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V Zusammenfassung 

Die Komposition biologischer Membranen ist ein komplexes Zusammenspiel aus Lipiden und 

Proteinen. Der Lipidanteil organisiert sich in Form einer Lipiddoppelschicht die eine integrale 

Aufnahme von Membranproteinen erlaubt als auch deren periphere Assoziation ermöglicht. 

Membranen erlauben die Bildung von Kompartimenten die ein optimiertes Ablaufen von 

biochemischen Prozessen gewährleisten. Erreicht wird diese Optimierung von 

Stoffwechselprozessen, indem jede Membran eine spezifische Protein- und 

Lipidzusammensetzung aufweist. Die Komposition und Funktion biologischer Membranen 

gehen Hand in Hand und bedingen einander. So beruht die Barrierefunktion der 

Plasmamembran in eukaryotischen Zellen auf einer erhöhten Packungsdichte der Lipide, die 

durch Aufrechterhaltung eines Sterol-Gradienten entlang des sekretorischen Weges 

gewährleistet wird. Da der molare Anteil der Lipide den Anteil der Membranproteine innerhalb 

einer Membran übersteigt, kommt Ihnen eine besondere Rolle bei der Bestimmung 

physiochemischer Eigenschaften zu. Ferner unterliegt die zelluläre Lipidzusammensetzung 

stärker externen Reizen wie sie beispielsweise bei Änderungen der Diät auftreten und wird 

dynamischer reguliert. Demnach ist es erstrebenswert ein genaueres Verständnis über die 

Wirkung der Lipidumgebung auf die Funktionalität von Membranproteinen zu erhalten. 

Obwohl das Wissen bezüglich der Unterschiedlichkeit von Membrankompositionen stetig 

wächst bleiben Mechanismen, die für die Adaption und Aufrechterhaltung dieser 

Membrankompositionen verantwortlich sind weitestgehend unverstanden.  

Das endoplasmatische Retikulum (ER) ist das zentrale Organell für die Lipidbiosynthese in 

den meisten eukaryotischen Zellen und markiert den Eintrittspunkt zum sekretorischen Weg. 

Es ist daher das ideale Organell, um Fragen der zellulären Regulation von 

Membrankompositionen zu adressieren. Das ER bildet ein kontinuierliches und verzweigtes 

Membrannetzwerk aus, welches sich sowohl strukturell als auch funktionell in spezialisierte 

Subdomänen unterteilen lässt. Die beiden prominentesten funktionellen Subdomänen sind 

das raue ER (englisch rough ER (RER)) und das glatte ER (englisch smooth ER (SER)). Die 

Namensgebung der Domänen leitet sich aus dem Erscheinungsbild der Membranoberfläche 

ab. Im Fall des RER ist die Membranoberfläche mit translatierenden Ribosomen bestückt. Das 

RER ist somit ein Hotspot der Proteinbiosynthese. Das SER hingegen ist frei von Ribosomen, 

beherbergt jedoch unter anderem Enzyme die für die de novo Lipidsynthese verantwortlich 

sind. Beide Subdomänen des ER ergänzen sich demnach funktional und ermöglichen eine 

koordinierte Membranbiogenese. Ferner ist das ER maßgeblich für die Reifung sekretorischer 

Proteine, die knapp ein Drittel der zellulären Proteinsynthese stellen, verantwortlich. Feine 

Störungen im Gleichgewicht von Proteinproduktion und Proteinfaltung können die 
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Faltungskapazitäten des ER überfordern und in Folge zu einer Akkumulation ungefalteter oder 

fehlgefalteter Proteine führen. Ein solcher Zustand wird allgemein als ER-Stress bezeichnet. 

Eine Blockierung oder langfristige Beeinträchtigung der Funktionalität des ER hat 

weitreichende Folgen und steht im Verdacht an der Entstehung von komplexen metabolischen 

Erkrankungen wie Diabetes mellitus und der nicht-alkoholischen Fettleber beteiligt zu sein. 

Eine besondere Bedeutung in der Bekämpfung und Vorbeugung von ER-Stress kommt der 

unfolded protein response (UPR) zu. Die UPR ist ein hoch-konservierter Signalweg in 

eukaryotischen Zellen, der kurze sekretorische Belastungsspitzen abfangen soll indem er 

dynamisch die sekretorische Kapazität des ER reguliert. Seit der Entdeckung der UPR hat 

sich der Kanon der aktivierenden Signale stets erweitert und beinhaltet inzwischen auch eine 

gestörte Lipidzusammensetzung der ER-Membran. Aberrante Lipidzusammensetzung, die 

eine Aktivierung der UPR zur Folge haben, werden als lipid bilayer stress (LBS) bezeichnet. 

Die vorliegende Arbeit ist in drei Abschnitte unterteilt und jeder Abschnitt ist einem 

übergreifenden Thema einer LBS getriebenen UPR gewidmet.  

