1 mRNA levels
were measured with qPCR before (0) and 3, 15 or 90 minutes after the treatment (n=2, *: n=1). The resulting Ct-values
were normalised with ACT1 to calculate the relative mRNA abundance after DTT exposure according to the double
delta Ct method (see materials and methods 2.13). (right) At time=0 exponentially growing wild-type cells with the
HAC1-activity reporter (FJ4741.1) were diluted into DTT-treated (2 mM DTT) or untreated (control) minimal SC medium.
At indicated timepoints, i.e. before (0), 15, 45 and 90 minutes after treatment, samples of both cultures were taken. The

single-cell fluorescence was then measured with flow cytometry and analysed with FlowJo (n=1).

Compared to ACT1 and ERO1 mRNA levels, the spliced HAC1 mRNA was not detected before
DTT addition. However, it could be detected 3 minutes after DTT addition and increased by almost
2-fold over the next 12 minutes. Relative ERO1 abundance stayed constant during the first 3
minutes but increased by 8-fold 15 minutes after DTT addition. After 90 minutes, the relative
abundance of spliced HAC1 mRNA and ERO1 mRNA increased slightly from their 15-minute
level.

The rapid accumulation of spliced HAC1 mRNA indicated IRE1 activation and suggested that
DTT addition immediately disrupted ER homeostasis, caused protein unfolding and activated
IRE1 [150]. The delayed increase in ERO1 mRNA indicated a time-shifted target gene
transcription and suggested that several minutes were necessary for HAC1 translation and the
activation of target genes by this transcription factor.

A previous genome-wide analysis, which showed the broad induction of UPR target genes after
15 minutes [156], further supported this notion and suggested that reporter expression from the
HAC1-specific promoter should also be detectable from 15 minutes onwards.

In the analogous experiment, the HAC1 reporter fluorescence increased by 1.5, 2.5 and 6.5-fold
in 15, 45 and 90 minutes after DTT exposure and decreased by 50% at later timepoints in

untreated cells (see figure 3.7 right).
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After 15 minutes, the relative change of reporter fluorescence in the DTT-treated culture already
exceeded the previously set significance threshold and this strong increase suggested that HAC1
activation triggered TRP expression and that TRP fluorescence reacted in less than 15 minutes
after gene activation. This response time was shorter than that of other UPR reporter constructs
and should enable the observation of transcriptional differences between different cells or different
genes that last more than 15 minutes [168]. At later timepoints, the increased reporter
fluorescence and the stronger transcription of UPR target genes suggested that the chosen
timeframe is too short to observe full adaptation [156].

To evaluate if the optimised CDS also enabled rapid TF activity measurements in other signaling
pathways, the fluorescence dynamics of the RLM1-activity reporter were measured after heat
shock, a stimulus that rapidly lowers cell wall integrity and activates RLM1 via PKC [243,244].
Therefore, wild-type cells with the RLM1-activity reporter (FJ4741.8) were grown in synthetic
complete medium at 30 °C and then shifted to 39 °C. The median reporter fluorescence before
and at 3 timepoints after the temperature change was determined with flow cytometry and

analysed with FlowJo (see figure 3.8).
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Figure 3.8: RLM1 reporter fluorescence in wild-type cells after temperature elevation.
Wild-type cells with the RLM1-activity reporter (FJ4741.8) were first cultured in SC medium at 30 °C and then changed
to 39 °C. Before (0 min) and at the indicated timepoints after temperature elevation (45, 120 and 180 minutes), samples
were taken. Cellular fluorescence was determined with flow cytometry and analysed with FlowJo (n=3, bars represent

the mean and error bars indicate the standard deviation of the median fluorescence level).
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After 45 minutes at 39 °C, the median fluorescence of the RLM1-activity reporter increased by
more than 200% and remained at an elevated expression level for the rest of the experiment.
The main increase in reporter fluorescence already occurred in the first 45 minutes of the
treatment and between the peak of RNA transcription (15 minutes) and the commonly used
detection time of competing reporter proteins, i.e. beta-galactosidase, which were both
determined in previous experiments [243,245].

The fluorescence of both new reporter constructs and other actively degraded reporter proteins
increased faster than the fluorescence of stable reporter constructs with similar promoter
sequences [168,208,245], and this suggested that the conducted CDS modifications were
sufficient to reduce the response time independent of the promoter sequence.

Inositol starvation, a well-studied perturbation that triggered INO2/4 activation in wild-type cells
[202], was used to evaluate the response time of the INO2/4-activity reporter. The median reporter
fluorescence level of exponentially growing wild-type cells with the INO2/4-activity reporter
(FJ4741.4) at different timepoints after the transfer from inositol-supplemented to inositol-free or
inositol-supplemented medium was determined with flow cytometry and analysed with FlowJo

(see figure 3.9 and materials and methods 2.10 for treatment).
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Figure 3.9: INO2/4 activation after inositol depletion from wild-type cells.

Exponentially growing wild-type cells with the INO2/4 reporter (FJ4741.4) were collected from inositol-supplemented
SC medium, resuspended in prewarmed inositol-free (filled dots) or inositol-supplemented SC medium (hollow dots)
and incubated for 5 hours at 30 °C. At indicated timepoints, the fluorescence of cells from both cultures was measured
with flow cytometry and analysed with FlowJo. (The dots represent the mean reporter fluorescence in 3 different

biological replicates and the bars represent the standard derivation).
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During the first 5 hours after the medium change, the median reporter expression continuously
increased up to 20-fold in the inositol-depleted cells and decreased by 50% in the inositol-
supplemented cells when compared to the initial reporter fluorescence.

However, the main fluorescence increase occurred more than one hour after the media change
and this delay suggested either a slower induction of transcription or a time delay in the post-
transcriptional processes. As the INO2/4 reporter shared the CDS and the post-transcriptional
regulation with the fast-responding reporters for HAC1 and RLM1 activity but contained a
different, non-synthetic promoter sequence, i.e. INO1, this delay probably resulted from delayed
transcription.

To investigate if a generally delayed INO2/4 activity or a promoter-specific delay is responsible
for the slow fluorescence increase after inositol depletion, the transcriptional activation of the
endogenous promoter template, i.e. INO1, was compared to the induction of another endogenous
INO2/4 target, i.e. CHOA1, after inositol depletion [56]. To this end, the mRNA abundance of both
genes, i.e. INO1 and CHO1, in wild-type cells before and at three timepoints after inositol
depletion was determined with gPCR and normalised by ACT1 mRNA abundance (see figure
3.10).
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Figure 3.10: mRNA levels of two INO2/4 targets, CHO1 and INO1, after inositol depletion.

Exponentially growing wild-type cells (BY4741) were collected and resuspended in prewarmed inositol-free media.
Samples were taken before resuspension and one, two and three hours afterwards, the mRNA levels were measured
with gPCR, and relative mRNA abundance calculated via the double delta Ct method with ACT1 and normalised by the

initial expression level (n=1, y-axis in log scale with basis 10)
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CHO1 mRNA abundance tripled during the first hour after the treatment but remained relatively
constant afterwards. INO1 mRNA levels increased by 80-times during the first hour but reached
up to 1000-times the basal expression level 3 hours after inositol depletion.

CHO1 mRNA dynamics indicated a rapid and sustained increase in gene expression and
suggested that one hour is enough to activate INO2/4. In contrast to CHO1, slow INO1 expression
dynamics argued for a gradual gene activation, which is INO1-specific and probably conserved
to the reporter for INO2/4 activity that shares the same promoter sequence. Despite this gradual
response which might indicate an additional regulatory mechanism, INO1 activation primarily
depends on INO2/4 activity [246], and increased reporter fluorescence should thus always require

their activation.

3.6 Cellular burden of dynamic transcriptional reporter

The expression of transgenes can have a negative impact on cell physiology and cell growth
[247]. Stress from basal TRP expression might hence decelerate growth and dominate the effect
of the environment, and their permanent integration might prevent the investigation of an adaptive
response after an environmental change.

To determine the growth effect of basal TRP expression, the growth of wild-type culture with or
without the promoter constructs and in nutrient-enriched (YPD) or amino-acid-low (minimal
synthetic complete) medium at 30 °C was measured via optical density at 600 nm (OD600) in 96-
well microtiter plates and every 5 minutes during an incubation from non-detectable starting

amounts to full confluency, i.e. 15 to 20 hours (see figure 3.11 and materials and methods 2.11).
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Figure 3.11: Growth of wild-type cells with and without reporter constructs in YPD and minimal SC medium.
The optical density at 600 nm (OD600) of three different cell types, wild-type cells without reporter construct (BY4741,
wt: black line), with HAC1-activity reporter (FJ4741.1, HAC1: green line) or INO2/4 reporter (FJ4741.4, INO2/4: blue
line), was measured during the growth in YPD or minimal SC medium (the solid and dashed line represent the biological

replicate of the different cell-types, n=3, y-axis in log scale with basis 10).

In all cultures, the shape of the growth curve in a semi-log plot was linear at low ODs (0.04 - 0.3
for YPD and 0.02 - 0.2 for SC) and indicated exponential growth with a constant growth rate. This
suggested that the depletion of extracellular resources did not inhibit population growth at low
ODs. The maximal growth rate, a robust indicator of cell physiology, is equal to the slope of the
curve at lower ODs and was determined for each genotype and in each medium (see materials
and methods 2.11).
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Figure 3.12: The exponential growth rates of the reporter strains at low OD in YPD minimal SC medium.

The exponential growth rates of the strains without reporter construct (wt, BY4741), with HAC1 reporter (HAC1,
FJ4741.1) and with INO2/4 reporter (INO2/4, FJ4741.4) in two different media, i.e. YPD medium (left) or SC medium
(right), were calculated from the growth curves in figure 3.11 at very low ODs. (n=3, bars represent the mean average
slope of the different biological replicates, and the error bars indicate the standard deviation).

Firstly, the higher exponential growth rate of all strains in YPD (~0.008 min"' doubling time: 86
minutes) than minimal SC medium (~0.004 min-"; doubling time: 170 minutes) probably resulted
from the additional nutrients in YPD medium, i.e. peptone and yeast extract, which alleviated most
limitations of the minimal medium.

In minimal medium, the growth rates of the transformed strains were 10 to 20% higher than that
of the original strain, while the difference between the different strains was less than 10% in rich
medium. The similar growth rates of the different strains in rich medium suggested that the
reporter constructs did not decrease the optimal metabolic rate of the cells. The faster growth of
reporter strains at low ODs in minimal SC medium further suggested that they were less affected
by the growth limitations in amino acid-poor media, and this possibly resulted from the histidine
prototrophy that was used for colony selection.

In addition to the growth rate, the decreasing slope at higher ODs indicated the existence of an
environmental limit that might result from nutrient depletion. The earlier decrease in SC minimal
(OD600 >0.2) than in YPD (OD600 >0.5) medium (see figure 3.11) implied that the higher nutrient
concentration of YPD medium also supports bigger yeast populations.

In both media, the final OD of the reporter strains was not significantly different from that of the
untransformed strain. This indicated that histidine prototrophy or TRP expression did not change
the environment capacity and suggested that histidine is not limiting the final population size in

minimal SC medium.
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3.7 Fluorescent lipids and the measurement of lipid metabolism

In contrast to gene transcription, methods to investigate the general metabolism or lipid
metabolism of individual cells are still in their infancy [248]. The current approaches, which
compromise mass spectrometry, optical spectroscopy and fluorescent biosensors, can only be
performed by specialists and cannot easily be modified to answer a new scientific question
[192,249,250].

Analogous to fluorescent NBD-glucose, which is already commercialised as a quantitative
indicator of glucose metabolism in single cells [251], the localisation and amount of lipid
intermediates such as ceramide can be visualised via the conjugation of fluorescent NBD and
might then be used as a proxy for sphingolipid lipid metabolism in single cells [252,253].

The NBD fluorophore can be attached to different carbon atoms of ceramide, and its chemical
environment then influences the optical properties of NBD: Quenching by water molecules
reduces its fluorescence. Non-polar environments such as cellular membranes enable a GFP-like
fluorescence [254,255]. When attached to the lipid side chain like in NBD-C6-ceramide, NBD only
fluoresces in cellular membranes, and this can be used to distinguish between membrane-
integrated and free NBD-C6-ceramide (see figure 3.13).

Low levels of extracellular NBD-C6-ceramide are not toxic to wild-type yeast cells, which can take
them up and metabolise them into NBD-IPC but not further [256]. Similarly to endogenous
ceramide, the conversion of NBD-C6-ceramide to NBD-IPC by AUR1 also triggers its cellular
relocalisation from the ER to the Golgi, where it accumulates until cell division [256]. After NBD-
C6-ceramide staining, the subcellular localisation and total NBD fluorescence might hence be
good ways to study sphingolipid metabolism, but the feasibility of NBD-C6-ceramide as a

quantitative in vivo probe for yeast has not been explored before (see figure 3.13).
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Figure 3.13: NBD-ceramide structure and cellular processing.

A, Chemical structure of NBD-C6-ceramide with fluorophore (green), polar head group (red) and hydrophilic tail
(brown). B, Cellular relocalisation after processing of NBD-C6-ceramide into its physiological end product, i.e. NBD-
IPC).

3.8 AUR1 activity and the intracellular localisation of NBD fluorescence from
NBD-Cé6-ceramide staining

To evaluate how the subcellular localisation of NBD fluorescence after NBD-C6-ceramide staining
reacts to a reduced AUR1 activity as it possibly occurs during inositol starvation [55], the
localisation of NBD fluorescence after total chemical AUR1 inhibition with Aureobasidin A was
investigated [257].

To this end, exponentially growing wild-type cells from minimal SC medium were incubated for 3
hours at 30 °C in minimal SC medium with 5 yM NBD-C6-ceramide/BSA complex and with or
without 2 uM Aureobasidin A [258]. After three hours, samples were taken and the localisation of
NBD fluorescence in living cells investigated with epifluorescence microscopy (see materials and

methods 2.16 and 2.20 for the details of the procedure and figure 3.14 for exemplary pictures).
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Figure 3.14: NBD fluorescence localisation before and after AUR1 inhibition.
Phase contrast (PHC, upper row) and NBD fluorescence (NBD, lower row) pictures of yeast cells two hours after NBD-
C6-ceramide staining in SC medium with (AbaA) or without (SC) 2 uyM Aureobasidin A (n=3, pictures show the two

channels of representative cells from one of the three replicates. White scale bars correspond to 5 um).

In wild-type cells and without AUR1 inhibition, NBD fluorescence localized to intracellular punctae.
After long-term AUR1 inhibition, NBD fluorescence was uniform throughout the entire cell.

The intracellular punctae indicated that NBD-C6-ceramide was taken up, and NBD was
incorporated into intracellular membranes. The punctae probably corresponded to Golgi vesicles
where NBD-IPC resides in non-perturbed yeast cells [256]. The absence of fluorescence from the
plasma membrane further suggested that NBD-C6-ceramide and NBD-IPC are somehow
excluded from the plasma membrane.

As Aureobasidin A treatment prevents the synthesis NBD-IPC and all endogenous sphingolipids,
the uniform NBD fluorescence probably corresponded to NBD-C6-ceramide in the plasma
membrane and suggested that long-term AUR1 inhibition and the loss of mature sphingolipids
eventually permitted NBD-C6-ceramide to localise to the plasma membrane, which was probably
occupied by mature sphingolipids, i.e. IPC, MIPC and M(IP).C, before.

As the uniform staining hid organelle-localised NBD fluorescence, it was impossible to determine
if the complete inhibition of IPC synthesis also prevented ceramide uptake or changed the

subcellular localisation.
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3.9 Total NBD fluorescence after NBD-Cé6-ceramide staining and AUR1
inhibition

The cellular NBD-C6-ceramide amount does not change significantly and NBD-IPC production
ceases after AUR1 treatment [256]. AUR1 inhibition thus probably lowers the total NBD content
of the cell, while the new localisation in the plasma membrane might further influence NBD
fluorescence and lead to the strong NBD fluorescence that was observed in epifluorescence
microscopy (see figure 3.14).

To quantify the impact of AUR1 inhibition on total NBD fluorescence, wild-type cells were
incubated in SC medium with NBD-C6-ceramide or with NBD-C6-ceramide and 2 uM
Aureobasidin A. The total NBD fluorescence of single cells at two different timepoints during the

incubation was subsequently measured with flow cytometry (see figure 3.15).
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Figure 3.15: Impact of AUR1 inhibition on total NBD fluorescence
Exponentially growing wild-type cells (BY4741) in minimal SC medium were incubated with 5 yM NBD-C6-ceramide or
with 5 yM NBD-C6-ceramide and 2 UM Aureobasidin to inhibit AUR1 activity. The total NBD fluorescence in single cells

at two timepoint during the incubation (1.5 hours and 2.5 hours) was determined with flow cytometry and analysed with

FlowJo (n=3, and error bars represent the standard deviation of the three biological replicates).

The NBD fluorescence of unperturbed yeast cells was very similar between the different biological
repeats and did not change by more than 20% in minimal SC medium between 1.5 and 2.5 hours
after the exposure to NBD-C6-ceramide. With Aureobasidin A exposure, the NBD fluorescence
increased by 40% after 90 minutes and by 250% after 150 minutes.
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The constant NBD fluorescence of unperturbed cells indicated no big changes in the amount or
environment of NBD and suggested that a balance between NBD-C6-ceramide uptake, NBD-IPC
production and cell division probably established a stable cellular NBD pool. The strong increase
in NBD fluorescence after AUR1 inhibition suggested that the concentration of NBD derivatives,
i.e. NBD-C6-ceramide and NBD-IPC, or the fluorescence efficiency of individual NBD molecules
increased after AUR1 inhibition.

Previous work has shown that short-term AUR1 inhibition had no significant impact on intracellular
NBD-C6-ceramide levels and prevented NBD-IPC synthesis [256], it is thus unlikely that long-
term AUR1 inhibition increased the concentration of NBD derivatives. Because the fluorescence
of individual NBD molecules is also affected by their chemical environment, a different lipid
composition in the plasma membrane (see subchapter 3.8) or unknown changes of lipid
metabolism after AUR1 inhibition probably increased the fluorescence of existing NBD molecules.
Overall, the localisation and strength of NBD fluorescence in single cells after NBD-C6-ceramide
staining was highly sensitive to the inhibition of AUR1 activity by Aureobasidin A and might also

react to similar changes of sphingolipid metabolism that occur during inositol starvation [55].

3.10 Discussion

One objective of this chapter was to develop fluorescent reporter proteins that can track the
transcriptional changes of single cells and have a minimal impact on host cell physiology.

A theoretical model for fluorescent protein expression suggested that slow protein degradation is
the main obstacle for fast-responding reporter proteins and that active degradation
disproportionately lowers the signal output of slow-maturing fluorescent proteins. For optimal
detection, active degradation should thus be combined with sequence modifications that
maximise translation and accelerate maturation. A review of the existing literature indicated
specific modifications of the coding DNA sequence, i.e. codon optimisation, ubiquitin tagging and
fast-folding GFP variants, that can accelerate protein degradation and increase reporter
fluorescence.

The fluorescence of a control reporter with these modifications and a ribosomal promoter was
relatively robust against perturbations of ER homeostasis or lipid metabolism. This suggested that
these perturbations had a small impact on the translation, folding or degradation of reporter
proteins and that transcriptional changes primarily lead to the fluorescence changes of the other
reporter proteins in the following experiments.

The fluorescence of the constructed HAC1 reporter indicated an increased transcription factor

activity 15 minutes after an environmental change. The other reporter proteins also closely
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followed gene expression, i.e. INO2/4 reporter, or responded faster than existing reporter
proteins, i.e. RLM1 reporter. The growth rate of reporter carrying strains in two different media
further indicated no negative impact of basal reporter expression on cellular metabolism.
Promoter specificity and the positive impact of the individual CDS modifications, i.e. improved
dynamics from active protein degradation via an N-terminal ubiquitin or a PEST-rich sequence
and several fold higher fluorescence yields from codon-optimised GFP constructs [208,259,260],
were already investigated earlier [50,238,261]. It thus seemed not necessary to further investigate
how their combination contributed to the specificity, fluorescence output and response time of the
new reporter constructs. Moreover, their dynamic properties and the low burden from basal
reporter expression should already enable them to detect transient transcriptional changes, which
might happen during the adaptation to environmental changes that were investigated in the
following chapters of the thesis. In addition to transcription factor activity measurements, the
newly constructed CDS could also be fused to an endogenous promoter sequence and should
subsequently indicate the transcriptional changes of a specific gene.

So far, reporter robustness was only validated in the set of environments that was of interest for
this PhD and with a negative control that is regulated by ribosome-specific transcription factors
and might be affected by other environments [262]. When applying the reporters in other
conditions, the impact of proteasomal degradation or translation rate should thus again be
estimated with a degradable reporter protein that is at best not controlled by any transcription
factor [263].

The main advantages of the developed reporter proteins over GFP-labeled regulatory proteins
were their low impact on cell physiology, their independence of cellular localisation and their
possible application to other transcriptional changes. Nevertheless, the spectral overlap of GFP
with cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), which are the two
alternative fluorescent proteins with sufficient short maturation times to enable fluorescence
detection from rapidly degraded reporter proteins [264—266], prevents the parallel observation of
two different signaling pathway in the same cell and is probably the main disadvantage of the
reporter proteins. An improved reporter toolset should therefore use fast-folding and codon-
optimised CFP and YFP variants. However, other factors of the experimental setup, e.g. laser
configuration for flow cytometry or filter combinations in microscopy, might then still limit their
application to one pathway per cell. Moreover, the physiologic impact of reporter proteins was
only evaluated in non-induced conditions, but the physiologic burden of multiple reporters or a

fully expressed reporter might also limit the application of the developed reporter proteins.
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Towards the development of a fluorescent indicator for sphingolipid metabolism, the evaluation
of NBD-C6-ceramide in vivo staining has shown that the localisation and intensity of NBD
fluorescence are stable in unperturbed cells but very sensitive to chemical AUR1 inhibition.
While the stable NBD fluorescence most likely resulted from tightly regulated IPC levels [267], it
remains unclear which consequence of AUR1 inhibition actually led to the relocalisation of NBD-
C6-ceramide to the plasma membrane and increased its fluorescence intensity. A possible
explanation for the latter is that a higher ergosterol content in the plasma membrane increased
NBD fluorescence similar to cholesterol in mammalian cells [69,268].

Even though phytoceramide concentration could increase after long-term AUR1 inhibition, it is
not known if it also localises to new cellular membranes, e.g. the plasma membrane. However,
the existence of ceramidases and other ceramide processing enzymes probably limits the
accumulation and prevents the relocalisation of endogenous ceramide species [269]. Therefore,
NBD-C6-ceramide probably did not reflect natural ceramide metabolism but rather responded to
other parallel changes in lipid metabolism during AUR1 inhibition.

A better understanding of these lipid changes and their effect on the localisation, concentration
and fluorescence of NBD-C6-ceramide would require lipid content measurements in different
cellular membranes after AUR1 inhibition and NBD-C6-ceramide staining with liquid
chromatography or mass spectrometry, but these exceeded the scope of this project.
Nevertheless and based on the high sensitivity of NBD fluorescence to AUR1 inhibition, | decided
to use NBD-C6-ceramide staining as a rough proxy for perturbations of lipid metabolism that affect
AUR1 activity, e.g. lower PI levels after inositol depletion, but not as a probe for ceramide
metabolism in single cells. Alternatively, NBD-phytosphingosine, which is based on the metabolic
phytoceramide precursor, could be more suited to investigate the route of endogenous
phytoceramide at lower AUR1 activities but was not established at the start of my PhD [270].
Overall, the utilization of different state-of-the-art techniques has led to the development of a
versatile reporter for transcriptional changes and a rather confined reporter for AUR1 activity,

which might still be useful in this project.
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4 The role of sphingolipid metabolism and the coordination of

transcription during the adaptation to inositol starvation

4.1 Introduction

In S. cerevisiae, inositol is the substrate for an important metabolite of lipid biosynthesis and
cellular signaling, i.e. phosphatidylinositol (Pl) [26,271]. The adaptation to inositol-free
environments causes remarkable physiological and transcriptional changes, which cannot be
explained by the activation of a single transcription factor and represent a good example to study
the coordination different signaling pathways during adaptation [33,48,202,272].

The effects of inositol starvation and lower Pl synthesis on the fluxes and transcriptional regulation
of glycerolipid biosynthesis via INO2/4 are extensively studied but do not explain the additional
transcriptional changes, e.g. UPR and PKC activation [50,51], which are required for the final
adaptation [23,26]. Pl is also an essential substrate for inositolphosphoryl ceramide (see figure
4.1) - the simplest of the mature sphingolipids that seem to regulate various cellular processes
such as ER homeostasis or cell wall integrity [53]. Reduced SL biosynthesis at lower PI levels
might thus trigger or demand the INO2/4-independent transcriptional changes after inositol

starvation.