Im ersten Abschnitt wurde untersucht, inwiefern eine funktionale UPR an der Modellierung der 

zellulären Lipidkomposition im steady state einer Kultivierung beteiligt ist. Ferner wurde die 

Frage bearbeitet inwieweit die UPR aktiv an einer Adaption der Lipidzusammensetzung bei 

ER-Stress beteiligt ist. Um diesen Fragen gerecht zu werden, wurde sich die Tatsache zu 

Nutze gemacht, dass die UPR in S. cerevisiae von einem einzigen Sensorprotein, dem inositol 

requiring enzyme 1 protein (Ire1p) vermittelt wird. Demnach konnte durch Verwendung eines 

Wildtyp-Stammes (WT) und dem isogenen ire1∆ Stamm zwischen UPR-abhängigen und 

UPR-unabhängigen Vorgängen bei der Remodellierung der zellulären Lipidkomposition 

unterschieden werden. Als Auslöser eines proteotoxischen ER-Stress wurde das 

Reduktionsmittel Dithiothreitol (DTT), welches unter anderem mit der Ausbildung von 

Disulfidbrücken im Lumen des ER interferiert, sowie der Wirkstoff Tunicamycin (TM), der die 

N-Glykosylierung von neu synthetisierten Proteinen unterbindet, verwendet. Die Potenz 

beider Wirkstoffe wurde systematisch in einem wachstumsbasierten minimal inhibitory 

concentration (MIC) Assay für beide Stämme für komplexes reichhaltiges Nährmedium als 

auch für synthetisch definiertes Nährmedium bestimmt. Konzentrationen die zuverlässig die 

UPR auslösten wurden in Folgeexperimenten eingesetzt und deren Wirkung auf 

Zellwachstum und Lipidkomposition analysiert. Dabei zeigte sich im Hinblick auf das 

Zellwachstum, dass es keine signifikanten Unterschiede zwischen den Stämmen gab. Der 

größte Unterschied in der Wachstumsrate zeigte sich im Vergleich zwischen beiden Medien 

im Fall der ungestressten Bedingung. Wurden die Stämme in reichem, komplexem Medium 

kultiviert zeigten sie eine Verdopplungsrate von 86 min, im Fall des synthetisch-definiertem 

Medium eine Verdopplungsrate von 107 min. Die gewählten Konzentrationen von DTT und 
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TM zeigten für beide Stämme einen wachstumshemmenden Effekt der eine Stunde nach 

Applikation unabhängig vom Medium eintrat. Quantitative Lipidomanalysen der gestressten 

und ungestressten Zellen zeigten, dass bei kurzzeitiger Behandlung (1 Stunde) sowohl DTT 

als auch TM in Fall des synthetisch-definiertem Medium nur einen vernachlässigbaren Effekt 

auf die Lipidkomposition von WT und ire1∆ Zellen hatten. Im Fall des reichen und komplexen 

Mediums hingegen, kam es in mit DTT gestressten Zellen zu einer signifikanten Akkumulation 

von Phosphatidat (PA) gegenüber der ungestressten Kontrolle. 

Der Vergleich der Lipidkomposition zeigte wie schon im Fall der Wachstumsrate, dass die 

größten Unterschiede zwischen den Medien auftraten. Hier wurden signifikante Änderungen 

in der Lipidklasse von Ergosterol, den komplexen Sphingolipiden, den Phosphoglyceriden 

Phosphatidylethanolamin und Phosphatidylinositol sowie den Speicherlipiden 

Triacylglyceriden und dem Ergosterolester festgestellt. Die Studie hat systematisch die Frage 

adressiert inwiefern DTT und TM als Wirkstoffe zur Induktion einer UPR einen Einfluss auf die 

Lipidkomposition nehmen. Zusammenfassend lässt sich sagen, dass die UPR keinen Einfluss 

auf die Lipidkomposition in Abwesenheit von ER Stress induzierenden Wirkstoffen nimmt. 

Ferner zeigte sich, dass die UPR ausgelöst durch DTT oder TM in der akuten Phase eine 

Stunde nach Initiation der Signalkaskade keinen signifikanten Einfluss auf die 

Membrankomposition in synthetisch-definiertem Medium unter den hier etablierten 

Bedingungen nimmt.  

Im zweiten Abschnitt lag der Fokus auf dem Dimerisierungsverhalten von Ire1p. 

Voraussetzung für die Ire1p abhängige Aktivierung der UPR ist die Oligomerisierung einzelner 

Ire1p Protomere. Kristallstrukturanalysen der löslichen Sensordomäne von Ire1p haben 

Interaktionsflächen für die Di- und Oligomerisierung offenbart und zu unserem Verständnis 

einer Aktivierung von Ire1p durch proteotoxischen Stress beigetragen. Zudem konnte in der 

Vergangenheit ein Mechanismus für eine Membran vermittelte Oligomerisierung durch 

aberrante Lipidzusammensetzung beschrieben. Dieser Mechanismus beruht auf dem 

ungewöhnlichen Aufbau der Transmembrandomäne von Ire1p. Sie besteht aus einer kurzen 

hydrophoben Transmembranhelix (TMH) welche an Ihrem N-Terminus in eine 

amphipathische Helix (AH) übergeht. Diese ungewöhnliche Architektur bewirkt, dass die AH 

mit der hydrophoben Seite in die ER-Membran inseriert und dadurch eine Neigung der kurzen 

TMH veranlasst. Zusätzlich führt die Transmembrandomäne (TMD) von Ire1p zu einer lokalen 

Kompression der Membran. Die energetischen Kosten für die Deformierung der Membran ist 

abhängig von der Lipidzusammensetzung, die größtenteils mit der vorherrschenden 

Lipidpackungsdichte korreliert. Ire1p kann die erhöhten energetischen Kosten einer 

Membranversteifung durch eine Oligomerisierung minimieren, indem es die zu 

komprimierende Membranfläche minimiert. 
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Ob allerdings unterschiedliche Formen von ER-Stress, also proteotoxischer ER-Stress oder 

LBS, die Architektur von Ire1p in der TMD unterschiedlich beeinflussen war ungeklärt. Um 

strukturelle Änderungen im Bereich der TMD aufzulösen, wurde ein systematisches Cystein-

vermitteltes Crosslinking durchgeführt. Dazu wurde zunächst eine Cystein-freie Variante von 

Ire1p generiert und mittels homologer Rekombination genomisch integriert. Die genomische 

Integration und Expression durch den nativen Ire1p Promotor diente dazu der 

Oligomerisierung-bedingten Aktivierung von Ire1p durch ein endogenes Expressionslevel 

Rechnung zu tragen. Die Funktionalität dieser Cystein-freien Variante wurde auf zellulärer 

Ebene in Form von Wachstumsassays und molekularer Ebene via RT-qPCR von UPR 

spezifischen mRNAs validiert. Anschließend wurden einzelne Cysteine durch Mutagenese der 

TMD in das Cystein-freie Konstrukt eingebracht. Die so generierten Einzelcysteinvarianten 

wurden erneut auf Ihre Fähigkeit hin untersucht eine UPR auszulösen. Um Reste zu 

identifizieren, die in Signal-aktiven Clustern von Ire1p potentiell eine Interaktionsfläche 

herstellen, wurden ER-Membranen aus Zellen gewonnen die entweder ungestresst waren 

oder zuvor mittels DTT, TM oder durch Inositol-Depletion, als Form eines reinen LBS, 

behandelt wurden. Dabei zeigte sich, dass die Einzelcysteinmutante F544C die höchste 

Quervernetzungseffizienz für alle getesteten Stressbedingungen aufwies. Ferner zeichnete 

sich ein vergleichbares Quervernetzungsmuster für alle Stressbedingungen ab, sodass die 

TMD von Ire1p scheinbar unabhängig von der Art des angewandten ER-Stresses bei 

Aktivierung eine einzige eine einzige Konformation einnimmt. 

Im dritten Abschnitt der vorliegenden Arbeit habe ich mich dem Wissen um eine Mutante des 

OLE-Signalwegs bedient. Diese Mutante zeichnet sich durch einen erhöhten Sättigungsgrad 

von Membranlipiden im Vergleich zu wildtypischen Zellen aus. In S. cerevisiae existiert 

lediglich ein einziges Gen, OLE1, welches für eine ∆-9-Desaturase kodiert, die 

Doppelbindungen in Azyl-CoA Vorläufer von Membranlipiden einfügt. Der OLE-Signalweg 

beschreibt die Regulation der Expression von OLE1 und wird durch die beiden 

Transkriptionsfaktoren Mga2p und Spt23p vermittelt. Durch Deletion des MGA2 Gens kann 

eine Fehlregulation herbeigeführt werden, die neben dem Anstieg des Sättigungsgrades auch 

eine Aktivierung der UPR verantwortet. Ziel war es, mit S. cerevisiae ein Modelsystem zu 

schaffen mit dem die Rolle gesättigter Lipide bei der chronischen Aktivierung der UPR 

untersucht werden kann. Diese Fragestellung ist relevant, weil eine Vielzahl komplexer, 

metabolischer Krankheitsbilder wie z.B. ein Diabetes mellitus oder die nicht-alkoholische 

Fettleber in Verbindung mit erhöhten Mengen an saturierten Lipiden gebracht wurden. Die 

vorliegenden Ergebnisse geben Hinweise auf die molekularen Mechanismen die bei der 

Entstehung solcher Erkrankungen involviert sein könnten. Zunächst wurden die 

Wachstumsbedingungen dahingehend optimiert, dass sich der Membran-basierte Stress 
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maximal ausprägt. Dieser Zeitpunkt war gekennzeichnet durch eine stark verminderte 

Zellvitalität und Zellviabilität. Ferner stieg der Anteil der gesättigten Membranlipide auf 50-mol 

% an. Die signifikante Veränderung der Lipidzusammensetzung ging mit dramatischen, 

morphologischen Veränderungen des ER einher, die in bis zu 70 % der mikroskopisch 

analysierten Zellen auftraten. Mit fluorescence recovery after photobleaching (FRAP) 

Experimenten konnte gezeigt werden, dass die Diffusionsgeschwindigkeit von ER-ständigen 

Membranproteinen innerhalb des aberranten ER gegenüber einem gesunden ER signifikant 

verringert war. Um Modulatoren dieses morphologisch, aberranten ER zu identifizieren, wurde 

ein Genom-weiter high-content Screen durchgeführt. Es wurde eine Vielzahl von 

Gendeletionen identifiziert, die das Auftreten der aberranten Strukturen entweder verringern 

(„rescue“) oder verstärken („worse“). Während Gendeletionen aus der „rescue“ Klasse 

vermehrt Mutanten aufwiesen, die den Zellzyklus und speziell die Mitose regulieren, so waren 

die Vertreter der „worse“ Klasse überwiegend mitochondrialen Ursprungs. Die Validierung 

ausgewählter Vertreter beider Klassen auf Ebene der Lipidzusammensetzung und der 

prozentualen Verteilung des aberranten ER zeigte, dass die Ausbildung des aberranten ER 

erwartungsgemäß mit der Menge der gesättigten Glycerophospholipide korreliert. Außerdem 

zeigten diese Mutanten ein signifikant erhöhtes Level an Ceramiden, Phosphatidsäuren und 

Diacylglyceriden. 