Glucose —INo1_, Inositol + phosphatidic acid
1 PIS1
Dihydrosphingosine  ggR3 Phytosphingosine — 32— Phytoceramide + phosphatidylinositol
AUR1
Inositol phosphorylceramide (IPC)

Figure 4.1: Sphingolipid metabolism in yeast from dihydrosphingosine to inositol phosphorylceramide (IPC).
Schematic overview of the partial sphingolipid metabolism that is investigated during this chapter: Metabolic

intermediates (normal font), participating enzymes (bold font) and the perturbations (underlined).

The role of SL biosynthesis in cell physiology was extensively studied with chemical inhibitors and
genetic mutants that target specific steps of sphingolipid synthesis but only once during inositol
starvation [81,82,258,273—-276]. However, as the adaptational response enables cells to survive
inositol starvation, its effect on SL metabolism probably differs from the exposure to toxic inhibitors

or genetic perturbations, which permanently affect optional steps downstream of Pl consumption
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or reduce the activity of distant steps upstream of Pl consumption [277-279]. It could be more
similar to non-lethal perturbations of steps upstream of Pl consumption that reduce IPC synthesis.
Ceramide and PI are the only substrates for IPC synthesis, and sphingosine hydroxylation by
SUR2, which accelerates ceramide biosynthesis [280], could possibly determine the rate of IPC
synthesis similar to inositol availability (see figure 4.1). The SL metabolism changes after SUR2
knock-out might thus resemble those during inositol starvation but are unlikely to have the same
effect on the phospholipid biosynthesis and INO2/4 activity. The physiologic consequences after
this knock-out possibly help to determine SL-dependent transcriptional changes after inositol
starvation but have not been studied yet.

To understand the adaptation to inositol starvation, the impact of both perturbations on lipid
metabolism and cell growth was first compared, before genetic tools and published data were
used to evaluate the role of SL metabolism in cell division, cell wall integrity, protein secretion and
ER homeostasis. Afterwards, the developed reporters (see chapter 3) were used monitor the
transcriptional and metabolic changes after inositol starvation and to assess the temporal and
causal connections between the participating signaling pathways. Finally, the importance of the
growth rate during inositol starvation was evaluated with the slow-growing SUR2 knock-out

mutant.

4.2 Inositol depletion and SUR2-deficiency increased NBD fluorescence after

staining with NBD-Cé6-ceramide

Inositol starvation and SUR2-deficiency, which target different enzymatic steps upstream of IPC
synthesis, probably both affect AUR1 activity and IPC synthesis. Lower Pl levels during inositol
starvation probably decrease AUR1 activity during inositol starvation [55], but the impact of
sphingosine hydroxylation has not been investigated so far.

As NBD-C6-ceramide staining responded to changes of AUR1 activity in earlier experiments (see
chapter 3), the same method was used to investigate the lipid metabolism during inositol
starvation and after SUR2 knock-out. To this end, exponentially growing wild-type (BY4741) or
SUR2-deficient cells (BY4741SUR2A) were collected from minimal SC medium, stained with
NBD-C6-ceramide and then transferred to minimal SC medium, inositol-free medium or SC
medium with 2 yM Aureobasidin A (AbaA) that all also contained NBD-C6-ceramide. After 1.5
and 2.5 hours, the total NBD fluorescence of individual cells in each sample was determined with

flow cytometry and analysed with FlowJo (see figure 4.2).
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Figure 4.2: NBD fluorescence of wild-type and SUR2-deficient cells after AUR1 inhibition and inositol depletion
The NBD fluorescence in wild-type (BY4741, wt) and SUR-deficient (BY4741SUR2A, SUR2A) cells after NBD-C6-
ceramide staining and 1.5 hours or 2.5 hours growth in normal minimal (SC), inositol-free minimal (SC-ino) or minimal
medium with 2 uM Aureobasidin A (AbaA) was determined with flow cytometry and analysed with FlowJo (n=3, and the

error bars represent the standard deviation between the biological replicates).

In minimal SC medium, the NBD fluorescence of SUR2-deficient cells was higher and more
variable than the NBD fluorescence of wild-type cells. 1.5 hours after inositol depletion or AbaA
addition and compared to minimal SC medium, the NBD fluorescence only increased slightly in
wild-type and even less in SUR2-deficient cells. After 2.5 hours and compared to minimal SC
medium, Aureobasidin A treatment increased the NBD fluorescence in SUR2-deficient cells (50%)
but less than in wild-type cells (200%). After 2.5 hours inositol starvation, NBD fluorescence of all
wild-type samples increased by at least 50% compared to 2.5 hours in minimal SC medium but
increased less and only in two of the three biological replicates of SUR2-deficient cells when
compared to NBD fluorescence of SUR2-deficient cells in minimal SC medium.

The higher NBD fluorescence of SUR2-deficient cells in minimal medium and of wild-type cells
after Aureobasidin A treatment (i.e. AUR1 inhibition) or during inositol starvation indicated a
changed lipid metabolism. The increase after inositol starvation and Aureobasidin A treatment in
wild-type cells accompanied a reported lower AUR1 activity under both conditions [55,257], and
this further supported that NBD fluorescence reacts to the changes of lipid metabolism that result

from lower IPC synthesis. Even though the higher NBD fluorescence of the SUR2 knock-out strain
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might result from IPC-independent lipid metabolism changes, the smaller relative effect of AUR1
inhibition and inositol starvation suggested that a decreased ceramide concentration after

sphingosine knock-out already lowered AUR1 activity before those additional perturbations [280].

4.3 SUR2 knock-out and inositol starvation reduced the growth rate in
minimal medium but peptone supplementation recovered the growth rate of

SUR2-deficient cells
Both perturbations, SUR2 knock-out and inositol starvation, possibly reduce AUR1 activity, but

while S. cerevisiae undergoes big transcriptional changes to survive inositol starvation [202],
SUR2 deficiency is unlikely to trigger a targeted compensatory response. Therefore, the growth
rate after both perturbations probably highlights different aspects of cell physiology:

During inositol starvation, the growth rate of wild-type cells might indicate the burden of the
adaptational changes on the overall metabolism, and the growth rate of UPR-deficient cells, i.e.
after IRE1 or HAC1 knock-out, might additionally highlight the impact of those changes on ER
homeostasis. The growth rate of SUR2-deficient cells, on the other hand, might indicate the
importance sphingosine hydroxylation and fast IPC synthesis for cell physiology in a certain
environment.

To measure the growth rate, exponentially growing wild-type (BY4741), SUR2-deficient
(BY4741SUR2A) and UPR-deficient (BY4741IRE1A, BY4741HAC1A) cells from minimal SC
medium, minimal SC medium without inositol or minimal SC medium with peptone
supplementation were diluted 100-fold and cultured in a 96-well microtiter plate. Every 5 minutes
during a 20-hour incubation at 30 °C, the cell density of individual wells was measured via OD600,
and the growth curves were then used to calculate the exponential growth rate of each strain in

the different media (see figure 4.3).
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Figure 4.3: Growth rate of SUR2- and UPR-deficient strains in different media

The different strains, wild-type (BY4741, wt), SUR2-deficient (BY4741SUR2A, SUR2A) and UPR-deficient (i.e.
BY4741IRE1A, IRE1A and BY4741HAC1A, HAC1A) were cultured in the respective medium, minimal SC (SC), minimal
SC + 2% peptone (SC+AA) or inositol-free minimal SC (SC-ino), and in 96-well microtiter plates. The growth rate was
subsequently determined from the optical density as described in materials and methods 2.11 (n=3, and the error bars

indicate the standard deviation between the different biological replicates).

UPR-deficient and SUR2-deficient cells grew much slower than wild-type cells in minimal
synthetic complete medium, but SUR2-deficient cells almost grew as fast as wild-type cells in
peptone-supplemented SC medium (see figure 4.3, left). In inositol-free SC medium (see figure
4.3 right), wild-type cells grew a little slower than in minimal SC medium, and the UPR-deficient
strains did not grow at all.

Firstly, the faster growth of wild-type and SUR2-deficient cells in peptone-supplemented medium
suggested that amino acids limited the growth in minimal SC medium. The stronger growth defect
of SUR2-deficient cells in minimal SC medium further indicated that SUR2 activity, sphingosine
hydroxylation and accelerated ceramide synthesis were very important for growth in minimal
medium, but less for growth in peptone-supplemented medium [280]. The growth defect of wild-
type strains in inositol-free medium was smaller than that after SUR2 knock-out and suggested
that transcriptional adaptation enabled the cells to better deal with this perturbation of lipid
metabolism than with SUR2 deficiency. The growth rates of UPR-deficient strains indicated that
UPR functionality was important for yeast growth in minimal SC medium and essential during
inositol starvation.

91


https://paperpile.com/c/5UGRXr/Rh9cL

4.4 Peptone supplementation increased SUR2 transcription

In addition to the growth rate, the transcriptional regulation of later steps of SL biosynthesis is
relatively unknown but might indicate their physiological role. For a few special genes and certain
conditions the fitness defect of knock-out mutants correlates with a higher gene expression in
wild-type cells under the respective condition, e.g. galactose utilisation cluster in galactose-
supplemented medium [281].

The transcriptional regulation of SUR2 and sphingosine hydroxylation was thus investigated with
a new reporter construct, i.e. dynamic GFP under the control of the SUR2 promoter (see figure
4.4A), and in the two previous nutrient conditions, i.e. minimal and peptone-supplemented SC
medium, which determined the growth defect of SUR2-deficient cells.

The reporter construct was integrated into the HIS3 locus of wild-type cells, and saturated
overnight cultures of the transformed cells (FJ4741.27) were diluted and cultured in minimal (SC)
or peptone-supplemented SC (SC+AA) medium. After 6 hours of undisturbed growth, the single-
cell fluorescence of all samples was measured with flow cytometry and analysed with FlowJo (see
figure 4.4B).
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Figure 4.4: SUR2 transcription in wild-type cells from minimal or peptone-supplemented SC medium

A, Scheme of the new reporter construct: SUR2 promoter comprises 800 bases upstream of the SUR2 start codon,
and UBI4-D-sfGFP corresponds to the common CDS of the dynamic reporter construct (see chapter 3). The remaining
plasmid features, i.e. HIS3 locus, CYC1 terminator, origin of replication and antibiotic resistance, are omitted for
simplicity. B, The reporter fluorescence of wild-type cells that express dynamic GFP under the control of the SUR2
promoter (FJ4741.27, wt) after 6 hours of exponential growth in minimal synthetic complete medium with (SC+AA, grey
bar) or without (SC, white bar) 2% peptone was recorded with flow cytometry, and median fluorescence determined

with FlowJo (n=3, the error bars indicate the standard deviation between the different biological replicates)

92


https://paperpile.com/c/5UGRXr/0mLOP

During exponential growth, the SUR2 reporter fluorescence of wild-type cells was 2.5 times higher
in peptone-supplemented than in minimal SC medium (see figure 4.4B).

The higher reporter fluorescence indicated an increased SUR2 transcription in peptone-
supplemented medium, which might result from the binding sites of two nitrogen-dependent
transcription factors, i.e. GLN3 and DALS80, in the SUR2 promoter [282,283]. As SUR2 protein
abundance also increases by around 3-fold in YPD medium [38], the strong growth defect from
SUR2 deficiency probably does not correlate with higher protein expression in minimal SC
medium. The strong growth defect of the SUR2 knock-out in minimal medium and the increased
SUR2 expression in peptone-supplemented medium implied that SUR2 is probably important for

growth in amino-acid-rich as well as amino-acid-poor environments.

4.5 The expression of enzymes in SL metabolism correlated with their

position in the pathway

Even though sphingosine hydroxylation might promote IPC synthesis, it is not sufficient to
investigate the regulation of SUR2, but necessary to study the regulation of all participating
enzymes under different environmental conditions to understand the transcriptional regulation
and the physiological role of SL biosynthesis.

STRING, an online bioinformatics tool to analyse publicly available experimental data, was
subsequently used to compare the regulation of all enzymes in SL metabolism (see table 4.1),
reveal correlations between their expression profiles and highlight the potential co-regulation of

individual enzymes in SL biosynthesis [284].

Table 4.1: List of genes for enzymes in sphingolipid biosynthesis.
The enzymes are ordered according to their position along the biosynthetic process (see chapter 1) and essential genes

are defined according to Gievar ef al. [281]

Gene LCB1 [LCB2 |TSC10 [ SUR2 | LAC1 [LAG1 | SCS7 [ AUR1 [IPT1

Essential? | yes yes yes no no no no yes no

A standard STRING query combines different kinds of biological interaction data, e.g. co-
expression, physical interaction and co-occurrence in different organisms, to calculate the
confidence score for interactions between the query genes and find additional related genes of
the organism. The search parameters were thus modified to only consider expression data and

to determine the 5 closest interaction partners, which might highlight the integration of SL
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biosynthesis into general physiology (figure 4.5). As no co-expression between the different genes
passed the standard confidence threshold for interactions (0.4), the threshold was lowered to the
lowest recommended threshold (0.15) and even less probable interactions were considered.
While this lenient threshold increased the likelihood of false positive detection, it might also
account for the fact that no previous experiment focused on the transcriptional regulation of

sphingolipid biosynthesis.
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Figure 4.5: Expression similarities of SL enzymes and related genes in STRING.
The white circles represent the different genes in SL biosynthesis, and the grey circles represent the five genes with
the most similar expression profiles (RLI1, DBF4, CDC34, YDR053W and RRG1), which were found via the STRING

algorithm [284]. The connections indicate correlating expression profiles, as defined by the algorithm.

Based on the similarity of their expression profiles in various experiments, the STRING algorithm
separated the enzymes into two distinct expression clusters (see figure 4.5). Interestingly and
except for IPT1, these clusters reflected their respective position upstream and downstream of
dihydrosphingosine: LCB2, TSC10 on the one side and SUR2, LAC1, SCS7 and AUR1 on the
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other side, whilst the expression profiles of the remaining enzymes, LCB1 and LAG1, were not
assigned to any cluster.

The five closest interaction partners, RLI1, DBF4, CDC34, YDR053W and RRG1, were not
involved in SL biosynthesis and exclusively assigned to the LCB2/TSC10 cluster. The first three
are essential proteins in three basic processes for yeast physiology: ribosome biosynthesis (RLI1)
[285], DNA replication (DBF4) [286], and cell cycle progression (CDC34) [287]. YDRO53W is an
unannotated gene [288], and its co-expression probably resulted from the genomic overlap with
DBF4 and not any biological connection. RRG1 is not essential for yeast growth but required for
mitochondrial genome maintenance and mitochondrial ribosome production [289]. The co-
expression of essential LCB2 and TSC10 with these basic genes suggested that their
transcriptional activity is more robust and used less to regulate DHS synthesis, which is connected
to essential processes in the cell [290].

The expression of SUR2 correlated with that of downstream enzymes. This correlation suggested
a common regulation and that the adjustment of IPC biosynthesis to new conditions might be the
main purpose for the transcriptional regulation of SUR2, LAC1, SCS7 and AUR1.

To account for the increased risk of false positives, the correlation between the expression profiles
of these four genes was verified with an additional online tool, i.e. SPELL [291]. SPELL compares
the expression profile of a certain gene against all other genes of the same organism in many
published experiments, e.g. more than 400 experiments for S. cerevisiae, and ranks them
according to their expression similarity. When SUR2 or LAC1 was queried using SPELL, the three
other enzymes of the cluster were among the 20 genes with the most similar expression profiles.
This also suggested co-expression and thus supported the previous findings from the STRING
algorithm, i.e. co-regulation of SL biosynthesis under certain environment conditions. However,
when SCS7 or AUR1 was queried in SPELL, only two (SUR2 and LAC1 for SCS7) or none of the
other three enzymes were among the 20 highest genes. The difference between SCS7 or AUR1
and the other genes suggested that their regulation might be more specific than that of SUR2 and
LACH1.
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4.6 SUR2, LAC1 and AUR1 expression are sequentially activated between S
and G2 phase

Based on above results, the higher SUR2 expression of fast-growing cells in peptone-
supplemented SC medium could correlate with increased LAC1 and AUR1 expression and might
indicate a higher sphingolipid demand during cell growth and division. Cyclebase.org was
subsequently used to investigate the transcription of SUR2, LAC1 and AUR1 during the cell cycle
and highlight a possibly role of SL synthesis during specific cell cycle phases [292] (see figure
4.6).

Expression

Figure 4.6: Expression pattern of IPC biosynthetic enzymes during the cell cycle
The cell-cycle-dependent expression profile of SUR2, LAC1 and AUR1 from 7 different datasets with 3 different
synchronisation methods [293—-296] (white to dark grey bars: low to strong average expression), were evaluated with

Cyclebase.org to determine the peak expression time during the cell cycle (arrow head) of each gene.

For each gene, Cyclebase.org combines the expression data from seven different cell cycle
experiments with three different synchronisation methods to estimate the peak expression time
during the cell cycle and to rank the periodicity of gene expression during cell cycle progression
against all other genes in the yeast genome (around 5000), i.e. rank 1 is assigned to the most
periodic gene [292-296].

The high ranking of SUR2, LAC1 and AUR1, i.e. 146, 127 and 447, indicated a higher periodicity
of their gene expression then for 90% of the S. cerevisiae genes and all other enzymes in SL
biosynthesis. Even though the rank was lower than that of most cell cycle regulators (e.g. CLN1,
CLN2) or S-phase-specific histones, it still suggested that the expression of all three genes is
probably regulated during the cell cycle. Interestingly, the determined temporal order (figure 4.6,
arrows) also reflected their position in SL biosynthesis: first SUR2 in early S, then LAC1 in late S
and finally AUR1 in early G2. This sequence further suggested that IPC synthesis might be
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synchronised with cell cycle progression but did not reveal a causal relationship between the two
processes.

To identify potential transcriptional regulators of SL biosynthesis during the cell cycle, the
promoter sequences of the three different enzymes were scanned for transcription factor binding
sites (TFBS) with the Yeast Promoter Atlas and YEASTRACT [241,297] (see table 4.2).

Table 4.2: Confirmed transcription factor binding sites (TFBS) in the promoter regions of SUR2, LAC1 and
AUR1

The name and binding site (BS) count of the transcription factors (TF), which have verified TFBS in the promoter regions
of the three genes, were determined with YEASTRACT and the Yeast Promoter Atlas [241,297]. The potential role of
the identified transcription factors in cell cycle progression was assigned from the collected literature.

Gene TF Number of BS | TF activity peak during the cell cycle
SUR2 MBP1 2 G1 to S transition [298]

LAC1 SWi4 4 Late G1 [299]

AUR1 GTS1/ABF1 [ 5and 1 Metabolic oscillations [300]

Both databases contain experimentally verified TFBS in Saccharomyces cerevisiae, and the
analysis showed that the cell-cycle-regulated transcription factors (TF), MBP1 and SWI4,
recognise specific sequences in the promoters of SUR2 or LAC1 and also bind their target in vivo
[301-303].

None of the publicly available datasets indicated or predicted a binding site of a cell-cycle-
dependent TFs in the AUR1 promoter. As the main regulator of AUR1 expression GTS1 is
important for metabolic oscillations [300], the correlation between AUR1 expression and cell cycle
progression might thus just be an experimental artefact.

In accordance with other expression data [202,304], the tools did not predict an INO2/4, HAC1 or
RLM1 binding site in the LAC1 or AUR1 promoter, but YEASTRACT contained one physical
interaction between INO4 and the SUR2 promoter.

Together the high rank in Cyclebase.org and the confirmed TFBS in the SUR2 and LAC1
promoters strongly suggested that both are regulated by the cell cycle machinery to increase
ceramide production and satisfy the demand of ceramide-dependent processes during the cell
cycle, e.g. ER inheritance [165]. For AUR1, the lower rank and missing TFBSs indicated that it

might not be a direct target of cell cycle control and that the co-expression of AUR1 with the other
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two enzymes (see subchapter 4.5) might correspond to environmental conditions that increase

IPC demand but not cell cycle progression.

4.7 SUR2 deficiency perturbed the trafficking of GAP1 in minimal SC medium

As cells divided faster in peptone-supplemented medium, the stipulated role of sphingosine
hydroxylation during cell division might explain higher SUR2 expression in peptone-supplemented
SC medium but cannot explain the stronger growth defect of SUR2-deficient cells in minimal SC
medium (see figure 4.3). This defect possibly resulted from an additional role of sphingosine
hydroxylation in nutrient-poor environments. Lower nitrogen consumption and mis-trafficking of
membrane proteins have already been reported previously for SUR2-deficient cells [305,306],
and mis-trafficking of amino acid transporters could specifically lower amino acid import and
growth rate in minimal SC medium.

GAP1 (general amino acid permease 1), for example, is first synthesized and folded at the ER
membrane. Without perturbations, it is then transported over the Golgi apparatus and the
endosome to the vacuole. If the external conditions require a greater presence of amino acid
transporters on the cell membrane, GAP1 is recruited from the vacuole to the plasma membrane
to increase amino acid import [307]. Vacuolar localisation therefore indicates a functional folding
and trafficking of GAP1 and probably other transmembrane proteins that are processed similarly
[117].

As the localisation of similar GFP-tagged proteins has already been used to investigate protein
folding and trafficking [306,308], the localisation of GAP1-GFP was subsequently evaluated in
wild-type or SUR2-deficient yeast cells from amino-acid-rich (YPD medium) or amino-acid-poor
(minimal SC medium) environments.

First, the genomic locus of GAP1 in wild-type and SUR2-deficient cells was C-terminally tagged
with a superfolder GFP variant [172], and the functional insertion confirmed with PCR and flow
cytometry (see material and methods, subsection 2.6 for DNA extraction, and 2.3 for PCR
verification). Colonies from both genotypes, FJ4741.GAP1GFP and FJ4741SUR2A.GAP1GFP,
were grown in selective medium (SD-Ura) overnight and diluted into minimal SC medium or YPD
medium. After 6 hours of exponential growth, the subcellular localisation of GFP in all samples

was visualised with epifluorescence microscopy (see figure 4.7).
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Figure 4.7: GAP1 localisation in wild-type and SUR2-deficient cells in different environments.

The phase contrast (PHC) and GFP fluorescence (GAP1-GFP) of wild-type (FJ4741.GAP1GFP, WT) or SUR2-deficient
(FJ4741SUR2A.GAP1GFP, SUR2A) cells that express an endogenously GFP-tagged GAP1 protein during exponential
growth in YPD or SC medium. (Pictures are representative cells for each condition that were observed in three different

biological replicates, white bars correspond to 5 pm).

In most wild-type cells from both media, GFP localised exclusively to a circle in the centre of the
cell. In SUR2-deficient cells, GFP fluorescence localised to a circle in YPD medium, but was much
weaker and accumulated at the cell cortex below the plasma membrane of occasional yeast cells
in minimal SC medium.

The GFP localisation in wild-type cells was consistent with trafficking to the vacuole and
suggested correct folding and trafficking of GAP1 in peptone-rich and minimal medium. For

SUR2-deficient cells, wild-type-like GFP localisation and correct trafficking was only observed in
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YPD medium, while the low and cortical GFP fluorescence in minimal medium indicated a
perturbed folding or trafficking in this genotype-environment combination.

A genome-wide screen already identified a perturbed trafficking along the secretory pathway in
yeast mutants with deficiencies in sphingolipid metabolism, which was attributed to a non-
functional Golgi sorting in these mutants [306]. Accordingly, the cortical stripes could match to the
trans-Golgi compartment, where GAP1-GFP might be stuck due to a perturbed sphingolipid
metabolism.

If this improper trafficking and localisation also extended to other membrane transporters, it would
lower the import of growth-limiting amino acids and decrease the growth rate of SUR2-deficient
cells in minimal medium (see figure 4.3).

In YPD medium, the wild-type-like localisation of GAP1 suggested that sphingosine hydroxylation
is less important for trafficking in amino acid-rich environments. Because the rate of sphingosine
synthesis also depends on serine concentration [309], peptone supplementation, which probably
increases the serine concentration, might accelerate ceramide production via higher sphingosine
levels independent of sphingosine hydroxylation. Restored transporter trafficking and higher
external amino acid concentration together might improve amino acid import and reduce the

growth deficit of SUR2-deficient cells in peptone-supplemented medium.

4.8 SUR2 deficiency increased PKC activation and transcription of cell wall

proteins at an increased growth temperature

Mis-trafficking of membrane proteins and lower IPC synthesis are two ways in which SUR2-
deficiency and reduced IPC synthesis could perturb cell wall integrity (CWI) under normal and
stress conditions [55,310]. The dynamic reporter for the activity of RLM1, a PKC-dependent
transcription factor for cell wall proteins that is activated by cell wall perturbations (see chapter 1
and 3) [311], was subsequently used to assess the impact of sphingosine hydroxylation on cell
wall integrity in minimal medium and at elevated growth temperatures, i.e. 39 °C.

Saturated overnight cultures of reporter-carrying wild-type and SUR2-deficient cells, FJ4741.8
and FJ4741SUR2A.8, were diluted in minimal SC medium and grown exponentially at 30 °C for
6 hours. The cultures were then diluted and incubated at 39 °C. Before and 45, 120 or 180 minutes
after the transfer to the higher growth temperature the reporter fluorescence in both strains was

determined with flow cytometry and analysed with FlowJo (see figure 4.8).
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Figure 4.8: RLM1 activity in wild-type and SUR2-deficient cells at normal and elevated growth temperatures
Reporter fluorescence of wild-type and SUR2-deficient cells with the RLM1-reporter construct (BY4741.8, wt and
BY4741SUR2A.8, SUR2A) before (0 min) and 45, 120 and 180 minutes after a temperature change from 30 °C to 39
°C was determined with flow cytometry and analysed with FlowJo (n=3, and the error bars represent the standard
deviation between the different biological replicates, double asterisk indicate a significant difference with p<0.05 in an
unpaired t-test, single asterisk indicate a significant different with p<0.05 in a paired t-test.)

When compared to the reporter fluorescence at 30 °C, the higher growth temperature increased
the fluorescence of the RLM1-activity reporter in wild-type cells by 150% to 200% in the first three
hours after the temperature shift. In SUR2-deficient cells, the reporter fluorescence was slightly
higher than that of wild-type cells at normal growth temperatures (~25%) but increased to much
higher levels during the incubation at 39 °C (400-500%).

These results indicated that RLM1 activity and cell wall synthesis of SUR2-deficient cells is slightly
elevated at 30°C but strongly increased at higher growth temperatures, where it probably
compensates existing CWI deficiencies. This result further suggested that SUR2 is less important
for cell wall integrity at normal growth temperatures but supported CWI at higher temperatures,
when an increased secretion of cell wall proteins, a higher IPC production and heat shock
signalling possibly depend on sphingosine hydroxylation for faster ceramide synthesis [312,313].
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4.9 HAC1 activity in SUR2-deficient cell remained constant after tunicamycin
treatment but increased after ER disruption by DTT

After cell growth and cell wall integrity, the disturbed trafficking and perturbed SL biosynthesis in
SUR2-deficient cells might also affect ER homeostasis. The fluorescence of the dynamic HAC1-
activity reporter, which indicates UPR activation after ER stress, was subsequently compared
between wild-type and SUR2-deficient cells under normal or ER-perturbing conditions to assess
the importance of sphingosine hydroxylation for ER homeostasis under normal and challenging
conditions.

Overnight cultures from wild-type or SUR2-deficient cells with the HAC1 reporter were diluted in
minimal SC medium and exponentially grown for 6 hours. To induce ER stress, the cultures were
collected, resuspended and incubated in minimal SC medium with three different chemicals:
DMSO as solvent control, 1 pg/ml tunicamycin or 2 mM DTT. After one and three hours, the
cellular reporter fluorescence of each sample was determined with flow cytometry and analysed

with FlowJo (see figure 4.9).
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Figure 4.9: HAC1 activity of wild-type and SUR2-deficient cells in normal and ER stress environments
Reporter fluorescence of wild-type and SUR2-deficient cells with the HAC1 reporter construct (FJ4741.1, wt and
FJ4741SUR2A, SUR2A) was determined at different timepoints, i.e. one and three hours, after transfer from minimal
SC medium into minimal SC medium (SC) with DMSO, minimal SC medium with 2 mM DTT (DTT) or minimal SC
medium with 1 pg/ml tunicamycin (TM) with flow cytometry and analysed with FlowJo (n=3, and error bars indicate the
standard deviation between the biological replicates, y-axis in log scale with basis 4, e.g. 1*5, 4*5 and 16*5).

In the DTT-treated samples of both genotypes, the reporter fluorescence after one hour was
already higher than in the solvent control, but the effect was stronger in wild-type than in SUR2-

deficient cells. Two additional hours further increased reporter fluorescence in cells from both
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genotypes. The tunicamycin treatment slightly increased the reporter fluorescence of wild-type
cells after one hour and stronger after 3 hours but did not change the reporter fluorescence of the
SUR2-deficient cells.

The low reporter fluorescence of both cell types in unperturbed medium indicated a low HAC1
activity and suggested that SUR2 is not required for ER homeostasis in minimal medium. The
increased reporter fluorescence in DTT-treated cells indicated a strong UPR activation and
suggested (A) that protein unfolding after changes in redox environment disrupted ER
homeostasis independent of sphingosine hydroxylation and (B) that sphingosine hydroxylation is
not required for UPR activation.

After tunicamycin treatment, the low reporter fluorescence in SUR2-deficient cells and the slower
fluorescence increase in wild-type cells indicated no and a delayed UPR activation, respectively.
The delayed UPR induction and ER disruption in wild-type cells possibly resulted from a slow
accumulation of glycoproteins after tunicamycin treatment [314]. In SUR2-deficient cells, low UPR
activity correlated with slow growth in minimal SC medium (see subchapter 4.3) and suggested
that the effect of tunicamycin depended on sphingosine hydroxylation or the growth rate. As
tunicamycin resistance is generally enriched in slow-growing yeast mutants [315], the ER
disruption by tunicamycin might depend on the growth rate rather than on SUR2 specifically.
Overall, from the collected results emerged that SUR2 knock-out reduced IPC synthesis,
decelerated growth, caused mis-trafficking and reduced cell wall integrity in minimal SC medium
similarly to inositol starvation but had no effect on ER homeostasis [32,51]. For amino-acid-rich
medium, the results suggested that sphingosine hydroxylation might be less important for growth

but is still upregulated to support the increased ceramide demand during cytokinesis [316].

4.10 HAC1 activation succeeded INO2/4 activation during inositol starvation

In contrast to the positive effect of SUR2 knock-out and slow growth on ER homeostasis after
tunicamycin treatment, the inositol auxotrophy of UPR-deficient mutants (see subchapter 4.3)
already suggested that ER perturbation and induction of UPR target genes are a critical step in
the adaptation to inositol starvation. A lower inositol concentration is not known to directly activate
IRE1, and subsequent changes such as a lower AUR1 activity possibly disturb ER homeostasis
and induce the UPR after inositol depletion. To better classify the mechanism of UPR activation,
the novel reporter proteins were used to compare dynamics of HAC1 activation to that of INO2/4
activation, which directly depends on phosphatidic acid (PA) accumulation [128], after inositol

depletion.
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To assess transcriptional dynamics, two wild-type strains with different reporter constructs, i.e.
one for HAC1 (FJ4741.1) and one for INO2/4 activity (FJ4741.4), were first grown in minimal SC
medium. After 6 hours of exponential growth, the cultures were collected, washed and
resuspended in fresh minimal SC medium without inositol. Immediately before the medium
change and at different timepoints during the adaptation (i.e. 1 hour, 2 hours and 3.5 hours), the
reporter fluorescence of cells from each sample was determined with flow cytometry and analysed
with FlowdJo (see figure 4.10).
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Figure 4.10: HAC1 and INO2/4 activity during inositol starvation after minimal SC medium.
Reporter fluorescence of wild-type cells with the INO2/4 reporter (FJ4741.4, white bars) or HAC1 reporter (FJ4741.1,
grey bars) before and at three timepoints during inositol starvation was measured with flow cytometry and analysed

with FlowJo (n=3, asterisk indicates significant differences between the fluorescence in a unpaired t-test with p<0.05).

The reporter fluorescence of both reporters increased strongly after 3.5 hours of inositol
starvation. The INO2/4 reporter fluorescence already increased significantly during the first hour
of the treatment, but HAC1 reporter fluorescence did not change during the first hour of the
treatment and only increased 2 hours after inositol depletion.

The strong fluorescence of both reporters at later timepoints indicated a high activity of HAC1 and

INO2/4 during inositol starvation and suggested that INO2/4 and HAC1 targets are equally
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induced after the adaptation to inositol-free environments. The fast increase in INO2/4 reporter
fluorescence further proposed that PA accumulation rapidly released INO2/4 from OPI1 inhibition
after inositol depletion [129,181]. The time delay between the onsets of both reporters additionally
suggested that UPR induction and ER stress either required a higher PA concentration than
INO2/4 or did not directly result from PA accumulation.

A negative genetic interaction of the PA synthesizing enzyme DGK1 with HAC1 and IRE1 also
suggested that low rather than high PA concentrations disturb ER homeostasis and supported
the notion that other changes of phospholipid or sphingolipid metabolism possibly perturbed ER

homeostasis during inositol starvation [317].

4.11 AUR1 inhibition perturbed ER homeostasis but ceramide accumulation

was not required for UPR activation during inositol starvation

The previous results suggested that even though SUR2 knock-out and inositol depletion lowered
IPC synthesis, only inositol starvation perturbed ER homeostasis and triggered UPR activation
and that inositol-starvation-specific PA accumulation does not induce ER stress. Therefore,
ceramide, i.e. the metabolic intermediate between sphingosine hydroxylation and the inositol-
consuming step of SL-biosynthesis, might accumulate and perturb ER homeostasis after inositol
starvation or AUR1 inhibition but not in SUR2-deficient cells.

If ER disruption and UPR activation depends on ceramide accumulation, ceramide synthesis
inhibition could prevent it. To test this hypothesis, the UPR activity of wild-type cells with a
decreased AUR1 activity, i.e. after Aureobasidin A (AbaA) treatment or during inositol starvation,
and with or without the inhibition of ceramide synthesis by Fumonisin B1 (FB1) was assessed
with the HAC1 reporter construct [82].

Exponential growing wild-type cells with the HAC1 reporter (FJ4741.1) were collected from
minimal SC medium and transferred to five different media: minimal SC medium with or without
Fumonisin B1 (+ino con and +ino FB1), inositol-free medium with or without 150 nm FB1 (-ino
con and -ino FB1) and minimal SC medium with 2 yM AbaA. After three hours, the cellular reporter
fluorescence of all samples was determined with flow cytometry and analysed with FlowJo. (Due
to the high toxicity and cost of FB1 this experiment could not be conducted in biological replicates)

(see figure 4.11).
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Figure 4.11: HAC1 activity and the assumed SL ceramide levels in wild-type cells during inositol starvation
without ceramide biosynthesis or during total AUR1 inhibition

Median reporter fluorescence of wild-type cells with the HAC1 reporter (FJ4741.1) 3 hours after transfer to minimal
medium with inositol (+ino, con), minimal medium with inositol and 150 nm Fumonisin B1 (+ino, FB1), minimal medium
without inositol (-ino, con), minimal medium without inositol and FB1 (-ino, FB1) or minimal medium with 2 yM
Aureobasidin A (AbaA) was measured with flow cytometry and analysed with FlowJo (n=1, log scale with basis 4). The
upper two rows indicate the changes of the ceramide and IPC concentration that are stipulated by the action of the

different treatments, i.e. decrease (4), unchanged (=) and increase ().

The reporter fluorescence increased strongest after inositol starvation without FB1 but also
increased during the Aureobasidin A treatment or after inositol depletion with FB1 addition. FB1
alone only slightly increased the reporter fluorescence of wild-type cells.

The increased reporter fluorescence indicated an increased UPR activity in the three conditions
with lower AUR1 activity, i.e. AbaA, -ino con and -ino FB1, and suggested that AUR1 inhibition
alone is sufficient to disturb ER homeostasis, albeit not to the same extent as inositol starvation.
According to the hypothesis, the increased fluorescence in the FB1-treated cells during inositol
starvation further suggested that ceramide accumulation is not required for ER disruption. The
high toxicity of FB1 might prevent continuous protein synthesis and explain the difference
between the reporter fluorescence during inositol starvation with and without ceramide synthesis

inhibition.
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In previous experiments, ceramide degradation could not rescue the growth defect of IRE1-
deficient cells with a reduced IPC synthesis [276], and this also supported that ceramide has only
a minor effect on the ER homeostasis during conditions with low IPC production.

Overall, neither ceramide accumulation nor PA accumulation is probably responsible for ER

stress and UPR activation after inositol starvation.

4.12 INO2/4 activation after inositol starvation was independent of UPR

activation

INO2/4-deficient and UPR-deficient cells are both inositol auxotrophs, but while INO2/4 induces
the essential INO1 expression and inositol production [318], the benefit from classical UPR target
genes, i.e. chaperones, during inositol starvation is less obvious. UPR-dependent INO2/4 activity
could explain the inositol auxotrophy of UPR-deficient strains (see figure 4.3), but the rapid INO2/4
activity and slow UPR induction after inositol depletion rather suggested that INO2/4 activation is
independent of UPR activation. To directly test the UPR dependence of INO2/4 activation, the
INO2/4 induction of UPR-deficient cells after inositol depletion was determined with the INO2/4
reporter.

HAC1- (BY4741HAC1A) and IRE1-deficient (BY4741IRE1A) cells were transformed with the
INO2/4 reporter construct and successful insertions selected on histidine-free medium. For
inositol depletion, overnight cultures with reporter-containing wild-type (FJ4741.4) or UPR-
deficient (FJ4741HAC1A.4 and FJ4741I1RE1A.4) cells were diluted in minimal SC medium and
collected after 6 hours of exponential growth. The cells were then washed and cultured in inositol-
free medium. The cellular reporter fluorescence immediately after the medium change and at
different timepoints during the adaptation was measured with flow cytometry and analysed with

FlowdJo (see figure 4.12)
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Figure 4.12: INO2/4 activity of UPR-deficient cells during inositol starvation

Median fluorescence of wild-type (wt), HAC1- (HAC1A) and IRE1-deficient (IRE1A) cells with the INO2/4-activity
reporter at different timepoints during inositol starvation was determined with flow cytometry and analysed with FlowJo
(n=3, error bars indicate the standard deviation between the biological replicates and asterisks indicate statistically

significant differences between different strains or conditions, y-axis in log scale with basis 10).

INO2/4 reporter fluorescence of the HAC1-deficient cells only increased slightly during inositol
starvation, but the reporter fluorescence of IRE1-deficient cells increased strongly and with
dynamics similar to wild-type cells during the first 3.5 hours of the treatment.

For IRE1-deficient cells, the increased reporter fluorescence indicated an increased INO2/4
activity and suggested that INO2/4 activity and INO1 expression after inositol starvation are
independent of UPR activation.

The different fluorescence of IRE1-deficient cells and wild-type cells at later timepoints agreed
with reported differences of the INO1 mRNA level [319], and could result from a UPR-dependent,
long-term activity of INO2/4 or the increased fraction of dead cells in the inositol-auxotroph
mutant. Previous experiments already indicated a lower PA concentration in HAC1-deficient cells
[181], and this difference might explain the low INO2/4 activity of HAC1-deficient cells after inositol

starvation.
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4.13 UPR activation was necessary for RLM1 induction after inositol removal
from minimal SC medium

The previous experiments could neither determine the trigger for UPR activation nor explain
auxotrophy of UPR-deficient cells in inositol-free medium. Previous work already indicated a
perturbed CWI and PKC activation during inositol starvation, which possibly resulted from lower
sphingolipid biosynthesis [55]. Accordingly, UPR activation could either be required to maintain
ER homeostasis after PKC activation or actually reduce sphingolipid production via ORM1/2
expression and trigger PKC activation [156]. The UPR should then either precede or succeed
PKC activation, and UPR-deficient strains should either have a disturbed CWI and strong PKC
signaling or a lower PKC activation during inositol starvation.

The PKC dynamics in wild-type and UPR-deficient cells during inositol starvation were
subsequently investigated to distinguish between these two possible roles of UPR activation and
maybe understand the inositol auxotrophy of UPR-deficient cells. Wild-type and UPR-deficient
yeast cells with the RLM1 reporter (FJ4741.8, FJ4741IRE1A.8 and FJ4741.HAC1A.8) were
collected during exponential growth in minimal SC medium and resuspended in inositol-free or
inositol-containing SC medium. The reporter fluorescence three and five hours after the medium
change was determined with flow cytometry. As a positive control for reporter fluorescence and
PKC activation, cells from all genotypes were also incubated for 3 hrs at 39 °C, and their

fluorescence measured with flow cytometry (see figure 4.13).
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Figure 4.13: RLM1 activity in UPR-deficient cells after inositol starvation or temperature elevation.

Reporter fluorescence of wild-type (wt), HAC1- (HAC1A) or IRE1-deficient (IRE1A) cells with the RLM1 reporter
construct (FJ4741.8, FJ4741HAC1A.8 or FJ4741IRE1A.8) at different timepoints after inositol starvation at 30 °C, i.e.
3 and 5 hours (SC-ino), or 3 hours after temperature elevation to 39 °C (SC 39 °C) was determined with flow cytometry
and analysed with FlowJo (n=3, error bars represent the standard deviation between the biological replicates, asterisk
on a line indicate significant differences between two samples p<0.05 and asterisk in a bar indicate significant difference

between a sample and the SC control, log scale with basis 5).

In wild-type cells, the reporter fluorescence increased three hours after the transfer to higher
growth temperatures but only after 5 hours in inositol-free medium at 30 °C. The reporter
fluorescence of both UPR-deficient strains similarly increased after 3 hours at 39 °C but did not
change significantly after 5 hours in inositol-free medium at 30 °C.

In wild-type cells, the delayed reporter fluorescence during inositol starvation indicated late RLM1
activation and suggested that cell wall perturbation succeeded INO2/4 and UPR induction after
inositol depletion (see figure 4.10). For UPR-deficient cells, the increased reporter fluorescence
at normal and higher growth temperatures indicated a functional PKC pathway and stronger
RLM1 activity than in wild-type cells. In line with previous reports [24], this result suggested that
ER homeostasis and UPR activation support CWI during normal and stress conditions.
However, the late PKC activation in wild-type or missing one in UPR-deficient cells implied that
the UPR possibly decreases SL biosynthesis and contributes to PKC activation but is not only

induced after PKC activation to maintain ER homeostasis.
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4.14 NBD fluorescence increased after AUR1 inhibition or during inositol
starvation independent of UPR activation

The missing RLM1 activation in UPR-deficient cells (see figure 4.13) is in line with the role of
some UPR target genes, e.g. ORM2, in sphingolipid metabolism and cell wall integrity [135,304].
To better evaluate the role of UPR activation in sphingolipid metabolism during inositol starvation,
| decided to determine the impact of UPR activation on the rise of NBD fluorescence during inositol
starvation, which indicates changes in lipid metabolism and possibly responds to a lower IPC
synthesis, with UPR-inducing conditions and inositol-starved UPR-deficient strains.
Exponentially growing, wild-type and UPR-deficient cells, i.e. BY4741, BY4741HAC1A and
BY4741IRE1A, were collected from minimal SC medium and stained with NBD-C6-ceramide.
Afterwards, the stained cells were cultured for three additional hours in four different media with
NBD-C6-ceramide supplementation: minimal SC medium, minimal SC medium without inositol,
minimal SC medium with 2 mM DTT and minimal SC medium with 2 yM Aureobasidin A. The
cellular NBD fluorescence was determined with flow cytometry and analysed with FlowJo (see
figure 4.14).
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Figure 4.14: Median NBD-ceramide fluorescence in UPR-deficient strains after inositol depletion.
Median NBD fluorescence of wild-type (wt), HAC1- (HAC1A) or IRE1-deficient (IRE1A) cells after NBD-C6-ceramide
staining and 3 hours in minimal SC medium (SC), minimal SC medium without inositol (-inositol), minimal SC medium

with 2 mM DTT or 2 uM Aureobasidin A (n=1, y-axis in log scale with basis 4).
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Like in the wild-type cells, the median NBD fluorescence of UPR-deficient cells was higher after
the growth in inositol-free and Aureobasidin A-supplemented medium than after minimal SC
medium or the DTT treatment.

Firstly, the lower NBD fluorescence of UPR-deficient cells probably indicated a generally
perturbed lipid metabolism and highlighted the importance of ER homeostasis for lipid metabolism
[46]. However, the increased NBD fluorescence of UPR-deficient cells after inositol starvation
indicated further lipid metabolism changes and suggested together with the stable fluorescence
in DTT-treated wild-type cells that UPR activation is neither required nor sufficient to trigger the
changes in lipid metabolism that increased NBD fluorescence.

Overall, from the presented results emerged that UPR activation is neither required for INO2/4
activation or to change NBD fluorescence but still necessary for cell wall perturbation and PKC

activation after inositol depletion.

4.15 Sphingosine hydroxylation or fast growth was required for UPR
activation after inositol depletion

The smaller relative increase in NBD fluorescence of slow-growing SUR2-deficient mutants after
inositol depletion from poor media (see subchapter 4.3) suggested that sphingosine hydroxylation
or fast growth might contribute to the effect of inositol starvation on lipid metabolism, and they
could also be important for other effects of inositol starvation such as the ER perturbation. The
HAC1 reporter and the two different media compositions that enabled slow or fast growth of
SUR2-deficient cells (see subchapter 4.3) were used to investigate the effect of SUR2 activity
and cell growth on ER homeostasis after inositol depletion or AUR1 inhibition.

Before the treatment, wild-type and SUR2-deficient yeast cells with the HAC1-reporter (FJ4741.1
and FJ4741SUR2A.1) were exponentially grown in minimal or peptone-supplemented SC
medium. Both cultures were then collected, washed and transferred to minimal SC medium with
inositol (SC), without inositol (SC-ino) or with 2 yM Aureobasidin A (AbaA). After three hours, the
cellular reporter fluorescence of all samples was determined with flow cytometry and analysed

with FlowJo (see figure 4.15).
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Figure 4.15: HAC1 activity of SUR2-deficient cells from minimal or peptone-supplemented SC medium during
inositol starvation or after Aureobasidin A treatment.

Reporter fluorescence of wild-type (wt) or SUR2-deficient (SUR2A) cells with the HAC1-reporter construct 3 hours after
transfer from minimal (preSC) or peptone-supplemented (preSC+AA) SC medium to minimal SC medium (SC), minimal
SC medium without inositol (SC-ino) or minimal SC medium with 2 yM Aureobasidin A (AbaA) was determined with
flow cytometry and analysed with FlowJo (n=3, error bars indicate the standard deviation between the different

biological replicates).

After preculture in minimal SC medium, the HAC1 reporter fluorescence of wild-type cells was
higher in inositol-free than inositol-containing medium, while the reporter fluorescence of slow-
growing SUR2-deficient cells remained low in inositol-free and inositol-containing medium (figure
4.15, preSC).

After preculture in peptone-supplemented SC medium (preSC+AA), the reporter fluorescence of
both cell types was much higher in inositol-free than in inositol-containing minimal medium.
Interestingly, the reporter fluorescence of SUR2-deficient cells from the peptone-supplemented
preculture in minimal SC medium with Aureobasidin A was much higher than the reporter
fluorescence of equally treated wild-type cells.

The strong increase in reporter fluorescence after AUR1 inhibition and inositol starvation in fast-
growing SUR2-deficient cells from peptone-supplemented medium indicated a strong UPR
activation and suggested that sphingosine hydroxylation is not required for ER stress in both
treatments. The low reporter fluorescence of slow-growing, SUR2-deficient cells from minimal SC
medium after inositol starvation indicated no UPR activation and suggested that fast growth

probably disrupted ER homeostasis in wild-type cells during inositol starvation.
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4.16 INO2/4 activation after inositol depletion required sphingosine

hydroxylation or fast growth

The non-disturbed ER homeostasis indicated an interesting phenotype of slow-growing cells in
inositol-free medium. At slow-growth, endogenous inositol production by INO1, for example, might
prevent inositol starvation, PA accumulation and make transcriptional changes after inositol
depletion superfluous. The INO2/4 reporter was subsequently used to evaluate the impact of slow
growth and SUR2 deficiency on PA accumulation and INO2/4 induction.

To this end, wild-type and SUR2-deficient INO2/4 reporter cells (FJ4741.4 and FJ4741SUR2A.4)
were pre-cultured in minimal or peptone-supplemented SC medium. After 6 hours, the
exponentially growing cells were collected and cultured in inositol-free medium. The reporter
fluorescence immediately and three hours after the medium change was determined with flow

cytometry and analysed with FlowJo (see figure 4.16).
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Figure 4.16: INO2/4 activity of SUR2 deficient strains from different preculture conditions during inositol

starvation.