Die Formation des aberranten ER konnte mittels Zeitraffer-Mikroskopie auf den Vorgang der 

Mitose eingegrenzt werden. Diesem Prozess ist eine signifikante Zunahme der 

Membranmasse in der Interphase vorgeschaltet. Weitere unterstützende Daten, die für eine 

Beteiligung des Zellzyklus an der Entstehung der Strukturen sprechen, konnten in einem 

sekundären, gezielten Screen erhoben werden. In diesem sekundären Screen wurden 

einzelne Gene überexprimiert, die einen Einfluss auf die Verweildauer in einzelnen 

Zellzyklusphasen haben. Die prozentualen Anteile des aberranten ER-Phänotyps übertrafen 

die Werte aus dem ursprünglichen Screen der „rescue“ als auch der „worse“ Klasse. Es wurde 

weiter untersucht, ob eine UPR-bedingte Membranexpansion einen Beitrag zu der Entstehung 

der Strukturen leisten könnte. Die Expression von induzierbaren 

Membranexpansionselementen, als auch die Überexpression des ICE2 Gens, welches zu 

einer ER-Membranexpansion in wildtypischen Zellen führt, sorgte im mga2∆ 

Stammhintergrund zu einer signifikanten Zunahme der aberranten ER-Strukturen. 

In einem dritten Wachstums-basierten Nachscreening wurden Mutanten und Additive 

untersucht, die das Wachstum der mga2∆ Mutante beeinflussen. Dies ist interessant, weil 

zuvor gezeigt wurde, dass mga2∆ Zellen gegenüber wildtypischen beim Wechsel vom 

fermentativen Wachstum zur Respiration einen deutlichen Wachstumsdefekt aufweisen. Eine 

Beteiligung der Mitochondrien konnte somit durch Korrelation des Wachstumsdefekts mit der 
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Entstehung reaktiver Sauerstoffspezies (englisch reactive oxygen species (ROS)) identifiziert 

werden. Die Überexpression von HAP4, einem Transkriptionsfaktor, der mitochondriale 

Aktivitäten hochreguliert und zur übermäßigen Bildung von ROS führt, sorgte lediglich im 

mga2∆ Stammhintergrund für eine Verschlechterung des Zellwachstums. Durch 

Supplementation des Mediums mit dem Radikalfänger Vitamin C konnte der 

Wachstumsdefekt von mga2∆ deutlich verringert werden. Folgerichtig konnte auch 

mikroskopisch gezeigt werden, dass die Entstehung eines aberranten ER in mga2∆ Zellen 

sowohl durch Vitamin C als auch reduziertes Glutathion verhindert wird. 

Insgesamt wurde ein Modellsystem etabliert, das eine Untersuchung des Zusammenspiels 

der unfolded protein response mit der Zellzyklusregulierung, dem Lipidstoffwechsel und der 

mitochondrialen Funktion ermöglicht. 
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VI Abstract 

The composition of biological membranes is a complex interplay of lipids and proteins. The 

lipid part is organized in the form of a lipid bilayer that allows integral uptake of membrane 

proteins as well as their peripheral association. Membranes allow the formation of 

compartments that ensure an optimized execution of biochemical processes. This optimization 

of metabolic processes is achieved through maintaining a membrane specific protein and lipid 

composition. The composition and function of biological membranes go hand in hand and are 

interdependent. For example, the barrier function of the plasma membrane in eukaryotic cells 

is based on an increased packing density of lipids, which is ensured by maintaining a sterol 

gradient along the secretory pathway. Since the molar fraction of lipids exceeds the fraction 

of membrane proteins within a membrane, they exert a significant impact on the determination 

of physicochemical properties. Furthermore, cellular lipid composition is more subject to 

external stimuli such as dietary changes and is more dynamically regulated. Thus, it is 

desirable to obtain a more detailed understanding of the impact lipid environments exert on 

the functionality of membrane proteins. Although knowledge about the diversity of membrane 

compositions is growing, mechanisms responsible for the adaptation and maintenance of 

these membrane compositions remain poorly understood.  

The endoplasmic reticulum (ER) is the central organelle for lipid biosynthesis in most 

eukaryotic cells and marks the entry point to the secretory pathway. It is therefore the ideal 

organelle to address questions of cellular regulation of membrane composition. The ER forms 

a continuous and branched membrane network that can be subdivided both structurally and 

functionally into specialized subdomains. The two most prominent functional subdomains are 

the rough ER (RER) and the smooth ER (SER). The naming of the domains is derived from 

the appearance of the membrane surface. In the case of the RER, the membrane surface is 

populated with translating ribosomes. The RER is thus a hotspot of protein biosynthesis. The 

SER, on the other hand, is devoid of ribosomes but harbors, among other things, enzymes 

responsible for de novo lipid synthesis. Thus, both subdomains of the ER functionally 

complement one another and enable a coordinated membrane biogenesis. Furthermore, the 

ER is largely responsible for the maturation of secretory proteins, which account for nearly 

one third of cellular protein synthesis. Subtle perturbations in the balance of protein production 

and protein folding can overwhelm the folding capacities of the ER and subsequently lead to 

an accumulation of unfolded or misfolded proteins. Such a condition is commonly referred to 

as ER-stress. Blockage or long-term impairment of ER functionality has far-reaching 

consequences and is suspected to be involved in the development of complex metabolic 

diseases such as diabetes mellitus and non-alcoholic fatty liver disease. The unfolded protein 
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response (UPR) is of particular importance in combating and preventing ER-stress. The UPR 

is a highly conserved signaling pathway in eukaryotic cells that is thought to buffer short 

secretory stress peaks by dynamically regulating the secretory capacity of the ER. Since the 

discovery of the UPR, the canon of activating signals has continued to expand and now 

includes perturbed lipid composition of the ER membrane. Aberrant lipid compositions that 

result in the activation of the UPR are termed lipid bilayer stress (LBS). 

The present work is divided into three sections and each section is devoted to an overarching 

theme of an LBS-driven UPR.  