Reporter fluorescence of wild-type or SUR2-deficient cells with the INO2/4 reporter construct immediately (0) or 165
minutes (165) after the transfer from minimal (preSC) or peptone-supplemented SC medium (preSC+AA) to inositol-
free medium was determined with flow cytometry and analysed with FlowJo (n=3, error bars represent the standard

deviation between the different biological replicates, y-axis in log scale with basis 5, e.g. 12, 5*2, 25*2 )

The reporter fluorescence of wild-type cells from both preculture conditions and SUR2-deficient
cells from the peptone-supplemented preculture increased during inositol starvation. Only the
fluorescence of SUR2-deficient cells from minimal SC medium remained low after inositol
depletion. The low reporter fluorescence of SUR2-deficient cells from minimal SC medium
indicated a low INO2/4 activity and suggested that endogenous inositol production is sufficient to

avoid PA accumulation in slow-growing, SUR2-deficient cells. The strong INO2/4 induction in
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SUR2-deficient cells after peptone-supplemented medium further suggested that fast growth not
SUR2 activity is required for inositol depletion, PA accumulation and ER disruption during inositol

starvation.

4.17 Discussion

In this chapter, the previously developed reporter constructs and genetic mutants were used to
investigate the physiological consequences of two sphingolipid metabolism perturbations, inositol
starvation and SUR2 deficiency. SUR2 knock-out is a genetic modification that removes an
optional enzymatic step of SL biosynthesis and is unlikely to occur in nature [320]. Inositol
starvation is a physiological state of Saccharomyces cerevisiae, which is triggered by the lack of
inositol in the environment and affects SL metabolism but also other cellular processes [23,202].
By comparing the phenotypes of these two perturbations, | aimed to better understand the role of
sphingolipids in different cellular processes and to assign the transcriptional changes during
inositol starvation to SL metabolism or independent processes.

Growth rate and NBD fluorescence were initially measured to gauge the impact of both
perturbations on overall cell physiology and lipid metabolism, respectively. For inositol starvation,
the small growth defect suggested that wild-type cells are well adapted to inositol-less conditions,
and the rise of NBD fluorescence most probably resulted from a reduced IPC synthesis that was
reported earlier [55]. However, the results from SUR2-deficient cells, i.e. higher NBD fluorescence
at steady-state and strong growth defect in medium without peptone supplementation, revealed
a peptone sensitivity and a lipid perturbation that could only be understood through further
experiments.

The GAP1 localisation in SUR2-deficient cells implied that the growth defect in minimal medium
probably resulted from a perturbed trafficking of membrane transporters that is re-established by
a faster sphingosine synthesis after peptone supplementation [309]. In addition to the increased
NBD fluorescence and the smaller rise after Aureobasidin A inhibition, the increased PKC
activation at elevated temperatures supported the hypothesis that sphingosine hydroxylation also
accelerates IPC synthesis through higher ceramide levels [280]. Additionally, the previously
reported increase in the MIPC to IPC ratio of SUR2-deficient mutants resembles the changes
after inositol starvation and could equally result from decreased IPC synthesis [55,320]. However,
conclusive results should be obtained with quantitative lipidomics of SUR2-deficient cells to reveal
the impact of sphingosine hydroxylation on lipid metabolism kinetics.

Increased RLM1 activity further suggested that SUR2 deficiency increased PKC activity and
probably aggravated the CWI perturbation at higher temperatures. The growth defect after SUR2
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knock-out in other cell wall perturbing conditions, e.g. high salt concentrations or caffeine
supplementation [315,321,322], supported the notion that sphingosine hydroxylation is already
required for cell wall integrity at normal temperatures. As other reports already highlighted the
role of later steps of IPC synthesis for cell wall integrity [55,276], cell wall perturbation can
probably be attributed to a lower IPC synthesis in SUR2 knock-out and inositol-starved cells.
The mis-trafficking of membrane proteins that was observed in SUR2-deficient cells agrees with
the mis-trafficking after other perturbations of SL biosynthesis. Together with the Aureobasidin A
sensitivity of cells with a perturbed protein secretion [270,276,306], it highlighted the close
interaction between protein secretion and SL biosynthesis.

Interestingly, similar trafficking defects were also reported for mutants with a perturbed ergosterol
metabolism [306]. Because perturbations of SL metabolism also affect ergosterol metabolism and
vice versa [85,323], it is currently impossible to attribute mis-trafficking to one of the two
processes. To address this question, it might help to test if external ergosterol and sphingolipid
supplementation can rescue the mis-trafficking phenotype after genetic perturbations of SL
metabolism, ergosterol metabolism or both.

However, based on the current knowledge, vesicle trafficking is less likely to depend on
sphingolipids, which reside in the outer leaflet of membranes, than on ergosterol, which increases
membrane rigidity and facilitates membrane fusion complex assembly [324-327]. Moreover,
ergosterol directly binds to several protein domains and could thereby recruit regulatory proteins
for vesicle transport [328,329].

In addition to the role of SL metabolism in protein secretion and cell wall integrity, the
transcriptional regulation of SUR2 and LAC1 suggested increased ceramide synthesis during the
budding process, where it is necessary to establish the diffusion barrier between the bud and the
mother cell [165]. Mature sphingolipids could further stabilise the plasma membrane of the
emerging bud [330]. Such an IPC-dependent process could also cause the elongated G2 phase
of inositol-starved cells [331].

The main difference between inositol starvation and SUR2 knock-out was their effect on UPR
activation and ER homeostasis. While SUR2 deficiency and slower growth seemed to promote
ER homeostasis after tunicamycin treatment, the presented results indicated that inositol
starvation disturbed ER homeostasis and activated the UPR probably independent of ceramide
accumulation and other SL-independent rearrangements of lipid metabolism. Interestingly, the
ratio between two major phospholipids, i.e. phosphatidylcholine (PC) and phosphatidyl-
ethanolamine (PE) increases during inositol starvation [181], and their balance is critical for ER

homeostasis [46]. Moreover, genetic modifications, such as overexpression of a PC-degrading

116


https://paperpile.com/c/5UGRXr/ATgXF+Zk0yR+FGDKZ
https://paperpile.com/c/5UGRXr/FMVCp+QuPQY
https://paperpile.com/c/5UGRXr/EGDKi+FMVCp+PQY90
https://paperpile.com/c/5UGRXr/PQY90
https://paperpile.com/c/5UGRXr/Sitc+37y6x
https://paperpile.com/c/5UGRXr/DCRyR+0gFt4+QTlHt+bnCyn
https://paperpile.com/c/5UGRXr/dsoxE+sKVf1
https://paperpile.com/c/5UGRXr/cKziO
https://paperpile.com/c/5UGRXr/jauSx
https://paperpile.com/c/5UGRXr/GAaSl
https://paperpile.com/c/5UGRXr/uCMa6
https://paperpile.com/c/5UGRXr/2313h

enzyme or knock-out of the choline kinase, which lower the PC concentration, rescue the inositol
auxotrophy of UPR-deficient strains [181,185]. Accordingly, this change of PL metabolism is more
likely than ceramide accumulation to disrupt ER homeostasis and necessitate UPR activation
after inositol removal. As the relative amount of PC is even higher in UPR-deficient strains [181],
lipid enzymes among the HAC1 targets possibly limit PC accumulation or increase PE synthesis
after the transmembrane domain of IRE1 detected the changed ratio [156,179,332,333].

While conventional reporters for INO2/4, HAC1 and RLM1 activity could also show that lower SL
biosynthesis primarily perturbs CWI during inositol starvation [55], the dynamic reporters allowed
to assess the temporal sequence of events after inositol starvation. The results suggested that a
UPR-independent INO2/4 activation was probably triggered by PA accumulation rapidly after
inositol removal, while ER disruption, UPR activation and increased NBD fluorescence depended
on a slower change in the lipid metabolism. According to the results, the perturbation of cell wall
integrity and RLM1 activation were even later steps in the adaptation process [51].

However, this temporal sequence is no indicator for the causal connections, which are necessary
to understand the interaction between the three signaling pathways during the adaptation to
inositol starvation. Interestingly, OPI1-deficient cells like inositol-starved wild-type cells have a
permanently increased INO2/4 activity and activated UPR [196,334]. INO2/4 activation might thus
trigger changes in lipid metabolism, e.g. increase the PC to PE ratio via OPI3 and CHO2
expression [202], that then perturb ER homeostasis and causally connect the immediate effects
of inositol depletion, i.e. PA accumulation, to the later changes.

As PKC activation during inositol starvation most probably resulted from decreased SL
biosynthesis, the missing RLM1 activation of UPR-deficient strains highlighted a connection
between mid-term UPR activation and long-term CWI disruption that might rely on ORM1/2
expression. However, the classical PKC targets are not triggered during a normal UPR response
[304], and it is thus very unlikely that UPR activation and ORM production can sufficiently lower
SL biosynthesis to perturb CWI and trigger PKC activation independent of inositol depletion.
Accordingly, increased NBD fluorescence of UPR-deficient strains and constant NBD
fluorescence of wild-type cells after ER disruption also argued against a dominant role of UPR
activation in sphingolipid metabolism. As PKC activation, which probably indicated CWI
perturbation, was only observed several hours after inositol depletion, continuous cell growth and
cell division, which are enabled by UPR activation, might actually perturbed cell wall integrity.
After all, the work in this chapter has shown that the transcriptional adaptation after inositol
depletion is not switch-like but rather a sequence of events, which is determined by causal

connections between the signaling pathways that are only partially understood (see figure 4.17).
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Figure 4.17: The temporal order and the causal connection between the metabolic changes and signaling
events after inositol depletion.

Solid arrows indicate experimentally verified causal connections. Dashed arrows indicate new causal connection that
were proposed after a comparison of the results of this chapter with the collected literature, and the italic gene names
indicate possible actors for these connection. The numbers indicate the temporal sequence that was determined in this
project. (PA: phosphatidic acid, PC: phosphorylcholine, PE: phosphorylethanolamine, IPC: inositol
phosphorylceramide)

The missing HAC1 activity and INO2/4 activity in slow-growing SUR2-deficient cells further
indicated that fast growth actually triggered transcriptional adaptation and agree with the
hypothesis that inositol-less death of inositol-auxotrophic strains results from an imbalance

between macromolecule synthesis and membrane synthesis [335].
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5 Population heterogeneity and adaptation to gradual ER stress

5.1 Introduction

Adaptation is the basic mechanism that enables organisms to thrive in a changing environment.
After sensing an environmental change, S. cerevisiae mainly uses transcriptional but also post-
transcriptional regulation to adjust its metabolism to the demands of the new environment
[243,336]. Qualitatively different stresses are detected by specific sensors and trigger different
transcriptional responses. However, it is less clear how quantitatively-different stresses are
distinguished and how cells respond to them.

The unfolded protein response (UPR) is a highly conserved adaptation mechanism that enables
cells to maintain ER homeostasis in the face of increased protein secretion or impeded protein
folding through an increased production of ER-resident chaperones and other compensative
measures [156,180]. An initially proposed feedback loop involved the linear sensing of unfolded
proteins and allowed the cell to respond adequately to quantitatively different perturbations.
However, this model is hard to reconcile with the switch-like activation mechanism of the sensory
protein, IRE1, that has been reported more recently [50,149,150,337].

To overcome this problem and understand the mechanism that enables cells to deal with different
levels of ER stress, researchers have focused on the molecular interaction between IRE1 and
other proteins or signaling pathways. This approach has revealed a direct interaction between
IRE1 and ER chaperones, which can explain the temporal decline of UPR activity after the initial
activation, or cross-talk with other signaling pathways, which enables very strong UPR activation
in the presence of multiple environmental stresses [154,338—-340]. However, these additional
components and interactions complicated the simple and elegant model of adaptation and are
probably not conserved alongside the UPR in other organisms.

Nevertheless, an alternative mechanism could enable yeast populations to deal with different
levels of ER stress despite a simple switch-like UPR activation: temporal heterogeneity. Instead
of keeping the same intermediate UPR level for their entire life, cells could activate the full UPR
during a limited time and benefit from the increased ER capacity afterwards [31,341]. It is unlikely
that all cells respond with the same UPR activity pattern, and asynchronous expression dynamics
in single cells probably lead to a heterogeneous UPR activation in the overall population at a given
time [342].

Even though temporal heterogeneity is a tempting theory that could apply to different adaptation
mechanisms and other organisms, it also presupposes more complex organisms, which do not

maintain a single steady state throughout their life but proceed through different states over time
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[343]. Such multiple states are established during cell cycle progression of S. cerevisiae, but the
experimental evidence for temporal differences in UPR activation are sparse [194,195,293].
Similar to temporal heterogeneity, permanent differences between individual cells in the
population, i.e. cellular heterogeneity, could also result in an intermediate average UPR activity
but seem less likely in autonomous, unicellular organisms such as budding yeast.

Previous studies focused on strong ER stress or population-wide responses and might have
overlooked the differences between individual cells at low ER stress [43]. In this study, the internal
and external conditions that set the ER stress level were first explored, before an actively
degraded reporter protein was used to investigate the molecular basis of the transient differences
in the transcriptional response of single cells during the adaptation. Finally, a quantitative model
was developed to simulate the impact of the observed changes on the permanent characteristics

of the adapted population.

5.2 ER stress from tunicamycin correlated with its concentration and did not
require UPR activation at the IC50 value of the affected biochemical reaction

ER stress and UPR activation can be achieved with different experimental protocols, e.g. protein
overexpression, inositol starvation or chemical treatment. In contrast to binary stresses like
inositol starvation, the degree of chemically-induced ER stress, i.e. via tunicamycin and DTT, can
be adjusted through the concentration [43]. However, most previous investigations still used
saturating chemical concentrations to achieve a complete and fast UPR activation, and the scaling
between concentration and ER stress for different chemicals remained unknown.

Tunicamycin inhibits a certain step of protein glycosylation, i.e. the transfer of glucose-N-acetyl
phosphate to the carrier lipid dolichol phosphate, which is catalysed by ALG7 in S. cerevisiae
[314]. As the IC50 value of the pig homologue of ALG7 is around 100 ng/ml of tunicamycin [113],
concentrations around and above this value might lead to different degrees of ALG7 inhibition
and induce quantitatively different levels of ER stress. Quantitatively different ER perturbations
should then differ in the growth inhibition of wild-type cells and might also differ in their ability to
prevent the growth of UPR-deficient cells.

To quantify the scaling between tunicamycin concentration and ER stress, the growth rates of
wild-type and UPR-deficient cells at different tunicamycin concentrations above the biochemical
IC50 value (100 ng/ml) were determined.

Exponentially growing wild-type (BY4741) and HAC1-deficient (BY4741HAC1A) cells from YPD
medium were diluted into 96-well microtiter plates with YPD medium and different concentrations
of tunicamycin (100, 200, 500 and 1000 ng/ml) or dimethyl sulfoxide (DMSO, solvent control).
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Every 5 minutes during a 30-hour incubation, the OD600 of every well was measured and the
growth curve used to calculate the exponential growth rate of each culture (see materials and
methods, section 2.11 for details). The relative growth rate of each strain at every tunicamycin
concentration was then defined as the ratio between the growth rate in YPD medium with

tunicamycin supplementation and the growth rate in YPD medium with DMSO (see figure 5.1).
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Figure 5.1: Growth rate of wild-type and UPR-deficient yeast strains in YPD medium with different tunicamycin
concentrations.

Exponential growth rate of wild-type (BY4741, wt: white bars) and HAC1-deficient (BY4741HAC1A, HAC1A: black bars)
cells in different tunicamycin concentrations was determined from the OD600 curves of a 30-hour incubation in a 96-
well microtiter plate. The relative growth rate for each genotype was subsequently calculated as the ratio between its
growth rate at a certain tunicamycin concentration and its growth rate in YPD medium with DMSO (solvent control).
HAC1-deficient cells failed to grow above 100 ng/ml tunicamycin and their relative growth was therefore not determined.
(n=3, and the error bars indicate the standard deviation between the biological replicates; asterisks indicate significant

differences p<0.05 with student's t-test).

Wild-type and HAC1-deficient cells were able to grow at 100 ng/ml tunicamycin, but with very
different relative growth rates: 100 ng/ml tunicamycin reduced the growth rate of wild-type cells
by 20% and that of HAC1-deficient cells by 55% when compared to their growth rate in YPD
medium. Higher tunicamycin concentrations further reduced the growth rate of wild-type cells and

prevented the exponential growth of HAC1-deficient cells (see figure 5.1).
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The stronger effect of tunicamycin on the HAC1-deficient cells suggested that all tunicamycin
concentrations primarily induced ER stress. The different growth rates of the wild-type cells thus
indicated different ER stress levels that scaled with the tunicamycin concentration from 100 to
1000 ng/ml.

5.3 High tunicamycin concentrations triggered uniform UPR activation and
reduced ribosome expression, but low tunicamycin concentrations only

triggered heterogeneous UPR activation

The slow growth of UPR-deficient cells at 100 ng/ml tunicamycin suggested that UPR activation
is not essential but still beneficial at this level of ER stress. The HAC1-activity reporter and the
control reporter, i.e. a similarly constructed reporter with a promoter from a ribosomal gene
(RPL19A) that is strongly expressed and not directly regulated by UPR, were subsequently used
to assess the transcriptional response of wild-type cells at different tunicamycin concentrations
(see chapter 3.4).

Exponentially growing wild-type cells with the HAC1-activity reporter (FJ4741.1) or the control
reporter (FJ4741.25) in YPD medium were diluted and split into fresh YPD medium with DMSO
(organic solvent control) or different tunicamycin concentrations (100, 200 and 400 ng/ml). After
2.5 hours, the cellular reporter fluorescence of both strains was measured at each tunicamycin
concentration using flow cytometry, and the distribution of the reporter fluorescence was then

analysed using FlowJo (see figure 5.2).

122



DMSO 1 TM100
> 7] BHAC1 reporter > ] BHAC1 reparter
g g &
[V @
_D {(v\ | ‘D h |
c / c !
e, he]
bt - b
S [ 5
= \ =
Q Q
o] o]
Q. [ =
I
2 T T T T T ¥
0 1 2 3 0 1 2 3
10 10 0 10 o 10 10 10
Reporter fluorescence (AU) Reporter fluorescence (AU)
TM200 1 TM400
1 BHAC reporter BHACT reparter
4?-" i
g i -?:_‘
(5 2
< ©
=) ©
e c
5 S
3 ©
o 7 8 o
o [s]
o

0 1 2 3
0 0 a
[s] 0 10 10 10

Reporter fluorescence (AU)

Reporter fluorescence (AU)

Figure 5.2: The reporter fluorescence distribution of HAC1-activity and control reporter cells at different
tunicamycin concentrations.

The reporter fluorescence of wild-type cells with the HAC1-activity reporter (FJ4741.1, red) or the control reporter
(FJ4741.25, grey) after a 2.5-hour incubation in YPD with DMSO or different tunicamycin concentrations, i.e. 100
(TM100), 200 (TM200) or 400 (TM400) ng/ml, was measured with flow cytometry and analysed with FlowJo (for the
HAC1 reporter a representative replicate was selected n=3, and n=1 for the control reporter, x-axis in log scale with
basis 10).

In YPD medium without tunicamycin, the single-cell fluorescence of both reporters covered a wide
range (2 - 100 AU for the HAC1-activity reporter and 3 - 1000 AU for the control reporter) and can
best be described by a lognormal distribution with different medians or modes and standard
deviations [344,345]. The addition of tunicamycin gradually increased overall fluorescence of the
HAC1-activity reporter, and the two higher tunicamycin concentrations, 200 and 400 ng/ml, also
decreased overall fluorescence of the presumably constitutive control reporter.

Since the control reporter contained the promoter of a ribosomal protein (RPL19A), whose
downregulation after ER stress was observed in genome-wide studies alongside other ribosomal
proteins [304], the fluorescence of the HAC1-activity reporter and the control reporter at higher
tunicamycin concentrations indicated a stronger UPR activation and a lower ribosome production
at high ER stress. This anticorrelation suggested that strong ER perturbation in nutrient-rich

environments (YPD medium) not only triggered UPR activation but also reduced ribosome
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expression and cell growth [346]. At the lowest tunicamycin concentration, the intermediate
reporter fluorescence of the HAC1-activity reporter and the high fluorescence of the control
reporter indicated a partial UPR activation with constant ribosome expression and suggested that
100 ng/ml tunicamycin perturbed ER homeostasis but had less impact on overall cell physiology.
In addition to the changes in overall reporter fluorescence, the range of the distribution, an
indicator for cell-to-cell differences, changed with the tunicamycin concentration. The
fluorescence spread of the HAC1-activity reporter was widest at 100 or 200 ng/ml and narrower
at 400 ng/ml or without stress. The width of the control reporter fluorescence distribution did not
change at the lowest tunicamycin concentration but increased at higher tunicamycin
concentrations.

To quantify and compare the cell-to-cell differences for different reporter constructs and in
different environmental conditions, the quartile ratio (75% quantile divided by 25% quantile) - a
modified version of the interquartile distance for log-normal distributed data, which increases with
increasing population heterogeneity (log grsu-log  q250=log(q750/q25% )—q759%/q25%) - Was

subsequently calculated for all samples (see figure 5.3).
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Figure 5.3: Quartile ratios of the HAC1-activity and control reporter fluorescence at different tunicamycin
concentrations.

The quartile ratios for the HAC1-activity reporter (A) and the control reporter (B) fluorescence were calculated from the
fluorescence distribution after 2.5 hours at the different tunicamycin concentrations (DMSO: solvent control, TM100,
200 and 400: 100, 200 and 400 ng/ml tunicamycin). (A: n=3, the asterisks indicate a significant difference p<0.05 with

student's t-test, and the error bars represent the standard deviation between the different biological replicates. B: n=1)

The quartile ratio of the HAC1-activity reporter fluorescence was below 3 for unsupplemented
YPD medium and the highest tunicamycin concentration, but above 5 for 100 and 200 ng/ml

tunicamycin. The quartile ratio of the control reporter remained below 3 for all tested conditions.
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The lower quartile ratio indicated smaller cell-to-cell differences and suggested a more
homogeneous reporter expression and HAC1 activity in conditions with no or high ER stress than
at 100 or 200 ng/ml tunicamycin. The relatively small differences in the quartile ratio of the control
reporter indicated small cell-to-cell differences and suggested rather uniform changes in ribosome
transcription at higher tunicamycin concentrations. At 100 and 200 ng/ml tunicamycin, the higher
quartile ratio of the HAC1-activity reporter and low quartile ratio of the control reporter further
suggested that cell-to-cell differences are more pronounced in genes that are regulated by HAC1
and belong to the UPR.

5.4 Cells born in low tunicamycin concentrations had a higher HAC1 activity

than cells born before the treatment

The previous experiments indicated cell-to-cell differences in the UPR activity at low ER stress.
Better characterisation of UPR-activating cells might help to understand the heterogeneity-
generating mechanism. One possible source for heterogeneous UPR activity in growing yeast
populations are existing differences between mother and daughter cells after cell division [347].

The cell wall, for example, remains with the mother cell, and Concanavalin A (ConA) which binds
to sugar residues in the cell wall [348], can thus be used to distinguish pre-existing cell from those
that were born later (see figure 5.4). ConA-based staining was subsequently combined with the
HAC1-activity reporter to test the impact of replicative age (zero for daughters and larger than

zero for mothers) on the UPR activity of individual cells.
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Figure 5.4: Cell wall staining of growing yeast cells with Concanavalin A (ConA).

Schematic of individual yeast cells (upper panels) and theoretical flow cytometry profiles (lower panels) of
asynchronous yeast cultures before and after ConA-based staining of the cell wall (mother cells: dark brown; daughter
cells: light brown, cell wall: black, ConA stained cell wall: red). The labeled subpopulation that results from the ConA
staining of asynchronous yeast cultures consists initially of mother and daughter cells, but consists exclusively of mother
cells after the daughter cells have completed their first cell cycle. The unlabeled population, appears with the first cell

division of the original cells and initially consists of daughter cells but matures into a mixed population where daughter

cells represent the majority.

Exponentially growing HAC1-activity reporter cells (FJ4741.1) were stained with red fluorescent
ConA, i.e. TRITC-ConA, and diluted into prewarmed tunicamycin-containing (100 or 200 ng/ml)
or DMSO-containing YPD medium. At the indicated timepoints (i.e. 45, 90, 135, 190 and 260
minutes), the cellular HAC1-activity reporter and TRITC fluorescence of all samples was
determined with flow cytometry. During the subsequent analysis of the HAC1-activity reporter
fluorescence in FlowJo, younger and older cells were distinguished according to their red

fluorescence (see figure 5.5 for one representative sample).
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Figure 5.5: HAC1-activity reporter fluorescence in pre- and post-treatment subpopulations at different
tunicamycin concentrations.

HAC1-activity reporter cells were pre-grown in YPD medium, stained with TRITC-ConA and incubated in YPD medium
with DMSO or tunicamycin (TM100: 100 ng/ml, TM200: 200 ng/ml). The cellular reporter fluorescence at different
timepoints (45, 90, 135, 190 or 250 minutes) after the treatment was measured with flow cytometry (n=3). A, Histogram
of the HAC1-activity reporter fluorescence in all treatments after 190 minutes (red line: TRITC-positive subpopulation,
black line: TRITC-negative subpopulation; solid lines: one representative biological replicate, dotted lines: two
additional replicates, x-axis in log scale with basis 10). B, Time evolution of the median reporter fluorescence after the
treatment (as the dynamics slightly differed between the biological replicates, the curve only displays one representative

biological replicate, y-axis in log scale with basis 10)

In YPD medium with DMSO, the median HAC1-activity reporter fluorescence of both
subpopulations was similarly low and remained low throughout the treatment (see figure 5.5B,
interrupted lines and figure 5.5A DMSO). At low tunicamycin concentrations (100 ng/ml), the
median HAC1-activity reporter fluorescence of TRITC-negative cells rose faster and higher than
the reporter fluorescence of the TRITC-positive cells (see figure 5.5B, solid black and red lines).

Accordingly, the reporter fluorescence distribution differed strongly between younger and older
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subpopulations after 190 minutes in 100 ng/ml tunicamycin (see figure 5.5A, TM100). At 200
ng/ml tunicamycin (see figure 5.5B, dashed lines, and figure 5.5A TM200) the median reporter
activity of both populations rose rapidly and to similarly high levels.

The strong HAC1-activity reporter fluorescence in TRITC-positive and TRITC-negative cells at
200 ng/ml tunicamycin indicated a high UPR activity in both subpopulations and suggested that
all cells are equally able to induce the UPR after ER stress. TRITC-negative cells were born after
the treatment and were predominantly daughter cells. Their higher reporter fluorescence at 100
ng/ml tunicamycin indicated a higher HAC1 activity and suggested a higher UPR activity and
stronger ER stress in daughter cells that were born after the treatment. At least half of the pre-
existing cells were also daughter cells, and the difference between TRITC-positive and TRITC-
negative cells at 100 ng/ml thus further suggested that the time of birth, i.e. pre- or post-treatment,
and the replicative age were both important factors for the HAC1 activity and ER stress at low

tunicamycin concentrations.

5.5 Low tunicamycin concentrations primarily reduced the ER content of

younger cells

Asymmetric separation of ER content during cytokinesis at low ER stress or different expression
profiles in mother and daughter cells after cytokinesis could both contribute to the stronger UPR
activation in cells born after the tunicamycin treatment.

To address ER content separation during cytokinesis, the distribution of ER content in younger
and older cells of a population was determined with ConA-based staining and HDEL-GFP, a
fluorescent protein that localises to the ER due to a secretion and ER retention signal [168,349].
The forward scatter of each cell was additionally determined to estimate cell size and investigate
the relation between cell size and ER content in both subpopulations at different ER stress levels
[350].

Exponentially growing wild-type cells with a constitutively expressed HDEL-GFP (FJ4741.17)
were stained with TRITC-ConA and cultured in YPD medium with DMSO or 100 ng/ml
tunicamycin. After 200 minutes (~ two cell doublings), forward scatter and fluorescence of single
cells were measured with flow cytometry, and the TRITC fluorescence was used to distinguish

between older and younger cells during the analysis with FlowJo (see Figure 5.6).
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Figure 5.6: HDEL-GFP fluorescence and forward scatter of pre- and post-treatment wild-type cells.

GFP fluorescence and forward scatter in arbitrary units (AU) of TRITC-ConA stained wild-type cells with a constitutively
expressed ER-localised GFP (HDEL-GFP FJ4741.17) after 200 minutes in YPD medium with DMSO (DMSO) or 100
ng/ml tunicamycin (TM100) was measured with flow cytometry. The contour plots represent the forward scatter and
HDEL-GFP fluorescence distribution in 90% of the TRITC-negative (younger subpopulation, black) and TRITC-positive
(older subpopulation, orange) cells, the numbers indicate the median of both parameters in the respective
subpopulation and the diagonal orange or diagonal black line is the manual fit of the relation between both parameters
in the respective subpopulations, the horizontal and vertical line indicate the medians of both values in both
subpopulations (n=1, both axis in log scale with basis 3.16).

After 200 minutes in YPD medium with DMSO, the median HDEL-GFP fluorescence and the
median forward scatter of the TRITC-negative cells was 12.5 and 180 arbitrary units (AU), and
the medians of the TRITC-positive subpopulation were 21.1 AU and 300 AU. The two parameters
also correlated, and the slope of the linear fit was steeper in older than in younger cells. The
higher median fluorescence and forward scatter of older cells indicated bigger cell size and larger
HDEL-GFP content, while the correlation between both parameters indicated a close connection
between cell size and HDEL-GFP content in both subpopulations. After 200 minutes in YPD
medium with 100 ng/ml tunicamycin, the median HDEL-GFP fluorescence of the younger
subpopulation is 3.8 AU (30%) lower than in YPD medium with DMSO, while the median forward
scatter decreased by 5 AU (2.5%). The median HDEL-GFP fluorescence of mother cells only
decreased by 3.2 AU (15%) and the median forward scatter increased by 16 AU (5%). The strong
correlation between both parameters remained in both subpopulations.

The GFP fluorescence in single cells is determined by their starting HDEL-GFP amount and their
HDEL-GFP expression. The constitutive expression of HDEL-GFP implied that cells accumulate

HDEL-GFP alongside other proteins during growth and probably caused the strong correlation
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between cell size and HDEL-GFP content in both subpopulations. Because the contribution of
constitutive HDEL-GFP expression to the fluorescence at low tunicamycin concentrations should
not differ between younger and older cells, the stronger decrease in HDEL-GFP fluorescence in
TRITC-negative cells primarily suggested a strongly reduced starting amount in younger cells at

low tunicamycin concentrations.

5.6 During low ER stress, daughter cells were born with less ER-resident

proteins

As the unstained subpopulation also contained older daughter cells that have already expressed
HDEL-GFP and partially compensated for reduced ER content inheritance, the impact of low ER
stress on ER inheritance can be better investigated in newly born daughter cells.

Nocodazole or other compounds synchronize the cell cycle of yeast populations and increase the
fraction of new-born cells, which is relatively small in asynchronous populations [351]. Cell
synchronisation can further be combined with ConA-based staining to distinguish new-born
daughter from mother cells after cell division.

Nocodazole prevents cell cycle progression in the M-Phase [352], so that ConA binds to the cell
wall of cells and their very large buds. The first cell division immediately after the release from
Nocodazole thus results in stained mother and daughter cells. The second cell division yields

stained mother cells and unstained daughter cells (see figure 5.7).

Asynchronous Stained M-phase 2 cell Refined population
yeast population population divisions

O Nocodazole + with or . O
@ ConA staining without ER
<§> stress I

O Oo ' ‘ OO
Figure 5.7: Experimental procedure to enrich and distinguish freshly born daughter cells.
Nocodazole arrests the growing mother (dark brown) and daughter (light brown) cells during M-phase and shortly before
cell division, i.e. with a very large bud. ConA binds to the cell wall of all existing cells and their buds (red outline). The

first cell division separates the large ConA-bound bud from the ConA-bound cells and only the second synchronous

cell division gives rise to daughter cells without ConA (black outline).
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This method of daughter selection was subsequently applied in HDEL-GFP expressing wild-type
cells before growth in YPD medium with DMSO, low tunicamycin concentrations or low 2’-deoxy-
glucose (2'DG, which is an alternative ER-stressing agent) concentrations to investigate the
inheritance of ER content with and without low ER stress [353].

After a two-hour treatment with Nocodazole in unsupplemented YPD medium, the M-phase-
arrested HDEL-GFP-expressing cells (FJ4741.17) were stained with TRITC-ConA and released
into prewarmed YPD medium with DMSO, 100 ng/ml tunicamycin or 1 mM 2’DG. Samples were
frequently taken to monitor the appearance of unlabeled daughter cells with flow cytometry until
this subpopulation formed 50% of the population, i.e. the end of the second cell division. The
forward scatter and cellular fluorescence at this timepoint were determined with flow cytometry
and analysed with FlowJo. During the analysis in FlowJo, mother and daughter cells were

separated according to their TRITC fluorescence (see figure 5.8).
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Figure 5.8: Impact of ER stress on the HDEL-GFP fluorescence and forward scatter of mother and daughter
cells after cytokinesis.

Forward scatter and HDEL-GFP fluorescence of synchronised and ConA-stained wild-type cells with constitutive HDEL-
GFP expression (FJ4741.17) after two cell divisions in YPD medium with DMSO (grey), 1 mM 2’-deoxy-glucose (+2'DG,
blue) or 100 ng/ml tunicamycin (+TM, red) were measured with flow cytometry and analysed with FlowJo. TRITC
fluorescence was used to separate mother (left) from daughter (right) cells during the analysis. (The hollow and filled
contour represent the outline that comprises 90% and 10% of the population, respectively, during each treatment. The

plots show one representative sample per condition, n=3, both axis in log scale on a 3.16 basis).

Tunicamycin and 2’DG reduced overall HDEL-GFP fluorescence and forward scatter more
strongly in daughter than in mother cells (downward shift of treatment curves, figure 5.8).

Fluorescence decreased more strongly in mother cells with a high forward scatter than in mother
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cells with small forward scatter. In contrast, the fluorescence decrease in daughter cells was
independent of the cell size. The changes in HDEL-GFP fluorescence indicated a reduced HDEL-
GFP content that depended on cell size in mother but not in daughter cells. The size-independent
decrease in HDEL-GFP in daughter cells suggested a lower inheritance, which decreased the
amount of HDEL-GFP and ER content in all daughter cells. The size-dependent decrease in
HDEL-GFP in mother cells suggested an unaffected initial amount and a slower accumulation
during cell growth, which would mainly decrease the HDEL-GFP and ER content of bigger mother
cells. Together the lower initial HDEL-GFP content in daughter cells and the constant initial HDEL-
GFP content in mother cells suggested a more asymmetric ER content distribution during
cytokinesis at low ER stress, which might contribute to the previously observed asymmetric UPR

activation (see figure 5.5).

5.7 At low ER stress, the HAC1 activity of WHI5-deficient mother and daughter

cells were more similar in than in wild-type cells

The deletion of the cell cycle regulator WHIS increases the duration of the budded phase and
reduces the size and content differences between mother and daughter cells after cytokinesis
[354,355]. WHI5 knock-out can thus be used to force a more symmetric inheritance in S.
cerevisiae [356].

To determine the relative importance of asymmetric ER inheritance for heterogeneous UPR
activation, the UPR activity of WHI5-deficient mother and daughter cells at different tunicamycin
concentrations was measured with the HAC1-activity reporter.

To distinguish between mother and daughter cells, exponentially growing WHI5-deficient cells
with the HAC1-activity reporter (FJ4741WHI5A.1) were stained with TRITC-ConA and
resuspended in YPD medium with DMSO or different tunicamycin concentrations (100, 200
ng/ml). After 200 minutes, the cellular fluorescence in each sample was determined with flow
cytometry and the TRITC fluorescence was used to distinguish between younger and older cells

during the analysis (see figure 5.9).
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Figure 5.9: Distribution of HAC1-activity reporter fluorescence in WHI5-deficient cells born before and during
the exposure to different tunicamycin concentrations.

Upper panels: Histograms of HAC1 reporter fluorescence in WHI5-deficient cells 200 minutes after TRITC-ConA
staining and growth in YPD medium with DMSO or different tunicamycin concentrations (100 ng/ml: TM100 or 200
ng/ml: TM200) as determined with flow cytometry and analysed with FlowJo (red line: older, stained cells that were
born before the staining and treatment, black line: younger, unstained cells that were born after the staining and during
the treatment; n=2 and the plots represent one exemplary sample). Lower panels: the quartile ratio of the HAC1 reporter
fluorescence in the entire population in DMSO or at different tunicamycin concentrations (TM100: 100 ng/ml and
TM200: 200 ng/ml)

As in wild-type cells, the distribution of the HAC1-activity reporter fluorescence was almost
identical in younger and older cells in YPD medium (see figure 5.9, left). At low tunicamycin
concentrations, the distribution shifted to higher reporter fluorescence values in both
subpopulations (see figure 5.9, middle), and the overlap between both distributions was larger
than in the wild-type cells (compare figure 5.5 with figure 5.9).

The more similar reporter profile indicated a more similar HAC1-activity in younger and older cells.
This suggested that a more symmetric distribution of cellular resources and possibly ER content
reduced the differences in UPR activation and ER perturbation between mother and daughter
cells at low ER stress. This further suggested that asymmetric cell division is an important factor

for the heterogeneous UPR activation in wild-type cells.
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Interestingly, the quartile ratio of the total population, which initially indicated heterogeneous UPR
activation, also increased in WHI5-deficient strains at low tunicamycin concentrations (see figure
5.9). This, in turn, suggested that asymmetric ER inheritance is not required for heterogeneous
UPR activation at low ER stress, while the remaining difference between the reporter fluorescence
of younger and older cells suggested that WHI5 knock-out and symmetric cell division are not

sufficient to alleviate all differences between the ER homeostasis of mother and daughter cells.

5.8 Secreted proteins were enriched in the daughter-specific transcription
program

These remaining differences possibly resulted from a stronger expression of secreted proteins in
daughter cells. The daughter-specific expression program, which is induced by two transcription
factors, ACE2 and ASH1, leads to G1 delay, repression of the mating type switch and cell
separation [141,357]. In particular, cell separation requires several secreted enzymes, and this
suggested that protein secretion might increase ER load contribute to daughter-specific UPR
activity. To better estimate the overall ER load from the daughter-specific expression program,
the subcellular destination and function of all ACS2 and ASH1 targets was evaluated via their
gene ontology (GO).

The lists of 70 ASH1 and 77 ACE2 targets were obtained from published data sets (see appendix
B for full lists) [358—-360]. The GO term enrichment in the individual lists was then tested against
the yeast genome with YeastMine, Holm-Bonferroni correction and a p-value cut-off of 0.05 (see
table 5.1) [361] .
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Table 5.1: GO term enrichment of ACE2 and ASH1 targets.

The GO term enrichment in the known ACE2 and ASH1 targets was analysed with YeastMine [358-361]. (The first row
indicates the transcription factor and the total number of target genes: ‘ACE2’ and ‘ASH17’ include all ACE2 and ASH1
targets, and ‘ASH1 (heat-independent)’ omits ASH1 targets that were found after heat shock [360]. In the subsequent
rows, the first, third and fifth column indicate the GO term and p-value for the enrichment in brackets. The superscript
indicates the GO term category: 1: biological process and 2: cellular component. The second, fourth and sixth column

indicate the number of target genes that are regulated by the TF and belong to a specific GO term.)

ACE2 77 | ASH1 70 | ASH1 (heat-independent) 29

cell separation after [ 6 Cell wall organisation’ | 8

cytokinesis' (0.0079) (0.005625)

extracell. region? (4.1e-6) | 12 | extracell. region? |8 |fungal type cell wall?|7
(0.029) (0.001287)

cell periphery? (8.9e-4) 24

This analysis revealed that genes that localise to the extracellular region and the cell periphery
are significantly enriched among the ACE2 targets (see table 5.1, left column), but the 70 ASH1
targets contained a much lower number and less significant enrichment for proteins in the
extracellular space (see table 5.1, middle column). However, excluding the heat-dependent ASH1
targets leaves 29 heat-independent ASH1 targets, of which 7 participate in cell wall organisation
[360] (see table 5.1, right column).

ACE2 and ASH1 share 7 heat-independent target genes and the GO term enrichment in the
unified list of 99 genes, which are regulated by ACE2 and ASH1 without heat shock, was also

evaluated (see table 5.2).
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Table 5.2: GO term enrichment in the unified list of ACE2 and ASH1 targets.
The GO term enrichment of the combined list of 99 targets was evaluated as before with YeastMine (the superscript

indicates the GO term category: 1: biological process, 2: cellular component, and 3: molecular function)

GO-Term P-value GO-specific Targets
Cell wall organization or biogenesis' 4.02e-4 17
Cell periphery? 8.00e-6 32
Vacuole? 0.037 22
Hydrolase activity, acting on glycosyl bonds? 8.27e-4 10

Like the targets of the individual transcription factors, the common targets were significantly
enriched for genes that regulate cell wall organisation (17) or localised in the cell periphery (32).
Interestingly, the unified list also showed a significant enrichment for proteins that localise to the
vacuole and also need to pass through the endoplasmic reticulum.

This strong enrichment of secreted proteins among the target genes of the daughter-specific
transcription factors indicated that daughter cells express many secreted proteins.

Depending on the expression strength of individual genes, the daughter-specific transcription
profile could increase the secretion load and perturb ER homeostasis already without external ER
stress. However, the similar HAC1 activity of mother and daughter cells in YPD medium with
DMSO (see figure 5.5) and the low impact of ACE2 or ASH1 knock-out on basal UPR activity
indicated no inherent ER stress and UPR activation from the daughter-specific expression
program [196].

However, a closer examination of both knock-out strains at low tunicamycin concentrations would
be necessary to experimentally validate the role of daughter-specific gene expression at low ER

stress.

5.9 Sphingosine hydroxylation was not required for heterogeneous UPR

activation but increased ER stress at low tunicamycin concentrations

Clay et al. [165] reported that a ceramide- and SUR2-dependent diffusion barrier in the bud neck
separates mother from daughter ER and regulates ER content inheritance. In order to test the

role of this diffusion barrier for the cell-to-cell differences at low ER stress, the median strength

136


https://paperpile.com/c/5UGRXr/aB2jR
https://paperpile.com/c/5UGRXr/cKziO/?noauthor=1

and distribution of UPR activity in SUR2-deficient cells was assessed with the HAC1-activity
reporter.

To induce different ER stress levels, exponentially growing, SUR2-deficient cells with the HAC1-
activity reporter (FJ4741SUR2A.1) were diluted into YPD medium with DMSO and four different
tunicamycin concentrations; 100, 200, 400, and 800 ng/ml. After a 2.5-hour incubation, the cellular
reporter fluorescence was measured with flow cytometry and analysed with FlowJo. For each
condition, the relative reporter fluorescence after tunicamycin treatment was calculated as the
ratio between the median reporter fluorescence in tunicamycin-containing medium and the
median reporter fluorescence of the solvent control medium (DMSO). Additionally, the quartile

ratio was determined as described previously (see subchapter 5.2 and figure 5.10 for results).
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Figure 5.10: Median and quartile ratio of the HAC1-activity reporter fluorescence of SUR2-deficient cells at
different tunicamycin concentrations.

Reporter fluorescence of SUR2-deficient (FJ4741SUR2A.1, SUR2A) or wild-type (FJ4741.1, wt) strains with the HAC1-
activity reporter after 2.5 hour in YPD medium with DMSO or different tunicamycin concentrations (TM100, TM200,
TM400, TM800: 100, 200, 400, 800 ng/ml) was determined with flow cytometry and analysed with FlowJo. Left: Relative
HAC1-activity reporter fluorescence of different strains (SUR2A: grey, wt: white) was calculated as the ratio between
the median reporter fluorescence at a tunicamycin concentration and the median reporter fluorescence in the solvent
control (n=3 for SUR2A, error bars indicate the standard deviation between the biological replicates, n=1 for wt). Right:
The quartile ratio of the HAC1-activity reporter fluorescence in DMSO and at different tunicamycin concentrations was
calculated as described previously (see subchapter 5.2) (n=3, and the error bars represent the standard deviation

between the different biological replicates).

At low tunicamycin concentrations (i.e. 100 ng/ml, 200 ng/ml), the relative HAC1-activity reporter
fluorescence of SUR2-deficient cells was lower than in wild-type cells, and only the relative HAC1-
activity reporter fluorescence at tunicamycin concentrations above 400 ng/ml was comparable
between both strains (see figure 5.10). The quartile ratio at 100 ng/ml tunicamycin was lower than

in the wild-type cells (3 vs. 5, see figure 5.3) and only slightly higher than in the solvent control
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(DMSO: 2.5). However, the quartile ratio at 200 ng/ml was similar to wild-type cells and higher
than in the solvent control (5 vs. 2.5). The quartile ratio at 400 ng/ml was lower than in the solvent
control and similar to the wild-type cells.

Firstly, the lower relative HAC1 reporter fluorescence at 100 ng/ml tunicamycin after SUR2 knock-
out suggested that higher tunicamycin concentrations, e.g. 200 ng/ml, are necessary to induce
low ER stress without sphingosine hydroxylation. The increased quartile ratio at 200 ng/ml
indicated heterogeneous HAC1 activity and suggested that sphingosine hydroxylation by SUR2
is not required for heterogeneous UPR activation. However, heterogeneous UPR activation does
not necessitate daughter-specific UPR activation (see subchapter 5.7), and only additional
experiments that distinguish between mother and daughter cells would be able to test if SUR2 is
required for daughter-specific UPR activation or lower ER content inheritance (see subchapter
7.3).

5.10 Phytoceramide supplementation lowered HAC1 activity at low

tunicamycin concentrations

The previous experiments indicated that stress-dependent asymmetric ER content inheritance
and maybe the daughter-specific transcription profile induced a daughter-specific UPR activation
at low ER stress. The decreased HAC1 activity in SUR2-deficient cells further suggested that
UPR activation and ER stress at different tunicamycin concentrations depend on sphingolipid (SL)
metabolism.

Similarly, external sphingolipid precursors such as phytoceramide could influence SL metabolism
of wild-type cells and modify their reaction, i.e. UPR activation and ER inheritance, to low
tunicamycin concentrations. Wild-type cells with the HAC1-activity reporter were then used to
determine the impact of phytoceramide supplementation on the UPR activation at low tunicamycin
concentrations.

Exponentially growing HAC1-activity reporter cells (FJ4741.1) were diluted into YPD medium with
or without phytoceramide supplementation (20 uM) and different tunicamycin concentrations
(DMSO, 100 ng/ml or 200 ng/ml). After 2 hours, the cellular reporter fluorescence in each sample

was measured with flow cytometry and analysed with FlowJo (see figure 5.11).
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Figure 5.11: The effect of phytoceramide supplementation on the fluorescence of the HAC1-activity reporter at
different tunicamycin concentrations.

The fluorescence of wild-type strains with the HAC1-activity reporter after 2 hours in YPD medium with (PhCer) and
without (DMSO) phytoceramide supplementation (20uM) and at different tunicamycin concentrations (DMSO: solvent
control, TM100: 100 ng/ml and TM200: 200 ng/ml) was determined with flow cytometry and analysed with FlowJo. (n=3,
error bars indicate the standard deviation between the individual samples, asterisks indicate significant differences
(p<0.05) with student’s t-test)

Phytoceramide alone did not change the reporter fluorescence in YPD medium, but
phytoceramide supplementation lowered the reporter fluorescence in YPD medium with each
tunicamycin concentration.

The decreased HAC1-activity reporter fluorescence in phytoceramide-supplemented cultures at
both tunicamycin concentrations indicated a lower UPR activation and suggested that external
phytoceramide either inhibits UPR activation or alleviates ER stress at low tunicamycin

concentrations.
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5.11 Phytoceramide supplementation increased growth rate of wild-type,

UPR-deficient and ERSU-deficient cells at low tunicamycin concentrations

When comparing the two possible effects of phytoceramide supplementation, lower ER stress
should be reflected by an increased growth rate of wild-type cells and a higher survival of UPR-
deficient strains, while an inhibited UPR activation might hinder adaptation and lower the growth
rate of wild-type cells at low tunicamycin concentrations.

Therefore, the relative growth rate at low tunicamycin concentrations with and without
phytoceramide supplementation was determined for wild-type cells. In addition the relative effect
of phytoceramide on cells with a perturbed ER stress adaptation, i.e. UPR-deficient after HAC1
and IRE knock-out or ER-surveillance-(ERSU)-deficient after SLT2 knock-out (see chapter 1)
[146], was also determined.