In the first section, the extent to which a functional UPR is involved in modeling cellular lipid 

composition in the steady state of a cultivation was investigated. Furthermore, the question 

was addressed to what extent the UPR is actively involved in an adaptation of lipid composition 

under ER stress. To address these questions, we took advantage of the fact that the UPR in 

S. cerevisiae is mediated by a single sensor protein, the inositol requiring enzyme 1 protein 

(Ire1p). Hence, by using a wild-type (WT) strain and the isogenic ire1∆ strain, it was possible 

to distinguish between UPR-dependent and UPR-independent processes in the remodeling of 

cellular lipid composition. The reducing agent dithiothreitol (DTT), which interferes with the 

formation of disulfide bridges in the lumen of the ER, and the pharmacologically active 

compound tunicamycin (TM), which inhibits N-glycosylation of newly synthesized proteins, 

were used as inducers of proteotoxic ER stress. The potency of both agents was 

systematically determined in a growth-based minimal inhibitory concentration (MIC) assay for 

both strains for complex rich culture medium as well as for synthetic defined minimal medium. 

Concentrations that reliably triggered the UPR were used in follow-up experiments and their 

effects on cell growth and lipid composition were analyzed. 

It was found that there were no significant differences between the strains in terms of cell 

growth. The greatest difference in growth rate was seen in the comparison between the two 

media in the case of the unstressed condition. When the strains were cultured in rich complex 

medium they showed a doubling rate of 86 min, opposed to a doubling rate of 107 min in the 

case of the synthetic-defined minimal medium. The selected concentrations of DTT and TM 

showed a growth inhibitory effect for both strains that occurred one hour after application 

regardless of the medium. Quantitative lipidomic analyses of the stressed and unstressed cells 

showed that for short-term treatment (1 h), both DTT and TM had negligible effects on the lipid 

composition of WT and ire1∆ cells in case of the synthetic-defined minimal medium. On the 

other hand, in the case of the rich and complex medium, there was a significant accumulation 

of phosphatidate (PA) in cells stressed with DTT compared to the unstressed control. 
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Comparison of lipid composition showed, as in the case of growth rate, that the greatest 

differences occurred between the media. Here, significant changes were found in the lipid 

class of ergosterol, the complex sphingolipids, the phosphoglycerides 

phosphatidylethanolamine and phosphatidylinositol, and the storage lipids triacylglycerides 

and ergosterol ester. The study systematically addressed the question of the extent to which 

DTT and TM, as agents for inducing a UPR, have an effect on the cellular lipid composition. 

In conclusion, the UPR does not affect lipid composition in the absence of ER stress-inducing 

agents. Furthermore, the data imply that the UPR induced by DTT or TM in the acute phase 

one hour after drug application has no significant effect on the membrane composition in 

synthetic-defined minimal medium under the here established conditions. 

In the second section, the dimerization behavior of Ire1p under proteotoxic and LBS conditions 

was investigated. A prerequisite for Ire1p-dependent activation of the UPR is oligomerization 

of individual Ire1p protomers. Crystal structure analyses of the soluble sensor domain of Ire1p 

have revealed interaction sites for di- and oligomerization and contributed to our 

understanding of an activation of Ire1p by proteotoxic stress. In addition, a mechanism for 

membrane-mediated oligomerization by aberrant lipid composition has been described in the 

past. This mechanism is based on the unusual structure of the transmembrane domain of 

Ire1p. It consists of a short hydrophobic transmembrane helix (TMH) which transitions into an 

amphipathic helix (AH) at its N-terminus. This unusual architecture causes the AH to insert 

into the ER membrane with the hydrophobic side, thereby inducing a tilt of the short TMH. In 

addition, the transmembrane domain (TMD) of Ire1p causes local compression of the 

membrane. The energetic cost of membrane deformation is dependent on the lipid 

composition, which largely correlates with the prevailing lipid packing density. Ire1p can 

minimize the increased energetic cost of membrane stiffening via oligomerization by 

minimizing the membrane area to be compressed. However, whether different forms of ER 

stress, i.e. proteotoxic ER stress or LBS, differentially affect the architecture of Ire1p in the 

TMD was unresolved. To resolve structural changes in the TMD, systematic cysteine-

mediated crosslinking was performed. For this purpose, a cysteine-free variant of Ire1p was 

first generated and genomically integrated by homologous recombination. Genomic 

integration and expression by the native Ire1p promoter were used to account for the 

oligomerization-induced activation of Ire1p by an endogenous expression level. The 

functionality of this cysteine-free variant was validated at the cellular level in the form of growth 

assays and on the molecular level via RT-qPCR of UPR specific mRNAs. Subsequently, single 

cysteines were introduced into the cysteine-free construct by mutagenesis of the TMD. The 

single cysteine variants generated in this way were reassessed for their ability to trigger a 

UPR. To identify residues that potentially establish an interaction surface in signal-acting 
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clusters of Ire1p, ER membranes were obtained from cells that were either unstressed or 

previously treated by DTT, TM, or by inositol depletion, as a form of pure LBS. This showed 

that the single cysteine mutant F544C exhibited the highest cross-linking efficiency for all 

stress conditions tested. Furthermore, a comparable cross-linking pattern emerged for all 

stress conditions, such that the TMD of Ire1p appears to adopt a single conformation upon 

activation regardless of the type of ER-stress applied. 

In the third section of the presented thesis, I utilized a mutant of the OLE signaling pathway to 

study the role of the UPR in context of LBS. This mutant is characterized by an increased 

degree of saturation of membrane lipids compared to wild-type cells. In S. cerevisiae, there is 

only a single gene, OLE1, which encodes a ∆-9 desaturase that inserts double bonds into 

acyl-CoA precursors of membrane lipids. The OLE pathway describes the regulation of OLE1 

expression and is mediated by the two transcription factors Mga2p and Spt23p. Deletion of 

the MGA2 gene can induce a dysregulation that is responsible for an increase in the degree 

of saturation concomitant with an activation of the UPR. The aim was to use S. cerevisiae to 

create a eukaryotic model system with which the role of saturated lipids in perpetuating an 

ER-stress condition could be investigated. This question is relevant because a variety of 

complex metabolic diseases, such as diabetes mellitus or non-alcoholic fatty liver disease, 

have been associated with elevated levels of saturated lipids. The presented results provide 

clues to the molecular mechanisms that may be involved in the development of such diseases. 

Initially, growth conditions were optimized to maximize membrane-based stress. As a result, 

cell viability and cell viability were strongly reduced in the mga2∆ mutant opposed to the WT. 

Furthermore, the proportion of saturated membrane lipids increased to 50-mol %. The 

significant change in lipid composition was accompanied by dramatic, morphological changes 

in the ER, which occurred in up to 70% of the microscopically analyzed mga2∆ cells. 

Fluorescence recovery after photobleaching (FRAP) experiments demonstrated that the 

diffusion rate of ER-derived membrane proteins within the aberrant ER was significantly 

reduced compared with a healthy ER. To identify modulators of this morphologically aberrant 

ER, a genome-wide high-content screen was performed. A variety of gene deletions were 

identified that either decreased ("rescue") or increased ("worse") the appearance of the 

aberrant structures. While gene deletions from the "rescue" class showed an increased 

number of mutants regulating the cell cycle and specifically mitosis, the representatives of the 

"worse" class were predominantly of mitochondrial origin. Validation of selected 

representatives of both classes at the level of lipid composition and percent distribution of 

aberrant ER showed that, as expected, aberrant ER formation correlated with the amount of 

saturated glycerophospholipids. In addition, these mutants showed significantly increased 

levels of ceramides, phosphatidic acids, and diacylglycerides. 
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The formation of the aberrant ER could be narrowed down to the act of mitosis by time-lapse 

microscopy. This process is preceded by a significant increase in membrane mass in 

interphase. Further supporting data indicative of cell cycle involvement in the formation of the 

aberrant ER structures could be collected in a secondary targeted screen. In this secondary 

screen, individual genes were overexpressed that had an effect on the residence time in 

individual cell cycle phases. The percentages of aberrant ER harboring cells exceeded the 

values from the original screen of the "rescue" as well as the "worse" category. It was further 

investigated whether UPR-induced membrane expansion could contribute to the formation of 

the structures. Expression of inducible membrane expansion systems, as well as 

overexpression of the ICE2 gene, which leads to ER membrane expansion in wild-type cells, 

caused a significant increase in aberrant ER structures in the mga2∆ strain background. 

In a third growth-based post-screening, mutants and additives affecting the growth of the 

mga2∆ mutant were investigated. This is interesting because it has previously been shown 

that mga2∆ cells exhibit a distinct growth defect compared to wild-type ones when switching 

from fermentative growth to respiration. Mitochondrial involvement could thus be identified by 

correlating the growth defect with the generation of reactive oxygen species (ROS). 

Overexpression of HAP4, a transcription factor that upregulates mitochondrial activities and 

leads to the excessive generation of ROS, caused a deterioration of cell growth only in the 

mga2∆ strain background. Supplementation of the medium with the free radical scavenger 

vitamin C significantly reduced the growth defect of mga2∆. Consequently, it was also shown 

microscopically that the development of an aberrant ER in mga2∆ cells was prevented by both 

vitamin C and reduced glutathione. 

Overall, a model system was established that allows an investigation of the interplay of the 

unfolded protein response with cell cycle regulation, lipid metabolism and mitochondrial 

function. 
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1 Introduction 

1.1 The importance of models in biology 

 

The 19th century marks the transition from natural philosophy to the era of modern science. 

The main difference between both forms of study is that in natural philosophy the investigator 

deduces principles of nature solely by observation without the rigorous experimental 

examination that is part of the modern scientific approach. Hence, the validation of the 

observation-based inferences was neglected in natural philosophy. In this period, multiple 

important theories and concepts were published that have shaped the way we perceive the 

world to this very day. In 1808, John Dalton published his book “A New System of Chemical 

Philosophy”3 in which he enunciates his atomic theory. In 1869, Dmitri Mendeleev published 

his first version of the periodic table4 and in 1859 Charles Darwin published his revolutionary 

ideas for the diversity of life in “On the origin of species by means of natural selection, or the 

preservation of favored races in the struggle for life”5. One explanation for the success of these 

theories beyond the scope of the scientific community is that all of these scientists managed 

to systematically organize knowledge of that time and transformed it into a simple pictorial 

representation6. Whether the concept of indivisible and indestructible atoms that make up all 

matter, the creation of a table that accommodated all known elements of that time with empty 

spaces left for those to be discovered, or the representation of the diversity of life in the form 

of a tree. All of these theories aimed at building a rational framework to unify observable 

natural phenomena. These frameworks not only housed answers to current questions of that 

time, they also had room for predictions and invited to expand the knowledge. With the growing 

knowledge since these frameworks had been postulated these concepts had to accommodate 

to the new information to survive. For instance, we now know of the existence of subatomic 

particles, and that the similar chemical properties of elements within a periodic group is linked 

to their number of valence electrons and not determined by their mass, and the age of earth 

is estimated to be 4.5 billion years old instead of 300 million years as assumed by Charles 