Exponentially growing cells from each genotype, i.e. wild-type, SLT2-deficient (ERSU), HAC1-
deficient and IRE1-deficient (BY4741, BY4741.SLT2A, BY4741.HAC1A and BY4741.IRE1A),
were diluted into microwells with fresh YPD medium with or without phytoceramide
supplementation (20 uM) and different tunicamycin concentrations, i.e. 0 (DMSO), 100, 200, and
400 ng/ml. Every 5 minutes during a 24-hour incubation, OD600 was determined for each well,
and the growth curves were used to calculate the exponential growth rate of each genotype in
each condition. The relative growth rate for each genotype at each condition was then calculated
as the ratio between the absolute growth rate in a specific environment and the growth rate of the

same genotype in unsupplemented YPD medium without tunicamycin (see figure 5.12).
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Figure 5.12: The effect of phytoceramide supplementation on the growth rate of wild-type, ERSU-deficient and
UPR-deficient strains at low tunicamycin concentrations

The exponential growth rate of wild-type (A), SLT2-deficient (B), HAC1-deficient (C) and IRE1-deficient (D) cells at
different tunicamycin concentrations (DMSQO: solvent control, TM100, 200, 400 : 100, 200 and 400 ng/ml tunicamycin)
and with (PhCer, grey bars) or without phytoceramide supplementation (DMSO, white bars) was determined in 96-well
microtiter plates. The relative growth rate of each strain in each condition was calculated as the ratio between the
growth rate in this condition and the growth rate in normal YPD medium without tunicamycin (n=3, and the error bars
indicate the standard deviation between the biological replicates).

For all tunicamycin concentrations, the relative growth rate of the wild-type cells in phytoceramide-
supplemented YPD medium was higher than in the normal YPD medium (figure 5.12 A). The
relative growth rate of the SLT2-, HAC1- and IRE1-deficient strains in normal YPD medium with
low tunicamycin concentrations, was much lower than the relative growth rate of the wild-type
strain in the same environment, but phytoceramide supplementation increased their growth rate
at 100 ng/ml and 200 ng/ml tunicamycin much stronger than in the wild-type cells.

The increased growth rate of the wild-type strains indicated a reduced environmental stress at
low tunicamycin concentrations with phytoceramide supplementation. The stronger effect of
phytoceramide supplementation in ERSU- and UPR-deficient cells indicated a decreased
importance of UPR and ERSU activation in this environment. This further implied that
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phytoceramide supplementation reduced ER stress at low tunicamycin concentrations and

thereby reduced UPR activation.

5.12 Phytoceramide supplementation increased the inheritance of ER
content to the daughter cells at low but not intermediate tunicamycin

concentrations

Phytoceramide supplementation and low ER stress might also prevent the reduction of ER
content inheritance at low tunicamycin concentrations. As previously, HDEL-GFP and daughter
selection were used to investigate the effect of phytoceramide supplementation on ER content
inheritance at low tunicamycin concentrations.

For daughter selection, wild-type cells with HDEL-GFP (FJ4741.17) were synchronised with
Nocodazole, stained with TRITC-ConA (see subchapter 5.6) and released into YPD medium with
or without phytoceramide or ceramide supplementation (20 uM) and different tunicamycin
concentrations (DMSO: solvent control, or 100 and 300 ng/ml). After two cell divisions, the
fluorescence of all cells was measured with flow cytometry, and the TRITC fluorescence was
used to separate between mother and daughter cells during the analysis with FlowJo.

To exclude clone-specific effects, the relative HDEL-GFP fluorescence of daughter cells for each
sample was subsequently defined as the ratio between the median HDEL-GFP fluorescence of
the TRITC-negative cells in a sample and the median HDEL-GFP fluorescence of the TRITC-
negative cells from the same clone in non-supplemented tunicamycin-free YPD medium (see
figure 5.13).
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Figure 5.13: The effect of phytoceramide supplementation on HDEL-GFP inheritance at low tunicamycin
concentrations.

HDEL-GFP fluorescence and TRITC fluorescence of synchronised, wild-type cells with constitutive HDEL-GFP
expression two doublings after TRITC-ConA staining and growth in YPD medium with solvent control (DMSO) or with
phytoceramide or ceramide supplementation (PhCer: 20 uM Phytoceramide, dark grey; Cer: 20 uM Ceramide, light
grey) and at different tunicamycin concentrations (DMSO: solvent control, TM100, TM300: 100, 300 ng/ml tunicamycin)
was determined with flow cytometry. The relative HDEL-GFP fluorescence of daughter cells for each conditions was
subsequently calculated as the ratio between the median HDEL-GFP fluorescence of TRITC-negative cells (i.e. cells
born at the second cell division) in a certain condition and the median HDEL-GFP fluorescence of TRITC-negative cells
of the same clone in normal YPD medium without tunicamycin (n=3, error bars indicate the standard deviation between

the biological replicates and asterisks indicate significant differences, p<0.05, with student’s t-test).

The relative HDEL-GFP fluorescence of daughter cells in YPD medium with ceramide or
phytoceramide supplementation was not significantly higher than the relative fluorescence in
normal YPD medium. At 100 ng/ml tunicamycin, the relative fluorescence of the daughter cells in
the phytoceramide- or ceramide-supplemented YPD medium was significantly higher than the
relative fluorescence of daughter cells in non-supplemented YPD medium. At 300 ng/ml
tunicamycin, the relative fluorescence of daughter cells was much lower than at 100 ng/ml.

The higher relative fluorescence at 100 ng/ml tunicamycin with phytoceramide supplementation
indicated a larger inheritance of HDEL-GFP and probably other lumenal ER-resident proteins to
the daughter cells and suggested that phytoceramide supplementation also prevented the
reduction of ER inheritance at low tunicamycin concentrations. Ceramide only differs from
endogenous phytoceramide in the hydroxylation pattern, and the larger inheritance with ceramide

supplementation thus suggested that non-endogenous ceramides also alleviated ER stress from
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tunicamycin. At 300 ng/ml, the reduced relative fluorescence of all daughter cells further indicated
reduced ER content inheritance. As this tunicamycin concentration was higher than the HAC1-
activating tunicamycin concentration (see figure 5.11), this result also suggested that
phytoceramide was not able to directly promote ER inheritance at low ER stress, but primarily
reduced ER stress from low tunicamycin concentrations and indirectly increased ER inheritance

at low tunicamycin concentrations.

5.13 High tunicamycin concentrations or phytoceramide supplementation but

not low tunicamycin concentrations induced ER stress in minimal SC medium

Like ceramide supplementation and SUR2 deficiency, different nutrient compositions could
change metabolism and modulate ER stress at low tunicamycin concentrations. To investigate
the effect of the nutrient composition on ER stress, the growth rates of wild-type and HAC1-
deficient cells were determined in minimal synthetic complete medium with or without
phytoceramide supplementation and at different tunicamycin concentrations.

Exponentially growing wild-type (BY4741) or HAC1-deficient cells (BY4741HAC1A) from minimal
SC medium were diluted into 96-well microtiter plates with phytoceramide-supplemented (20 uM)
or unsupplemented minimal SC medium and different tunicamycin concentrations (200, 400, 800,
and 1600 ng/ml). In each well, the OD600 was measured every 10 minutes during a 30-hour
incubation and used to determine the exponential growth rate. The relative growth rate was
subsequently calculated as the ratio between the exponential growth rate of a genotype in a

specific condition and that of this genotype in minimal SC medium (see Figure 5.14).
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Figure 5.14: Minimal SC medium reverses the impact of low tunicamycin concentrations and phytoceramide
on cell growth of wild-type and UPR-deficient strains.

The exponential growth rate of wild-type and HAC1-deficient cells (BY4741, wt and BY4741HAC1A, HAC1A) in minimal
synthetic complete medium with or without phytoceramide (20 uM) supplementation (PhCer or SC) and at different
tunicamycin concentrations (DMSO: solvent control; TM200, 400, 800, 1.6k: 200, 400, 800 and 1600 ng/ml tunicamycin)
was determined from the growth curve in a 96-well microtiter plate. The relative growth rate was calculated as the ratio
between the growth rate of a clone in a specific condition and the growth rate of the same clone in unsupplemented

SC medium and without tunicamycin (n=3, error bars indicate the standard deviation between the biological replicates).

In minimal SC medium, only 1.6 pg/ml tunicamycin reduced the relative growth rate of wild-type
and prevented the growth of HAC1-deficient cells. 800 ng/ml only reduced the growth of HAC1-
deficient cells. On the other hand, phytoceramide supplementation reduced the relative growth
rate of wild-type cells and prevented the growth of HAC1-deficient cells, independent of the
tunicamycin concentration.

The small effect of 200 ng/ml and 400 ng/ml on the growth rate of wild-type and HAC1-deficient
strains indicated ER homeostasis and suggested that higher tunicamycin concentrations are
necessary to induce ER stress in minimal SC medium. The growth defect of wild-type cells in
phytoceramide-supplemented SC medium and the growth inhibition of UPR-deficient cells

indicated an ER homeostasis-dependent phytoceramide toxicity in minimal SC medium.
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5.14 Low ER stress delayed the progression of daughter cells from G1- to S-

Phase

Overall, the prior experiments indicated asymmetric ER inheritance, daughter-specific UPR
activation and decreased population growth at low ER stress but were not able to attribute the
decreased growth to a slower cell division in one of the two subpopulations. Therefore, the cell
cycle progression of mother and daughter cells at 100 ng/ml tunicamycin was investigated. In S.
cerevisiae, the progression from G1 to S phase is characterised by the appearance of a bud,
which remains with the cell until the end of the cell cycle, when the bud becomes the new daughter
cell. In an exponentially growing population unbudded cells are therefore in G1, while budded
cells are in one of the three subsequent cell cycle phases, i.e. S, G2 and M (see figure 5.16).
Because cells in non-synchronised cultures are equally distributed along the cell cycle, the
fraction of budded cells corresponds to the cumulative relative length of the S, G2 and M phase,
and the budding index (fraction of budding cells in a population) can serve as a morphological
measure for cell cycle progression: a high budding index indicates a short G1 in comparison to
the remaining phases and a relatively fast G1-S progression, while a lower budding index
indicates a relatively long G1 and relatively slow G1-S progression [362].

This phenotypic characterisation was combined with ConA staining to evaluate cell cycle
progression in younger and older cells after tunicamycin treatment. Exponentially growing wild-
type cells with the HAC1-activity reporter (FJ4741.1) from YPD medium were stained with TRITC-
ConA and diluted into fresh YPD medium with DMSO or 100 ng/ml tunicamycin. After three hours
(i.e. around two cell cycles) and under each condition, the morphology, i.e. budded vs. unbudded,
of at least 100 random cells from the TRITC-positive and negative subpopulation was quantified
with epifluorescence microscopy. The subpopulation-specific budding index was then calculated

as the fraction of budded cells in TRITC-positive and negative cells (see figure 5.15)
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Figure 5.15: Cell cycle progression and UPR activation of mother and daughter cells after weak ER disruption.
A1,2: The budding of TRITC-ConA-stained HAC1-activity reporter cells (FJ4741.1) after three hours of growth in YPD
with DMSO or 100 ng/ml tunicamycin (TM100) was manually quantified with epifluorescence microscopy (phase
contrast (PC), reporter fluorescence: green channel (GFP), TRITC fluorescence: red channel). B: The TRITC-
fluorescence was subsequently used to distinguish cells born before and after the treatment and the budding index
calculated for both subpopulations (n=3; at least 100 counted cells per subpopulation and biological replicate, error

bars indicate the standard deviation between the biological replicates).

The budding index of TRITC-positive cells was 95% in the DMSO-containing YPD medium and
94% in the tunicamycin-treated samples. For the TRITC-negative subpopulation, the budding
index was 75% in YPD medium with DMSO and only 57% in YPD medium with 100 ng/ml
tunicamycin.

In both media, the higher budding index of TRITC-positive cells indicated that older cells spent
relatively less time than younger cells in G1 compared to the other cell cycle phases. After two
divisions, all stained cells are mother cells that have already completed more than one cell cycle,
while most of the unstained cells are daughter cells (see figure 5.4). The higher indices therefore
suggested a relatively short G1 phase in mother cells, while the largely unchanged budding index
in mother cells at 100 ng/ml tunicamycin further indicated that the relative length of their G1 phase
is not affected by low ER stress. In younger cells, the decreased budding index at 100 ng/ml
tunicamycin suggested that low ER stress increased the relative G1 duration of daughter cells

and delayed their G1-to-S progression.

5.15 Tunicamycin increased absolute G1 and G2 duration of both cell types

The previous experiment indicated an increased relative G1 duration for daughter cells at low
tunicamycin concentrations, but did not give any insights into the absolute duration of the cell
cycle phases in mother or daughter cells under each condition. The different budding indices in

younger and older cells further showed an asymmetric dividing population with two different G1
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durations (see figure 5.16). While it is straightforward to calculate the absolute cell cycle duration,
Tce, from the exponential growth rate, g, of symmetric dividing cells (Tcc= In(2)/g), several
assumptions were made to calculate the cell cycle duration of mother and daughter cell in YPD

medium with and without 100 ng/ml tunicamycin:

(A0) The cell cycle of every cell consists of a budded phase and an unbudded phase (see figure
5.16).

(A1) The absolute duration of the budded phase in mother and daughter cells is similar [363,364].
(A2) During the cell cycle, the resource pool of cells from both subpopulations grows exponentially
with the same rate that matches the population growth rate [355].

(A3) Mother and daughter cells divide with the same amount of cellular resources.

(A4) During cell division, the bud becomes the daughter cell and inherits resources that were
previously in the bud.

budded phase (S+G2+M) : unbudded phase (G1)
Assumed size

threshold

|
daughter cell

Cytokinesis

Mother cell

O
1

|

— Existing size threshold —

Figure 5.16: The life cycle of Saccharomyces cerevisiae.

Bud growth +
DNA replication

During cytokinesis cellular resources (grey triangles) are split between mother and daughter cells. After birth, both cells
accumulate cellular resources until they reach a certain amount to cross the size threshold, start DNA replication (S
Phase) and initiate budding. Due to their lower starting amount of cellular resources this growth phase takes longer in
daughter cells. DNA replication, the additional growth phase (G2 phase) and mitosis (M phase) are assumed to take
the same time in mother and daughter cells, end with cytokinesis and give rise to a daughter cell and a mother cell.
(Dotted lines indicate the experimentally proven size threshold [365], and the size threshold which is assumed in
subchapter 5.17).
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The necessary parameters values to calculate the absolute duration of each cell cycle stage, i.e.

subpopulation-specific budding indices and growth rates, were derived from the experimental data

(see table 5.3) and the numerical calculations performed with WolframAlpha®.

Table 5.3: Parameters and variables to calculate the absolute phase durations in both cell types

The values for growth rate and budding index in the different media were taken from subchapter 3.6, 5.1 and 5.14. The

exact values of the missing variables are either not necessary (Rpo, Ruo, R>) or calculated during the analysis. ‘ YPD'

corresponds to the growth of yeast in fresh YPD medium, and ‘YPD+TM corresponds to the growth of yeast cells in

YPD medium with 100 ng/ml of tunicamycin. The right column indicates if the quantity was fixed, variable or calculated

during the analysis.

Symbol | Explanation Value
Rpo Resource pool of a daughter cell after cytokinesis variable
Ruo Resource pool of a mother cell after cytokinesis variable
R; Resource pool before cytokinesis variable
X Relative size of the resource pool in the bud compared | calculated
to the whole cell before cytokinesis
g Exponential growth rate (see subsection 5.1) 0.0081 min'in YPD and
0.0064 min' in YPD+TM
Tp Cell cycle duration of daughter cells calculated
Ty Cell cycle duration of mother cells calculated
T, Duration of the budded phase calculated
Tpi; Tva | G1 duration of daughter; G1 duration of mother cells | calculated
bip; biy Budding index of daughter; budding index of mother [ 0.75; 0.95 in YPD and
cells (see subsection 5.13) 0.54; 0.94 in YPD+TM
From assumption A4: R, = Rpy + Rypo;
Rpo = x R, (5.1); Ryo = (1 —x) R (5.2)
From assumptions A2 and A3: R, = Rpy exp(g Tp) (5.3); R, = Ry exp(g Ty) (5.4)

equation (eq.) 5.1in5.3,5.2in5.4: R, =xR,exp(gTp);

Ry, = (1 —x) Ryexp(g Tu)
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=> 0=In(x) +gTp; 0=In(1-x) +9Ty

=> —In(x) =gTp (5.5) —In(1—x) =gTy (5.6)
(eq. 5.6/5.5): % = ;—';' (5.7)

and from assumption A1: T, = Tybiy = Tpbip

=> % = ZLZ (5.8)

(eq. 5.7 = 5.8): n(-x) _ blp

in (x) biy
bip and biy were then substituted with the experimentally determined budding indices in for YPD
and YPD+TM (see table 5.3) and the respective x-values calculated with WolframAlpha:

x(YPD) = 0.459 and x(YPD + TM) = 0.405

x(YPD) and x(YPD+TM) and g in eq. 5.5:

Ty = ‘Z"T(") = Tp(YPD) = 96.1 min; Tp(YPD + TM) = 141.2 min

x(YPD) and x(YPD+TM) and g in eq. 5.6:

Ty = %H) => Ty (YPD) = 75.8 min; Ty (YPD + TM) = 81.1 min

From assumption A0 and A1:
T, = bipTp, Tpy = Tp—T, and Tyyy = Tyy—T,
T,(YPD) = 72.0 min, Tp; (YPD) = 24.2 min, Ty, (YPD) = 3.8 min
T,(YPD 4+ TM) = 76.2 min, T, (YPD + TM) = 65.0 min, Ty;; (YPD + TM) = 4.9 min

The calculated G1 duration of mother / daughter cells was 3.8 / 24.2 minutes in YPD medium,
and 4.9/ 65.0 minutes in YPD medium with 100 ng/ml tunicamycin. The absolute G2 duration of
both cell types was 72.0 or 76.2 minutes in YPD medium with DMSO or with 100 ng/ml
tunicamycin. The calculated relative size of the resource pool in the bud, x which is inherited to
the daughter cell after cytokinesis, was ten percent lower for 100 ng/ml tunicamycin than in YPD
medium with DMSO.

This calculation suggested that compared to unperturbed growth, low ER stress also increased
the G2 duration of both subpopulations (+6%) as well as the G1 duration of mother cells (+29%),
but not to the same extent as the G1 duration of daughter cells (+165%). The decrease in the
relative resource pool of the bud (x) from 45.9% to 40.5% at 100 ng/ml tunicamycin suggested a
reduced inheritance of cellular resources to daughter cells at low environmental stress.

Based on the overall cell cycle durations, i.e. 141.2 (or 96.1) minutes in daughter cells with (or.
without) tunicamycin and 81.1 (or 75.8) minutes in mother cells with (or without) tunicamycin.

These results also indicated that the division rate (cell-cycle-duration™') decreased much stronger

150



in daughter than mother cells (-31.1% vs. -6.5%), and the relative division rate of daughter cells,
i.e. division rate of daughter cells versus division rate of mother cells, thus decreased from 78.9%
to 57% at low tunicamycin concentrations.

Interestingly, the relative division rate, which is defined by the cell cycle durations of both
subpopulations (7)/Tp), can be calculated from the relative size of the resource pool in daughter

cells after cell division, which decreases at 100 ng/ml tunicamycin (see eq. 5.7).

Ty — In(1—x)
Tp ~ () -

5.16 The fraction of daughter increases with a decreasing relative division
rate of daughter cells

Both the division of a daughter or a mother cell results in one mother and one daughter cell, and

both subpopulations thus interact with each other (see figure 5.16):

mother cell = mother cell + daughter cell

daughter cell = mother cell + daughter cell

The net-effect of a daughter cell division is an additional mother cell, while the net-effect of a
mother cell division is an additional daughter cell. The division of daughter cells thus increases
the number of mother cells and vice versa.

Due to this relation, the growth of one subpopulation depends on the division rate of the other
subpopulation, and conditions that mainly affect the division rate of one subpopulation, e.g. low
ER stress, might have an unexpected impact on the growth of both subpopulations. A model,
which accounts for this interaction, can be used to calculate the impact of such conditions on the
population growth in both subpopulations and the overall population from the division rate of both
subpopulations and to predict the population-wide changes during the adaptation to low ER
stress.

First, two new assumptions were made to connect the division rates of both cell types, i.e. mother

and daughter cell, with the growth of both subpopulations and the overall population:

(A5) Cells in both subpopulations are completely asynchronous.

(A6) Cell division follows the law of mass action and first order kinetics.
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Then, the growth of both subpopulations, M: mother cells and D: daughter cells, at time ¢, M’(¢)
and D’(1), and the total population, P’(¢), was described with the following formulas, where kp or
kv denote the division rate of the daughter or mother cell (see table 5.4 for complete list of
variables):

M'(t) = D(t) kp (5.9); D'(t) = M(t) ky, (5.10); P'(t) = M'(t) + D'(¢t) (5.11)

Table 5.4: Names, definitions and comments for the variables of the model, which was used to analyse the

growth of both subpopulations and the total population.

Variable Definition Comment

M) Number of mother cells at time ¢ M(t)>0

D) Number of daughter cells at time ¢ D@)>0

P@) Total number of cells at time ¢ P)=M@)+D()>0

M’@), D’(t), P’(t) | Growth of the mother or daughter subpopulation and | M’(t)=d M(t)/d t, aso

the total population

ke Division rate of the mother cells k>0

kp Division rate of the daughter cells kp>0

r(t) Subpopulation ratio, i.e. daughters per mother cell, at | 7()=D(t)/M(t)
time ¢

ro Stable subpopulation ratio ro>0

r¥() Inverse subpopulation ratio, i.e. mothers per daughter | »*@)=M()/Dt)=1/r(1)
cell, at time ¢

The auxiliary variable, r(z), was subsequently defined as the ratio of daughter to mother cells at

time #

D(t
r(t) = # (5.12),

and used to write the relative division rate of each subpopulation, i.e. D’(¢)/D(t) and M’(¢)/M(t), and
the total population, P’(t)/P(t), as:
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(eq.5.12in 5.9, 5.10 and 5.11):

Mi(t) _ D) _ 1 PI(t) _ kmtr(®)kp
we = T kp (5.13), 50 = ok (5.14), 00 = =0

(5.15)

These equations showed that relative growth rates only depend on the subpopulation ratio and
their division rates but not on absolute sizes. However, divisions of mother and daughter cells
alter this ratio continuously. The temporal development of the ratio, »’(¢), was thus determined
with the quotient rule and from the growth of the mother and daughter subpopulation, i.e. M’(t)
(eq. 5.9) and D’(#) (eq. 5.10):

_ Di@)M@)—-MI(t)D(t) _ D(t)

r'(t) = M) =ky — ) %kp

M(t)

r'(t) = —r(t)%kp + ky (5.16)
This highlighted that also »’(?) is independent of the absolute cell number and only depends on
the subpopulation ratio at time ¢ and the division rates of both subpopulations. Because division
rates and subpopulation ratios cannot be negative, the phase-plane »’(¢) vs r(z), is only considered
for positive r(#) values. In this phase-plane, equation 5.16 corresponds to a downwards-facing
parabola with a vertex at »’(z)=ku, r=0 and a single positive root (fixed point), ro (see figure 5.17).
As ratios smaller than the fixed ratio grow (»’(r(¢)<ro)>0) and bigger ratios shrink (v’(r(2)>ry)<0),
a simple stability analysis based on this phase-plane showed that this fixed point, ro, is

asymptotically stable.

r'(t)
™

r(t) \

Figure 5.17: The rate of change of the subpopulation ratio r'(t) depends on the subpopulation r(t) in asymmetric
dividing cell populations.

The time derivative of the population ratio is plotted against the population ratio. The grey shading indicates the
biologically irrelevant parameter space with negative population ratios and the dashed line indicates an exemplary
parabola that described the calculated relation between the time derivative and value of the subpopulation ratios in

asymmetrically dividing cell-populations (see equation 5.16). 7o indicates the the fixed population ratio. A simple

stability analysis shows that this fixed point is asymptotically stable.
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The analytical expression of the fixed point o was obtained as follows:

eq 516=0 T,(TOLOZ) = 0

=> —To1,02°kp + kyy =0
=> To1,02 = T/ km/kp

=> To1 > 0andry, <0

=> o = ‘,kM/kD (5.17)

This analytical solution for the fixed point showed that every division rate combination has one
asymptotically stable population ratio, which is defined by the square root of the fraction of the
subpopulation division rates, i.e. the inverse of the relative daughter cell division rate (see
equation 5.17 and figure 5.18).