Darwin5,7. These insights are the result of a series of theoretical advances supported by the 

development of more sophisticated instruments and techniques for experimental 

measurements. How our understanding of biology and technical advances are interlinked is 

best exemplified through the advances made in microscopy. In 1665, the natural philosopher 

Robert Hooke published “Micrographia”, a record of observations made by him with a simple 

compound microscope8. In his studies he described structures found in thin slices of cork that 

appeared to him as perforated and porous, resembling a honeycomb8. In hindsight, he looked 

at the cell walls of plant cells. Thereby, he unknowingly visualized, aided by his microscope, 
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for the first time the smallest unit of life, the cell. It was in fact Robert Hook that coined the 

term cell, as the cork tissue reminded him of cells that house hermit monks in a monastery. A 

contemporary of Robert Hook was Antoni van Leeuwenhoek who used his single lens 

microscopes to study numerous biological samples and can be seen as one of the founding 

fathers of protozoology and bacteriology as he was the first person to discover protists and 

bacteria9. It took until the 19th century to develop the theoretical underpinnings of modern light 

microscopy by works of Ernst Abbe’s diffraction-limit theory10 and the formulation of the 

Rayleigh criterion that determines the minimum distance between two objects to be resolvable 

to ~200 nm11. Attempts to circumvent this limit of spatial resolution led to the development of 

electron microscopy (EM) to visualize nanoscale structures at the expense of sample 

integrity12. The improved resolution led to the discovery of the highly organized subcellular 

structures of eukaryotic cells pioneered by the work of Albert Claude, George Palade and 

Christian de Duve who received in 1974 the Nobel Prize in Physiology and Medicine for their 

contributions13–15. The application of the electron microscope to study biological samples was 

therefore pivotal for the creation of modern cell biology. The quality of biological microscopy 

images is not only determined by the resolution but further determined by the contrast. The 

single most impactful improvement in enhancing the contrast was seen with the advent of 

fluorescent staining. The fluorescence of a molecule is an electrical phenomenon comprising 

two events. Firstly, the molecule will absorb energy in the form of light of a specific wavelength 

referred to as excitation. This causes electrons of the molecule to be raised from the ground 

state to the excited state. As the exited state has a limited lifetime of 10-8 s, the electrons return 

to the ground state16. The return to the ground state represents the second event as some of 

that absorbed energy is emitted in the form of light therefore referred to as emission. Both 

events, excitation and emission, depend on the particular fluorophore i.e. a molecule with 

fluorescent properties. The first fluorescent stain, termed fluorescein, was developed in 1871 

by Adolf von Bayer17. An isothiocyanate derivate of fluorescein was used in the first 

immunofluorescence study by Albert Coons who could show that labeling of an antibody with 

this fluorescent molecule does not interfere with its immunological properties18. These findings 

enabled researches to study the cell at a new level of detail yet the greatest discovery for 

fluorescent microscopy was the identification of a naturally self-sufficient fluorescent protein, 

called green fluorescent protein (GFP)19,20. This protein was isolated from the marine organism 

Aequorea Victoria. As the information for the chromophore that is responsible for the 

fluorescence of GFP is contained within the coding sequence, scientists would soon generate 

fusion proteins by adding the GFP coding sequence to any gene of interest21,22. This led to the 

“green revolution” of cell biology and allowed scientist to study the inter- and intramolecular 

processes in living cells via fluorescence microscopy23. All of the aforementioned advances 

deepened our understanding of cell physiology but the newly found fluorophores still had to 
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abide the physical law described by Ernst Abbe. It wasn’t until 1994 that this barrier that had 

seemed insurmountable for over a century was ultimately brought down by Stephan Hell’s 

proposed stimulated emission depletion (STED) microscopy24, which he was able to 

implement in 199925. His invention belongs to the growing class of super-resolution techniques 

that enable imaging of dynamic structures in living cells below the diffraction limit, allowing 

scientist to observe single molecules. This shortened recap of over 300 years of advances in 

microscopy has demonstrated the benefit of cross-fertilization among different disciplines such 

as physics, chemistry, mathematics, and biology and how science contributed to our 

understanding of the microscopic world. It also revealed an inclination of scientists to become 

fascinated with the dissection of a scientific question and to tend towards a reductionist 

approach in studying phenomena. The predictive power of reductionism for model building 

was elegantly showcased with the fluid mosaic model of biological membranes unifying and 

integrating a variety of findings from many scientists26. While there is no denying that the 

application of reductionism has enabled us to explore the physiology from “man to molecule” 

one might lose sight of another equally important school of thought in this data-driven era, 

namely that of holism. To progress and advance further, we need to apply what we have 

learned in studying pathways down to the molecular level to close the gap again “from 

molecule to man”27.  

I, therefore, think that when practicing science, one should consistently question one’s own 

findings and see them in the light of results of partners and predecessors. When one is in the 

beginning of a project, it is helpful to be guided by theories and models that have withstood 

the test of time such as the theory of evolution or the concept of homeostasis in physiology. 