14 T T

12

10

0 50 100 150

kakn
Figure 5.18: Stable population of asymmetric dividing cells only depended on the relative subpopulation
division rates.
Stable ratio (ro), i.e. r'(ro) =0 is plotted against the relative division rate of the mother cells (km/ ko). The solid line is a
square root function that determines the stable ratio for every biologically relevant division rate (i.e. 0 < km/ kb < «). The
stable ratio (ro) is calculated with equation 5.17 and for different ratios of subpopulation division rates (km and kp) from
1 (i.e. the daughter cell divides as fast as the mother cell), to 150 (i.e. the mother cell divides 150 times faster than the
daughter cell), and plotted against the relative division rate km/ ko.
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Additionally, equation (5.16) was solved analytically using WolframAlpha® to yield the general
form of the solution. r(#) . This yielded:

r(t) = \/% tanh (C + \kykp t) = 1o tanh (C + Jkykp t) < 1o (5.18)

withC >0Vr(t=0)>0

However, because the hyperbolic tangent tanh(.) takes on only values smaller than one and
approaches one asymptotically from below for large values of its argument (tanh(x)<I Vx€R), only
the time evolution of subpopulations with initial ratios »(z=0) smaller than the stable ratio, r(t=0) <

ro, is described by equation 5.18.

r(t=0)<r .

r(t=0)>r,

subpopulation ratio (1))

time (1)

Figure 5.19: The ratio of mother and daughter cells converges towards a stable value.
Equations 5.18 and 5.22 were used to calculate the time evolution of two exemplary subpopulation ratios, one initially
much bigger, i.e. rt=0)=10 ro (yellow line), and one initially smaller than the stable ratio, »#=0) = 0.01 *ro (blue line).

In order to understand the evolution of subpopulation ratios initially larger than the stable ratio,
i.e. r(t=0)>ro, it was necessary to define an auxiliary variable r*(), which corresponds ratio mother

per daughter cell and is the inverse of ratio r(2):
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r(t) = % = % (5.19) (compare with eq. 5.12)

M1()D(6)—D1(OOM(t) _ kpD?(t)—kpmM2(t) _

r*'(t) = 22 D20 —1r*2(t)ky + kp(5.20)
The inverse ratio of a stable population, ry, is thus the inverse of the stable ratio:
eq 520=0 0 = _rgsz + kD

Ty = :_13 = % (5.21) (compare with eq. 5.17)

And the inverse ration is smaller than the inverse stable ratio, r, if 7(?) is bigger than the stable

ratio:

eq.5.12>rpandeq.5.21: r(t)>r, & L <lo ret) <r,
r(t) To

The differential equation of the inverse ratio (eq. 5.20) was then solved with WolframAlpha® to

calculate the time evolution of populations whose population ratio is bigger than the stable ratio.

() = /:—Z tanh (C* + Jkykp ) Vr*(t = 0) < %
1

1
=To .
,:—;tanh(c*+m t) tanh(C +/ kmkp t)

r(t) = >1roVr(t=0)>r,(5.22)

Using this auxiliary variable, r*(), it was thus possible to show that the time evolution of larger
population ratios is the product of the stable ratio and the inverse of a hyperbolic tangent. It thus
also converges towards the stable ratio (see equation 5.22 and figure 5.19).

Together the analytic solutions proved that independent of the starting number of mother and
daughter cells, the population always converges towards the stable ratio 0. Typical time courses
for both solutions of »(?), i.e equation 5.18 and 5.22, are represented in figure 5.19.

Neglecting the transient required to reach the stable ratio ro, and assuming that r(z)=ro gave:

. k k kp (k kpm k
eq. 5.17 in 5.15: ke (r = 1) = “HT0KD J_Djéfair:) D) - [lemkp ~ g (5.23)

where kp, i.e. the average division rate of a population that has already reached the stable ratio
ro, is equal to the geometric mean of the subpopulation-specific division rates (see equation 5.23).
This result suggested that a mechanism, which decreases the division rate of one subpopulation
but increases the division rate of the other subpopulation, does not necessarily change the
population growth rate.

Interestingly, the geometric mean of division rates of both subpopulations,m, is also the time
scaling factor in the argument of the hyperbolic tangent that described the time evolution of the
population ratio (see equations 5.18 and 5.22). As the hyperbolic tangent rapidly approaches one,

tanh(3)>0.99, this stipulated that few doublings would be sufficient to closely approach the stable
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population ratio from any starting population. It thus seems appropriate to neglect transients and
assume populations have already reached their stable ratio, ro, in long-term experiments.

Overall, this theoretical investigation suggested that environmental conditions such as low ER
stress, which decrease the division rate of daughter cells stronger than mother cells, also increase
the fraction of daughter cells and lead to a population growth rate, which is defined by the

geometric mean of the individual division rates, over the long run.

5.17 Asymmetric inheritance of growth-limiting resources lowers the average

resource amount of the total population

The two previous analyses revealed two growth rate-independent features of asymmetric cell
division: (A) The division rate ratio of descending cells, i.e. mother and daughter, is determined
by the inheritance of the limiting resources. (B) Independent of the initial conditions and after a
few cell divisions, the subpopulation ratio remains constant and is defined by the relative division
rates of both subpopulations.

Furthermore, changes in the inheritance also influence the average resources in both
subpopulations. The average amount of limiting resources per cell sets the resource demand of
a growing population, which is another insightful characteristic of the population. The impact of
lower inheritance to the daughter cell, i.e. a smaller x, on the average resource amount of both
subpopulations and the total population was thus investigated theoretically. Two additional
assumption were made to calculate resource pool size in an average cell of both subpopulations

and the total population:

(A7) Independent of the growth rate or the environment, cell division is always initiated at the
same critical amount of the limiting resource, i.e. R..
(A8) The environment is stable and the population has already reached the stable subpopulation

ratio, ro.

The exponential model for cell growth (see eq. 5.3 and 5.4) was subsequently used to calculate
the evolution of limiting resources over the mother or daughter cell cycle for any critical resource
amount, R,, using the experimentally determined values for the relative inheritance, x, and the

growth rate, g, in pure YPD medium (see figure 5.20).
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Figure 5.20: The evolution of cellular resources in mother and daughter cells over the cell cycle.

The resource amount at each point of the cell cycle of daughter (light grey, back) and mother (dark grey, front) cells
were calculated with equations 5.3 and 5.4 and the experimentally determined inheritance fraction and growth rate in
YPD medium (x = 0.44, g=0.081 min'"). The average resource amount of mother and daughter cells was calculated
with formulas 5.24 and 5.25.

Because cells of each subpopulation are asynchronous and uniformly distributed over the cell
cycle (see A5), the average cellular resource in each subpopulations, Rp or Ry, is equal to the
time average of an individual cell over the entire cell cycle, i.e. ergodicity. The average resources
in both subpopulations can thus be expressed with the general variables of table 5.5 as follows:
For daughter cells:

f(;rD Rp(t) dt

Assumption A5: Rp = -
D
"DxRye9" at xR, (e?TP-1
Assumptions A2, A4: Rp = Jo _xRze == S )
Tp 9Tp
R;—xR R; (1-x)
see eq. 5.5 (-In(x)=gTp ) : Rp = _Zln(x)z = iln(x) (5.24)
Analogues for mother cells: Ry = % (5.25)
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Table 5.5: Parameters and variables to calculate the average resource pool size in each subpopulation and the
overall population in dependence of the inherited fraction.
The symbol and description of each quantity that was used in the model. The right column indicates if the quantity was

fixed, variable or calculated during the analysis.

Symbol Definition Value
Ro(1) Amount of the limiting resource in a daughter cell attime t | variable
Ru(?) Amount of the limiting resource in a mother cell at time t variable
R Amount of R that is required to initiate cell division Fixed (47)
g Exponential growth rate variable

x Relative amount of the resource at birth in the daughter cell | 0<x<0.5

(1>x>0.5 just switches the mother-daughter relation)

Rp Average resource content of a daughter cell calculated
Ru Average resource content of mother cell calculated
Rp Average resource content of any cell in the population calculated
Tpand Ty Cell cycle duration of daughter and mother cell variable

This calculation showed that the average resource content in both subpopulations is determined
by the relative inheritance and the final resource amount but is independent of the growth rate in
a given environment.

To investigate the change of the average resource content in both subpopulations with x, the first
derivatives of the average resource amount in mother and daughter cells (see equations 5.24 and
5.25) (d/dx Rp(x) and d/dx Ru(x)) were calculated.

d _ —n()+(1-0)x"1, x In(x)+1-x
ERD (x) - RZ(—lle(x) ) - R2 _x lnz(x) > O,V X > 0 (5-26)

In(1-x)+x (1-x)"1 (1-x) In(1—x)+x
In2(1-x) T2 (x-1) In2(1-%)

dd—xRM(x) = —R, <0,V1>x>0(5.27)

This showed that the first derivative of Ry is always larger than zero for all x-values larger than

zero (see equation 5.26), and the first derivative of Ry is smaller than zero for all x-values between
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zero and one (see equation 5.27). These boundaries indicated that a bigger relative inheritance
to the daughter cell reduced the average resource content of mother cells and increased the

average resource content of the daughter cells (see figure 5.21 for x from 0t0 0.5).

0.75 R,

average rassource

0.5 R

= = sy population

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
X

Figure 5.21: Average cellular resources in an asymmetric dividing population decreases with decreasing
inheritance.

The average resources in mother (Ru, blue line) or daughter cells (Rp, green line) for the different relative inheritance
values, i.e. x, were calculated with equations 5.26 and 5.27. Equation 5.28 was used to subsequently calculate the
resource content of an average cell for the different x-values (Rp, black line) (dashed line indicates the average

resources in symmetrically dividing cells).

The relative inheritance to the daughter cell also determines the relative growth rate ratio of the

daughter cells (see eq. 5.7) and thus the stable population ratio, ro (see eq. 5.17):

. In(1-x) _ Tm _ kp
eq. 5.7: D = Te = (5.28)
eq 5.28in 5.17: ro = % (5.29)

The average resource content in the population, Rp, which is defined by the number of mother
and daughter cells in the population and the average resources in each subpopulation, can be

calculated from the subpopulation ratio and the average resource content in each subpopulation:
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Equations 5.26, 5.20 and 5.29 were used to define Ry in dependence of x:

x n(x) (1-x) x\In(x) + (1 — x)\/In(1 — x)
\’ l

+
R In(1 —x) n(l — x) In(x) In(1 — x)w/ln(x) x\in(x) + (1 — x)\/In(1 — x)
= -R = -R = —R
P : In(x) : Vin(l - x) + Vin(x) : Vinx)\Vin(l - x)(Vinx) + Vin(l - x))
+ — —_—m—m—m
n(1 —x) Vin(1 - x)

L 1y (5.31)

X
Rp = =R, (/) +/In(1-2)) (\/ln(l—x) + Jn@

This calculation confirmed that relative inheritance to the daughter cell determines the average
cellular resource content in asymmetric dividing populations. A numeric calculation of average
resource contents for all x-values from 0 to 0.5 further showed that it is smaller than the average
resource content in symmetric dividing populations and increases with inheritance until x=0.5, i.e.
when mother and daughter inherit the same amount of cellular resources (see figure 5.21).

Overall, this theoretical exploration of asymmetric cell division suggested that it enables an
organism to lower the average cellular resource pool and the resource demand of growing

populations without affecting the exponential growth rate.

5.18 Discussion

To understand how cells adequately respond to quantitatively different ER stress levels, chemical
agents and reporter proteins were used to study the phenotypic consequences of different ER
stress levels in wild-type cells and cells with a perturbed adaptation.

Firstly, the growth rate of wild-type or UPR-deficient cells and the HAC1-activity reporter stipulated
that different tunicamycin concentrations provoked different levels of ER stress, which are
characterised by different growth rates and UPR activities of wild-type cells. Moreover, the impact
of the medium composition and SUR2 knock-out highlighted the importance of the metabolic state
for the effect of tunicamycin and phytoceramide.

Reduced tunicamycin effect in minimal medium most probably resulted from slower growth (see
chapter 4), while SUR2 knock-out or phytoceramide supplementation in rich medium could
directly affect ER homeostasis [54] but also just hinder the import of tunicamycin into the cell

[366]. No previous studies connected phytoceramide toxicity to ER homeostasis [367,368], the
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strong effect on HAC1-deficient cells hence probably resulted from secondary effects of HAC1
knock-out and not ER disruption.

The experiments with an ER-localised fluorescent protein and a symmetric-dividing S. cerevisiae
mutant as well as a bioinformatic evaluation of published data further implied that asymmetric ER
content inheritance and maybe daughter-specific transcription contributed to daughter-specific
UPR activation at low ER stress. The budding behaviour of wild-type cells with and without
tunicamycin addition highlighted that low ER stress primarily slows G1 progression of daughter
cells. However, a calculation, which accounted for asymmetric cell division and the lower growth
rate in tunicamycin, showed that low tunicamycin concentrations actually increased the absolute
duration of the G1 and G2 phase in mother and daughter cells, but the relative impact on the
daughter cells was bigger.

A summarising model for exponential cell growth and asymmetric cell division suggested that the
stress-dependent inheritance regulation, which caused the daughter-specific effect, also
increases the fraction of daughter cells during long-term growth and reduces the average cellular
resource demand of the total population.

Decreased ER content inheritance under low ER stress resembled two established mechanisms
of ER inheritance control, CWI-dependent ER surveillance (ERSU) and the ceramide-dependent
bud neck barrier [146,165,166,369], but the initial experiments were not able to connect it to or
separate it from one of them. A low ER stress regime with intermediate growth inhibition could
not be established for tunicamycin-sensitive ERSU-deficient cells, i.e. CWI-deficient SLT2 knock-
out cells (see subchapter 5.11). Moreover, SUR2 knock-out, which perturbed SL biosynthesis and
lowered the bud neck barrier in minimal SC medium [165], did not prevent heterogeneous UPR
activation at low ER stress and might not perturb ceramide synthesis in peptide-rich YPD medium
(see subchapter 4.7). However, as inherited ER is primarily synthesized during G2 [44], increased
G2 duration might not compensate slower cortical ER synthesis at low ER stress, which then
results in lower inheritance even without active regulation.

Interestingly, the investigated mechanism benefitted the division of mother cells and seemed to
oppose most other mechanisms for organelle inheritance that rejuvenate the daughter cell
[165,186,188,370,371]. However, these previous investigations focussed on the nature of the
preferentially inherited molecules, e.g. ageing factors, protein aggregates or mitochondria, and
did not determine the impact of asymmetric cell division on the doubling time of mother and
daughter cells in normal or stress conditions. Because mother cells, which retain growth-
promoting factors like the translation machinery or chaperones, probably divide faster than their

daughter cells [186,370], both effects (i.e. daughter rejuvenation and mother preference) could
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actually be two sides of the same coin: rejuvenated but slowly dividing daughter cells and rapidly
dividing but ageing mother cells.

As outlined in the introduction, the observed heterogeneous UPR activation at low ER stress was
not observed in previous investigations of ER homeostasis that used long-lived fluorescent
proteins [154,168,339]. Even though other cellular parameters, i.e. protein translation and protein
degradation, could possibly cause the observed differences between mother and daughter cells,
the previously used reporters, which took much longer to respond to high chemical concentrations
(2 vs. 4 hours), were most probably not able to detect the transient cell-to-cell differences in low-
stress conditions, i.e. lower chemical concentrations or protein overexpression.

Accordingly, a fluorescent reporter for ER redox potential, i.e. eroGFP, already indicated
differences in ER homeostasis of individual cells during inositol starvation or protein
overexpression, but the simultaneously measured long-lived HAC1 reporter did not to detect
corresponding differences in UPR activity [168]. As most previous investigations were performed
in minimal SC medium, it would further be interesting to re-evaluate the UPR activity in those
conditions with the fast-degrading reporter and test if cell-to-cell differences in UPR activity are a
common feature of low ER stress or only pronounced in nutrient-rich environments (e.g. YPD
medium).

Apart from the UPR, cell-to-cell differences have been shown previously for other cellular
processes, e.g. growth, sugar metabolism or the adaptation to hyperosmotic stress [206,342,372—
376]. Because these differences similarly correlated with other cellular parameters such as cell
size, replicative age or sugar concentration, they were probably generated by a non-stochastic
mechanism. In contrast to this project, those studies did not consider or investigate the effect of
asymmetric cell division, which could explain the observed correlations.

For the decreased budding index, an ER-homeostasis-dependent G1-S transition has been
proposed previously [377]. However, in contrast to the UPR-dependent repression of cyclins in
mammalian cells [378], the UPR in yeast was only shown to be important for cytokinesis and no
other cell cycle phases [194,195]. Strong chaperone, i.e. KAR2, expression at the end of G1 and
ER-localised cell cycle regulators could still support and sense ER homeostasis before DNA
replication and connect G1-to-S-transition to ER homeostasis independently of the UPR
[293,379,380].

With respect to the two types of heterogeneity and since daughter cells turn into mother cells with
their first cell division, the observed asymmetric UPR activation could represent temporal, i.e.

cells deactivate their UPR after the first cell cycle, or cellular heterogeneity, i.e. cells born after
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tunicamycin exposure activate the UPR. It is thus necessary to determine UPR activity of post-
treatment cells after their first cell division to distinguish between both cases:

If they shut off the UPR after cell division, it can be regarded as temporal heterogeneity, but if
they maintain the UPR activity, it needs to be regarded as cellular heterogeneity. In the latter
case, the median fluorescence of the total population should increase with the dilution of original
cells, but an ER homeostasis dependent G1-S-progression would still be sufficient for an
adequate average response to different stress levels, i.e. more stress would extend G1 phase
and UPR activation for all cells.

The theoretical model suggested that asymmetric inheritance increases the number of daughter
cells and provides a growth-rate-independent way to minimise the relative resource demand of a
yeast population. This benefit has already been simulated and experimentally validated during
zinc starvation but could also underlie the smaller daughter cell size in poorer carbon sources
[356,363,381,382].

In contrast to previous models, the constructed model offered an analytical solution, and its
predictions were thus independent of most parameters and less sensitive to experimental errors.
Even though most assumptions were justified experimentally, the assumptions of a fixed resource
pool at the end of cytokinesis, i.e. A3 and A7, were not supported by experimental data and only
made to simplify the calculations.

The actual prerequisites for cytokinesis at the end of G2 are currently not known [383—385], and
the assumptions rather disagreed with some experimental evidence that indicated a continuous
growth of mother cells during subsequent cell divisions and a smaller size at cytokinesis under
different environmental conditions [363,386,387]. The resource content of S. cerevisiae is actually
monitored at the G1-to-S-transition, i.e. budding. An accordingly adjusted model would most likely
reiterate the results but relies on the relation between budded phase duration and growth rate in
different environments, which first need to be quantified with live cell microscopy or through the
budding index at different tunicamycin concentrations.

The predicted resource savings, which are independent of the growth rate, could also be achieved
in an optimal environment, but the model did not indicate any particular benefit of the increased
asymmetry in stressed conditions. In this respect, a lower asymmetry under good conditions could
store resources for later use in worse environments, and it would be interesting to investigate this

potential benefit of heterogeneous populations experimentally (see chapter 7).
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6 Discussion

6.1 Summary of results

The purpose of this work was to better understand transcriptional adaptation after perturbations
that do not require the full activation of a single signaling pathway but instead require a combined
activation of different signaling pathways. However, due to a lack of tools to investigate yeast
metabolism and transcription in single cells and at the desired temporal resolution, it was first
necessary to develop the appropriate tools before studying the transcriptional response to two
representative complex perturbations, i.e. inositol starvation representing a diversified lipid
perturbation with a multi-faceted transcriptional response and weak ER stress representing
graded stress.

After explaining the general motivation as well as presenting background knowledge in the first
chapter and introducing the applied experimental methods in the second chapter, the feasibility
of two different tools, i.e. destabilised transcriptional reporter proteins and fluorescently labeled
lipid metabolites, to study the transcriptional and metabolic changes of single yeast cells was
explored in the third chapter.

For the first tool and based on a quantitative model, transcription factor-specific promoter
sequences were combined with a fast-folding, actively-degraded fluorescent protein to develop
reporter systems for the three transcription factors that induce most transcriptional changes after
inositol starvation, RLM1, HAC1 and INO2/4. After transcription factor stimulation, the reporter
fluorescence increased on a timescale (~15 minutes) that resembled gene induction and was
shorter than the doubling time of S. cerevisiae. Moreover, reporter fluorescence was relatively
unaffected by environmental changes that did not affect promoter activity, and the basal reporter
expression did not interfere with cell growth.

As reporter for changes in sphingolipid metabolism, in vivo staining with the lipid analogue NBD-
C6-ceramide resulted in an NBD fluorescence that changed its subcellular localisation and
increased after chemical IPC synthesis inhibition. However, since NBD fluorescence is very
sensitive to the environment [268], those observations possibly resulted from unknown side
effects, e.g. a perturbed ergosterol metabolism, and not directly from changes in sphingolipid
metabolism.

In the fourth chapter, the developed reporters were first used to compare the similarities and
differences between inositol depletion, which rapidly changes overall lipid metabolism, and SUR2
knock-out, which only affects SL biosynthesis. Increased RLM1 activity during inositol starvation

or after SUR2 knock-out at elevated temperatures and GAP1 trafficking suggested that
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sphingolipid metabolism is mainly required for trafficking along the secretory pathway and to
maintain cell wall integrity under normal and stress conditions. From the different UPR activities
after both treatments and ceramide synthase inhibition during inositol starvation emerged that ER
stress during inositol starvation was not triggered by SL metabolism but by an unrelated change
in phospholipid metabolism, while SUR2 knock-out or slow growth supported ER homeostasis
after tunicamycin treatment. In line with the higher SUR2 expression in rich media and the
elongated G2 phase during inositol starvation, a bioinformatic analysis of published data further
showed that SL biosynthesis is probably induced during the budded phase of dividing cells.

For the multi-faceted transcriptional response, the reporter dynamics after inositol starvation and
the phenotype of different genetic mutants argued against an immediate adaptation and proposed
a temporal sequence of metabolic and transcriptional changes that is characterised by three
possibly interdependent steps: (1) PA accumulation and INO2/4 activation; (I1) an ER disruption,
which possibly depends on INO2/4 activation and PC accumulation, UPR activation and
decreased AUR1 activity; (lll) a UPR-dependent cell wall perturbation and RLM1 activation, which
probably resulted from lower IPC synthesis.

In the fifth chapter, the dynamic HAC1 reporter and established fluorescent reporters for
replicative age or ER content were used to investigate the maintenance of ER homeostasis in
single cells at different ER stress levels. The distinction between mother and daughter cells during
low ER stress, which doesn’t require full UPR activation, revealed that such a graded perturbation
reduced the inheritance of ER content to the daughter cell and then triggered the daughter-
specific UPR activation. This asymmetric response also delayed G1 progression of daughter cells.
However, a calculation, which accounted for the measured growth rate reduction in tunicamycin,
further suggested a minor elongation for the G1 phase of mother cells and for the budded phase
of both cell types.

These results motivated the development of an abstract model for asymmetric cell division, whose
analysis implied that decreased inheritance of important resources eventually increases the
fraction of daughter cells and lowers the demand for the limiting resource. Even though the
experimental verification of this prediction for ER inheritance at low ER stress exceeded is project,
both properties of asymmetric cell division were already verified for the inheritance of the vesicle

in low zinc environments [356].
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6.2 Evaluation of the approach

In addition to generating new insights into sphingolipid metabolism, ER homeostasis and fungal
adaptation, the fourth and fifth chapter also demonstrated the potential of the modular reporter
system and NBD-C6-ceramide.

In comparison to unbiased, genome-wide approaches such as microarrays, RNA sequencing or
protein mass spectroscopy, targeted techniques, e.g. fluorescent reporter proteins, require prior
knowledge and cannot be used to investigate completely new biological processes or organisms
[388,389]. However, in a well-studied model organism such as Saccharomyces cerevisiae and
for relatively well-understood processes such as ER homeostasis or sphingolipid metabolism, this
restriction is less problematic.

For low ER stress and inositol starvation, the two alternative methods to investigate specific
transcriptional responses, i.e. long-lived reporter proteins and endogenously tagged signaling
components, might not enable the same insights as actively-degraded reporter proteins.
Long-lived reporter proteins might fail to detect the transient differences between mother and
daughter cells at low ER stress or differences in the transcription factor dynamics after inositol
depletion. This disadvantage might explain why Merksamer et al. [168] detected cell-to-cell
differences with a reporter for ER redox potential but not with a long-lived reporter for UPR
activation. Moreover, the rapid response of reporters might be particularly important to detect
transcriptional changes before cell death from toxic treatments (e.g. Aureobasidin A or Fumonisin
B1 [33,83]) or auxotrophic strains. The main advantage of stable reporter proteins is a higher
sensitivity during long-term experiments, which seems unnecessary for this project as the fast-
degrading fluorescent proteins enabled a clear signal detection with all tested promoters. If
reporter fluorescence is an issue in future studies, tandem GFP molecules could amplify the
fluorescence from less-active promoters [390].

For GFP-tagged signaling components, the abundance of signaling components does not
necessarily change after a specific stimulus, and subcellular relocalisation is commonly used to
determine pathway activity [391-393]. While transcriptional changes are a common feature of
most signaling pathways [7], this subcellular relocalisation already differs between the three
investigated pathways: IRE1 clusters and HAC1 re-localises to the nucleus during UPR activation
[25]. RLM1 resides in the nucleus independent of cell wall disruption and also no other component
of the kinase cascade is known to relocalise [238]. The inhibitor OPI1 re-localizes from the nucleus
to the ER membrane, but the INO2/4 complex remains permanently inside the nucleus in

response to phosphatidic acid accumulation [393].
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These differences prevent the development of a general scheme for all signaling pathways and
complicate data analysis. N- or C-terminal GFP tags might further perturb the native function of a
signaling component and, in the worst case, change the adaptative response [394].

In contrast to the clear benefits of destabilised reporter proteins, the data suggested that the
potential application of NBD-C6-ceramide is limited. NBD fluorescence increase might not be
specific to the rate of IPC synthesis, and NBD-C6-ceramide did not provide any insights that
cannot be gained with large-scale techniques.

The lack of specificity is a strong argument against any method. Even though the inositol
dependency of IPC synthesis might have enabled the detection of changes in lipid metabolism
with NBD-C6-ceramide in this project, NBD-C6-ceramide might fail to detect changes in SL
metabolism that decrease IPC synthesis but have a different effect on ergosterol synthesis or
might falsely react to changes in ergosterol metabolism in future studies. Moreover, the main
motivation to substitute population-wide measurements with fluorescent probes was to detect cell-
to-cell differences in lipid metabolism under different conditions, but the cellular NBD fluorescence
mostly followed a uniform distribution, which indicated no cell-to-cell differences, and suggested
that population-wide measurements would also detect the differences in lipid metabolism between
the different conditions [395].

However, sample preparation for conventional lipidomic techniques is more demanding than
simple staining, and NBD-C6-ceramide might be a valuable tool to screen ergosterol and
sphingolipid metabolism in many different environmental conditions or after genetic perturbations,
before a limited in-depth investigation with large-scale techniques is carried out [396].

In addition to these reporters, mathematic models were, for example, applied to connect the
phenotypes of individual cells to the overall growth rate and understand the evolutionary
advantage of asymmetric inheritance.

On the one hand, the calculated duration of the individual cell cycle phases, which only relied on
two robust measures (i.e. budding index and growth rate), facilitated to assign the impact of
certain conditions on the different cell cycle phases (i.e. budded or unbudded) and life stages (i.e.
mother or daughter cell) of S. cerevisiae. However, the sensitivity of this approach should be
verified under conditions for which the individual cell cycle durations were already determined
with single-cell microscopy, e.g. gene knock-outs [355], before a future application.

On the other hand, the insights from the more elaborated model, e.g. reduced resource demand
from asymmetric cell division, partially relied on simplifying assumptions that were not exclusively
based on experimental results, e.g. constant resource content at cell division. However, ER stress

and UPR induction actually increased ER content and size [156,397], and this model might be
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less applicable to such actively regulated resources and more useful to understand resources

that are not actively managed by the cell, e.g. the vacuole during metal starvation [356].

6.3 Concluding remarks

In this study and with a set of novel reporter proteins, transcriptional changes were measured on
single-cell level and with higher temporal resolution than in previous studies. This resolution
helped to better understand the adaptation of eukaryotic organisms to environmental stimuli that
do not require the full activation of one signaling pathway but rather a graded activation or the
activation of multiple signaling pathways.

For multiple signaling pathways, the sequential transcription factor activation during inositol
starvation suggested that adaptation is not always an instantaneous process, where the final
response is immediately triggered by a specific perturbation, but can be a dynamic process, in
which different interacting signaling pathways are affected at different times and by different
changes (e.g. phospholipid metabolism, ER homeostasis and cell wall integrity) after the initial
stimuli. This modularisation delays the final response and differs from the concept of master
regulators or hubs, i.e. certain transcription factors in mammalian development that alone can
trigger big phenotypic changes [398] (see figure 6.1).

Slow modularisation might represent a disadvantage in fast-fluctuating environments but seems
more adjustable to variations of the initial stimulus that do not have the same effect on all modules
[7]: An elevated growth temperature during inositol starvation, for example, probably increases
the perturbation of cell wall integrity but might have a much smaller impact on ER homeostasis or
lipid metabolism. A modular mechanism could subsequently respond with a higher PKC activity
but similar UPR and INO2/4 activities [23]. Due to this trade-off between speed and flexibility, the
transcriptional adaptation to frequent and highly reproducible environmental changes that require
rapid adaptation such as amino acid starvation might rather be controlled by a master regulator
[399], while the adaptation to less frequent and more variable changes, e.g. inositol depletion or
gene knock-out [400], is probably governed by the interaction of modules that do not all detect

the initial stimulus.
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Master

regulator

Metabolism

Figure 6.1: Two alternative ways to activate multiple transcription pathways and adapt to complex perturbation.
A, Master regulator or hubs detect the initial stimulus and subsequently activate the necessary transcription factors

(TF). B, A stimulus activates one transcription factor, which induces the expression of genes that change metabolism

and this change subsequently activates other transcription factors.

For quantitatively different stresses, the coordination of asymmetric ER inheritance and UPR
activation at low ER stress suggested that cells use an additional level of complexity, i.e. cell-to-
cell differences and temporal separation, to achieve an adequate response and minimize the cost
of transcriptional adaptation. Therefore, the life cycle of S. cerevisiae is probably divided into two
consecutive phases: a growth phase, i.e. unbudded period of daughter cells, and a replication

phase, i.e. budded period of mother and daughter cell (see figure 6.2).
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Figure 6.2: A divided life cycle and population heterogeneity.

A, In a homogenous life cycle, environmental stress results in a longer cell cycle (dashed lines) and affects all cells
equally (dashed, grey cell).The population thus, consists of equally affected cells that all need to respond to the stress
(B). C, In a divided life cycle, environmental stress results in a longer growth phase of new-born cells (1, dashed line)
and handicapped new-born cells (2, dashed dark grey cells). But does not affect the duration of the replication phase
or the phenotype of the existing cells. Therefore, the population consists of a small fraction of non-affected cells and a

much larger fraction of handicapped cells with a strong stress response (D).

Because cells actively respond to environmental changes during the first phase, perturbations
lead to big metabolic rearrangements, e.g. UPR activation, and unbudded phase extension.
During the replication phase, cells are less responsive towards environmental changes, and
environmental perturbations thus have a small impact on the duration of the budded phase but
mainly cause defects in new-born daughter cells, e.g. lower ER inheritance.

Similar to low ER stress, conditions that reduce protein translation primarily changed the duration
of the unbudded phase of daughter cells [364], and this then led to the proposal of a size-
dependent G1-to-S transition, which separates between the environmental-sensitive growth
phase and the robust replication phase [365].

Independent of the molecular mechanism, which enables this cellular ‘division of labor’ among

responding and nonresponding cell during low ER stress, the model proposed that the observed
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asymmetric ER stress distribution leads to a condition where the stress level is not reflected by
the strength of the adaptive response in individual cells but by the fraction of daughter cells and
the duration of their G1 phase, i.e. more daughter cells with longer G1 for higher stress levels
[29,363].

The transient activation of signaling pathways during the G1 phase also limits the maximal
duration of possible oscillations and the cost of over-compensations due to burst-like transcription.
Interestingly, other organisms that do not have a size-dependent checkpoint for DNA replication
and are believed to divide symmetrically, e.g. S. pombe and E. coli, also use asymmetric
inheritance to concentrate toxic substances in a specific subpopulation [401-405]. This way to
establish a cellular division of labour might thus represent a general evolutionary advantage.
Moreover, stochastic fluctuations from cellular noise, which are an alternative way to establish
heterogeneous populations and respond to less-frequent complex environmental stimuli, were so
far only described for simple prokaryotes and might be too wasteful for more complex eukaryotes
[406—408].
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7 Future Directions

7.1 Reporter development

The developed transcriptional reporter proteins were sufficient to detect cell-to-cell differences
and distinguish between different dynamics in this project, but some modifications might yet
increase their potential:

Firstly, as outlined before, the reporter should be tested with fast-maturing fluorescent proteins,
which have different fluorescent spectra and enable the parallel measurement of multiple
signaling pathways in single cells. Yeast-codon-optimised fast-folding versions of blue fluorescent
proteins or GFP-derivatives, i.e. yellow fluorescent protein (YFP) and cyan fluorescent protein
(CFP) [264], would be suitable but were not available at the start of this study. Moreover, their
selective marker, histidine prototrophy, unnecessarily limits the reporter proteins to histidine-
auxotroph yeast strains, i.e. BY4741 and derivatives, and should be replaced by an antibiotic
resistance, i.e. Hygromycin, G418 and Nourseothricin, to extend the set of possible host strains
[409-411].

Recent studies indicated that the terminator of a gene influences the stability and translation
efficiency of its mMRNA [412]. As mRNA half-life probably has a small impact on reporter dynamics,
a new terminator might increase reporter output without extending the response time.

Without these modifications, the current reporter proteins can already be used to measure the
dynamics of other transcriptional changes in single yeast cells, which have previously been
studied with long-lived reporter proteins or on a population-wide level. This higher resolution could
enable researchers to better understand the effect of different perturbations on the sequential
gene activation during the cell cycle, which is the most prominent example for a time-dependent
expression profile [293,413], and also enrich the study of other adaptational responses such as
the general stress response, osmotic homeostasis or phosphate starvation, which are believed to
be more complex than a single ON/OFF-switch [207,391,392].

In contrast to the transcriptional reporter proteins, there is no obvious way to improve NBD-C6-
ceramide. To investigate IPC synthesis, the two main disadvantages of NBD-C6-ceramide are
that (a) non-metabolised NBD-C6-ceramide can remain inside the cell (see chapter 3), and that
(b) NBD fluorescence depends on its concentration but also on its chemical environment.

It seems impossible to overcome the first disadvantage as most intermediates of sphingolipid
metabolism are lipophilic substances and preferentially localise to cellular membranes. However,
it might be possible to reduce the starting concentration, perform several washing steps or apply

a counterstaining of subcellular compartments to differentiate between metabolised NBD-IPC in
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the Golgi and non-metabolised NBD-C6-ceramide in the ER [414—416]. The environment-
sensitive NBD fluorophore could further be replaced by the more robust BODIPY [417], but it
remains to be validated experimentally if BODIPY-ceramide would be suited to determine AUR1
activity.

Reporter proteins represent another way to measure metabolic changes and have already been
developed for some lipid species [393,418]. Sphingosine-binding domains of endogenous
proteins could analogously be used to construct fluorescent reporters for sphingolipid metabolism
but might be less specific or compete with endogenous proteins [327]. As an alternative, a set of
endogenous proteins, which reacts to known perturbations of SL metabolism, e.g. AUR1
inhibition, could be determined, and endogenously GFP-tagged versions used to study unknown
conditions [419,420].

Even though the results from chapters 4 and 5 indicated that dynamic reporter proteins are a
valuable tool to study transcriptional changes in S. cerevisiae, they might not be suited to detect
dynamic transcription patterns in other model organisms (e.g. E. coli, C. elegans and D.
melanogaster) or mammalian cell culture.

In E.coli, active degradation by an endogenous protease was used to develop dynamic reporter
proteins with half-lives around 40 minutes [215]. However, this half-life is longer than the doubling
time of E.coli in optimal conditions, and protein dilution via cell division probably remains the main
determinant for reporter dynamics. This reporter could still be used to study dynamic transcription
in slow growing bacteria but might interfere with the proteolytic regulation of important processes
[210,421].

In more complex eukaryotic organisms, specific protein domains induce active degradation and
reduce protein half-lives to one or two hours [422,423]. Because the average mRNA half-life in
these organisms is several hours, protein stability might not be the bottleneck for the dynamics of
reporter proteins [424,425]. However, the investigation of processes that involve active mRNA
degradation, e.g. circadian clock or development, might still benefit from destabilised fluorescent

proteins in these organisms [422,426].

7.2 Inositol starvation and sphingolipid metabolism

During inositol starvation, the dynamic reporter proteins indicated a temporal sequence of events,
but future studies need to validate the proposed causal connections that determined it.

For the delayed HAC1 activation after inositol depletion, the lipid profile and UPR activity of
INO2/4-deficient cells are necessary to resolve if the first transcriptional change, INO2/4

activation, perturbed ER homeostasis via an increased PC synthesis. To better understand the
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importance of lipid homeostasis for cell physiology [46], it might also be useful to further
investigate the inositol-auxotrophy of UPR-deficient cells, which is characterised by an
unbalanced lipid metabolism and rescued by the overexpression of PC degrading enzymes
[181,185].

Regarding the observed SL-dependent PKC activation, several published results, e.g. RLM1
activation after partial AUR1 inhibition and inositol auxotrophy at high temperatures after SL
metabolism perturbation [23, 276], further support the hypothesis that it results from reduced IPC
production [55]. The hypothesis could directly be tested through external sphingolipid
supplementation, e.g. glucosylceramide [427], which should prevent RLM1 activation and rescue
the inositol auxotrophy of yeast cells with a disrupted CWI response.

It remains unknown why PKC activation depended on UPR activation, but the RLM1 promoter
and knock-out mutants could be used to investigate the effect of individual UPR target genes, i.e.
ORMA1/2, on the PKC activation during inositol starvation.

Causal connections between the individual processes, i.e. phospholipid biosynthesis, ER
homeostasis, sphingolipid (SL) biosynthesis and cell wall integrity, probably exist independently
of inositol starvation. They might thus help to understand the transcriptional adaptation of S.
cerevisiae to other conditions such as elevated temperatures, genetic modifications or ethanol
exposure, which at least involve one of the investigated signaling pathways [428].

Additional fluorescence labels or live cell imaging could further reveal the relation between
observed transcriptional dynamics and cellular phenotype, e.g. cell size, cell cycle stage,
replicative age or cell death [176,375], and help to understand the trade-off between
transcriptional adaptation and other processes such as cell growth and cell division [429].

For sphingolipid metabolism, the cell-cycle-dependent SUR2 and LAC1 expression stipulated by
Cyclebase.org and the high transcriptional activity of the SUR2 promoter in YPD medium already
suggested an increased ceramide production during the budded phase. However and depending
on the actual flux through sphingolipid biosynthesis, the induction of SUR2 and LAC1 might only
have a minor impact on ceramide synthesis and direct measurements of lipid metabolites are
necessary to proof a connection between sphingolipid metabolism and cell cycle progression,
which was already shown for other metabolites or in other organisms [430,431].

The results from SUR2-deficient cells further suggested that less-conserved steps of sphingolipid
metabolism downstream of ceramide are important for cellular trafficking in S. cerevisiae.
Interestingly, sphingolipid metabolism seems to expand with the complexity of the secretory
pathway in different organisms: while S. cerevisiae only has a single mature sphingolipid class

(IPC and derivatives) and unstructured Golgi vesicles, Pichia pastoris has two different classes
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and a stacked Golgi apparatus [432,433], and mammalian cells have at least two different SL
classes and a stacked Golgi apparatus with several subcompartments. As SL biosynthesis only
happens in specific subcellular compartments [256,434—436], and the disruption of Golgi structure
perturbs SL metabolism [437], it would be interesting to further investigate the relation between
these two eukaryotic-specific process and understand if compartmentalisation enables a more

complex SL biosynthesis or vice versa.

7.3 Population asymmetry

So far, the molecular basis of heterogeneous UPR activation under low-stress conditions was
only investigated with the HAC1 reporter and SUR2-deficient cells, but this method was rather
indirect and poses two major problems that should be solved to properly address the participation
of the ceramide-dependent bud neck barrier. On one hand, even a different HAC1 activity in
mother and daughter cells, which could be assessed via an additional ConA-based staining, is no
proof for regulated ER inheritance, and only an ER marker such as HDEL-GFP or SEC63-GFP
could directly determine ER inheritance [165,438]. On the other hand, as SUR2 knock-out might
not be sufficient to disturb ceramide biosynthesis in YPD medium, chemical inhibitors of ceramide
biosynthesis (Myriocin, Fumonisin B1) should be applied to perturb the ceramide-dependent
barrier in YPD medium [81,82]. The relation of the discovered mechanism to known ER
inheritance regulation, i.e. ERSU and the bud neck barrier, is crucial to determine if daughter
rejuvenation and mother preference are consequences of the same mechanism during ER
inheritance like they seem to be during vacuole inheritance [356,439].

Moreover, the correlation between HAC1 activity and different cellular parameters, e.g. cell cycle
phase, growth rate or cell size, could be measured with live imaging and help to determine if
additional mechanisms such as stochastic noise, cell cycle progression or growth rate also
generate cell-to-cell differences that affect ER homeostasis and influence the adaptation to ER
stress [406,440—444]. Live imaging and cell synchronisation could further be used to validate the
proposed ER homeostasis-dependent G1 progression. However, as the high autofluorescence of
YPD medium interferes with reporter fluorescence, it is first necessary to establish a low ER stress
regime with heterogeneous UPR activity in synthetic complete medium [168,445], which probably
requires much higher tunicamycin concentrations (see chapter 4).

The experimental validation of the model and a test of its last prediction, i.e. asymmetric cell
division improves population fithess in changing environments, exceeded the scope of this
project. Interestingly, the very small daughter cells and reduced overall cell size in conditions

where cell size and cell growth limit cell division, i.e. poor carbon sources, already agree with the
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model prediction [39]. Different carbon source might thus be a better experimental condition than
low ER stress to investigate the effect of asymmetric inheritance on the population fitness in
changing environments. Growth competition of asymmetric-dividing wild-type cells against
symmetric-dividing WHI5-deficient cells, for example, could then reveal a new benefit of

asymmetric cell division in addition to daughter rejuvenation [371,446,447].
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Appendix A: Coding DNA sequence of the reporter constructs

Table A.1: Sequences of the different features of the coding DNA sequence of the dynamic reporter

constructs

Feature

Sequence (5’-> 37)

Start codon + UBI4
gene

ATGcagattttcgtcaagactttgaccggtaaaaccataacattggaagttgaatcttcc
gataccatcgacaacgttaagtcgaaaattcaagacaaggaaggtatccctccagatc
aacaaagattgatctttgccggtaagcagctagaagacggtagaacgctgtctgattac
aacattcagaaggagtccaccttacatcttgtgctaaggctaagaggtggt

Linker with N-
terminal aspartate
(GAT)

GATGGGAAACTTGGTCGACAAGATCCACCTGTCGCCACCA
TGGTT

Yeast codon
optimised super
folder GFP + stop
codon

tccaagg gtgaagagct atttactggg gttgtaccca ttttggtaga
actggacggagatgtaaacg gacataaatt ctctgttaga ggtgagggcg
aaggcgatgc caccaatggt aaattgactc tgaagtttat atgcactacg
ggtaaattac ctgttccttg gccaacccta gtaacaactt tgacatatgg
tgttcaatgt ttctcaagat acccagacca tatgaaaagg catgatttct
ttaaaagtgc tatgccagaa ggctacgtgc aagagagaac tatctccttt
aaggatgacg gtacgtataa aacacgagca gaagtgaaat tcgaagggga
tacactagtt aatcgcatcg aattaaaggg tatagacttt aaggaagatg
gtaatattct cggccataaa cttgagtata atttcaactc gcataatgtg
tacattacag ctgacaaaca aaagaacgga attaaagcga attttaaaat
caggcacaac gtcgaagatg ggtctgttca acttgccgat cattatcagc
aaaacacccc tattggtgat ggtccagtct tgttacccga taatcactac
ttaagcacac agtctagatt gtcaaaagat ccgaatgaaa agcgtgatca
catggtttta ttggaatttg tcaccgctgc aggaataact cacggaatgg
acgagcttta taagggatcc TAA
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Appendix B: Targets of ACE2Z and ASH1

Table B.1: ORF and Name of all ACE2 targets

ORF
YBR090C
YBR116C
YBR122C
YBR152W
YBR157C
YBR158W
YBR159W
YDL127W
YDR155C
YDR156W
YDR306C
YDR433W
YDR524C
YDR524C-B
YDR524W-C
YDR525W-A
YDR527W
YER124C
YER125W
YER177TW
YFRO015C
YFR026C
YGLOO6W
YGLOO6W-A
YGLOO7C-A
YGLO08C
YGL028C
YGLO089C
YGL133W
YGL228W

Name

MRPL36
SPP381
ICS2
AMNA1
IFA38
PCL2
CPR1
RPA14

AGE1

SNA2
RBA50
DSE1
RSP5
BMH1
GSY1
ULI1
PMCH1

PMA1
SCW11
MF(ALPHA)2
ITC1

SHE10

ORF
YGL229C
YGR0O41W
YGRO053C
YGRO057C
YGR283C
YHLO028W
YHL029C
YHR143W
YIL104C
YJL159W
YJL160C
YJR044C
YJR145C
YJR147W
YKLO37W
YKLO96W
YKL150W
YKL151C
YKL178C
YKRO93W
YLR042C
YLR214W
YLR286C
YLR465C
YMLO99W-A
YML100W
YML100W-A
YML101C
YML108W
YNLOG66W

Name
SAP4
BUD9

LST7

WSC4
OCA5
DSE2
SHQ1
HSP150

PIR5

VPS55
RPS4A
HMS2
AIM26
CWP1
MCR1

STE3
PTR2

FRE1

CTS1

BSC3

TSLA1

CUE4

SUN4

ORF
YNLO78W
YNLO79C
YNL241C
YNL242W
YNL327W
YNL328C
YNRO18W
YNRO67C
YOLO084W
YOL104C
YOL158C
YORO034C
YOR138C
YOR140W
YOR263C
YOR264W
YOR382W

Name
NIS1
TPM1
ZWF1
ATG2
EGT2
MDJ2
RCF2
DSE4
PHM7
NDJ1
ENB1
AKR2
RUP1
SFL1

DSES3
FIT2
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Table B.2: ORF and name of every ASH1 target

ORF
YBLO27W
YBRO068C
YBR259W
YDLO055C
YDL135C
YDL182W
YDR054C
YDRO55W
YDRO77W
YDR226W
YDR383C
YDR447C
YDR451C
YDR452W
YDR461W
YDR524C
YDR524C-B
YDR524W-C
YDR525W-A
YDRS527W
YERO021W
YGRO054W
YGR189C
YGR217TW
YGR220C
YGR229C
YGR281W
YHR162W
YHR166C
YHR177W

Name
RPL19B
BAP2

PSA1
RDI1
LYS20
CDC34
PST1
SED1
ADK1
NKP1
RPS17B
YHP1
PPN1
MFA1
AGE1

SNA2
RBAS0
RPN3

CRH1
CCH1
MRPL9
SMI1
YOR1
MPC2
CDC23

ORF
YILO19W
YILO46W
YIL122W
YIL161W
YJLO04C
YJL194W
YJL196C
YKLO96W
YKL214C
YKR041W
YKR042W
YLR141W
YLR243W
YLR272C
YLR285W
YLR300W
YLR344W
YMLO020W
YML100W
YMR108W
YMR121C
YMR122W-A
YMR123W
YMR238W
YMR305C
YMR306W
YMR315W-A
YNL289W
YNRO10W
YNRO45W

Name ORF
FAF1 YNRO59W
MET30 YOLO007C
POG1 YOL105C
YOL113W
SYS1 YOL114C
CDC6 YORO087W
ELO1 YOR168W
CWP1 YOR270C
YRA2 YOR310C

YPRO063C
UTH1
RRNS
GPN3
YCS4
NNT1
EXG1
RPL26A

TSLA1
ILV2
RPL15B

PKR1
DFG5
SCW10
FKS3

PCLA1
CSE2
PET494

Name
MNT4
CSI2
WSC3
SKM1
PTH4
YVC1
GLN4
VPH1
NOP58
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Table B.3: ORF and name of every heat-independent ASH1 target

ORF
YDRO054C
YDRO55W
YDRO77W
YDR451C
YDR452W
YDR461W
YDR524C
YDR524C-B
YDR524W-C
YDR525W-A
YDRS527W
YGR189C
YIL122W
YJL194W
YJL196C
YKLO96W
YKRO041W
YKR042W
YLR300W
YML100W
YMR121C
YMR122W-A
YMR123W
YMR305C
YMR306W
YNL289W
YOLO007C
YOL113W
YOL114C

Name
CDC34
PST1
SED1
YHP1
PPN1
MFA1
AGE1

SNA2
RBAS50
CRH1
POG1
CDC6
ELO1
CWP1

UTH1
EXG1
TSLA1
RPL15B

PKR1
SCW10
FKS3
PCL1
Csl2
SKM1
PTH4
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