But to progress in one’s own field, it is important to develop your own model or working 

hypothesis that in accordance to the scientific method has to be falsifiable. Only then one can 

design and carry out experiments such that new insights can be gained and the model can be 

refined or corrected appropriately.  
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1.2 The endoplasmic reticulum – hallmark of the eukaryotic cell and 

the maestro of interorganellar communication 

 

The characteristic cellular architecture of modern eukaryotes is the evolutionary consequence 

of metabolic compartmentalization that led to highly specialized organelles. The 

compartments of contemporary eukaryotes are bound by membranes of either autogenous 

origin, derived from an early endomembrane system, or acquired through endosymbiotic 

events as proposed by the endosymbiotic hypothesis28,29. Recently it was postulated that the 

host cell of the endosymbiotic event was related to Lokiarchaeota, a phylum of the archaea 

that encodes many eukaryotic signature proteins that could have instituted such a crude 

endomembrane system30. Sequence-based functional predictions of these eukaryotic 

signature proteins indicate that they provide the host with membrane remodeling capabilities 

and primordial forms of cytoskeletal proteins in the form of actin31 and tubulin32 homologues33. 

It is believed that the emergence of such an organism marked the first step in eukaryogenesis 

i.e. the collection of evolutionary events that have enabled the transition from prokaryotic to 

eukaryotic life forms. These proteins would prepare the last eukaryotic common ancestor, from 

which all living eukaryotes descend, for the phagocytosis of the α-proteobacterium that was 

the predecessor of modern mitochondria. It is believed that this is the key event in the origin 

of eukaryotes and that the engulfment of the α-proteobacterium liberated the plasma 

membrane from its former role in energy production in the form of chemiosmotic ATP 

synthesis30. This relocation of energy production to the mitochondrial inner membrane is often 

seen as the driving force behind the rise in complexity of the eukaryotic cell plan as the plasma 

membrane could in turn acquire novel functions with respect to signaling and communication. 

Contrary to the prevailing paradigm that mitochondria are essential constituents of the 

eukaryotic cell, it was shown that eukaryotic life without them is indeed possible as 

demonstrated in case of Monocercomonoides sp, an organism devoid of mitochondria or 

mitochondria related organelles34. It is believed that the absence is due to a secondary loss 

as a consequence of redundancy of mitochondrial functions. Although most known for their 

role in oxidative phosphorylation, mitochondria or mitochondria related organelles are retained 

in anaerobic eukaryotes for their most conserved function, namely the provision of the iron 

sulfur cluster pathway35. This pathway is important for the maturation of cytosolic and nuclear 

Fe-S proteins by the downstream situated cytosolic iron-sulfur assembly pathway. In case of 

Monocercomonoides sp the mitochondrial iron-sulfur assembly pathway for Fe-s cluster 

synthesis was replaced by the prokaryotic sulfur utilization factor pathway, presumably 

through horizontal gene transfer35, thus paving the way for the loss of the semi-autonomous 

organelle. 
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This example demonstrates that the “plan” of a eukaryotic cell is not carved in stone and that 

entire organelles can disappear once their functions become obsolete or are replaced by more 

efficient pathways. With the disappearance of the cellular “powerplant” in the form of the 

mitochondria, only a few essential organelles remain that might have become irreplaceable. 

For one the nucleus as the “safe” that contains most of the genetic information that encodes 

the architectural plans for the eukaryotic cell by separating the nucleoplasm from the 

cytoplasm. Second to the nucleus is the ER, which is contiguous with the outer nuclear 

membrane and is the architect that puts this plan into action36. Early studies of the architecture 

of the ER via EM revealed that this organelle can be divided into two distinct domains: the 

rough ER (RER) and the smooth ER (SER) that fulfill distinct functions. The term RER is the 

result of the appearance of this subdomains surface which is studded with translating 

ribosomes and marks the hotspot for protein synthesis and their co-translational translocation. 

The SER is considered a hot-spot for lipid biosynthesis. It houses many enzymes involved in 

the de novo lipid synthesis of important membrane lipids such as sterols, glycerophospholipids 

and sphingolipids. The ER therefore is a key organelle of membrane biogenesis. It is the entry 

point to the secretory pathway for all secretory and membrane proteins, which are distributed 

throughout the endomembrane system by vesicular carriers and which represent roughly one 

third of the entire proteome37,38. The ER further embodies the wording “form follows function” 

as its reticular network of branching membrane tubules and sheets extends throughout the 

cytoplasm of the cell and allows for the formation of membrane contact sites (MCS) with every 

other organelle allowing for inter-organellar communication (Figure 1). These contact sites 

provide an additional option for the distribution of de novo synthesized lipids next to the 

vesicular transport mechanism via lipid transfer proteins that are hosted at these MCS39. 

Through EM studies it was revealed that within MCS two opposing organellar membranes 

approach on another and establish a physical contact keeping the membranes at a distance 

of ~10-30 nm40. MCS are based on membrane microdomains that help exchanging lipids, ions 

and signaling molecules thereby contributing to cellular homeostasis and signaling. Rapid 

exchange of lipids can occur rapidly and without the need for membrane fusion, thereby 

allowing both organelles to maintain their specialized compositions and functions that are 

rooted in their defined sets of proteins and lipids. The ER is the largest organelle in most 

eukaryotic cells and - in contrast - to mitochondria, peroxisomes or lipid droplets comes as a 

single copy. As previously described the ER has taken on a role as a communicator between 

highly specialized organelles and the plasma membrane and is involved in the coordination of 

the metabolic interplay dispersed across them. Thus, it is imaginable that a singular organelle, 

that can not be de novo synthesized and from which other organelles such as lipid droplets 

originate needs to remain functional during and after mitosis by equipping it with a vast 

spectrum of organellar surveillance systems that assure the preservation of homeostasis41.  
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Figure 1 Evolutionary steps towards a modern eukaryotic cell 

Depicted is a possible scenario for the evolution of the modern eukaryotic cell plan with particular emphasis on the 
role of the endomembrane system in establishing numerous contact sites between the ER and other organelles. 
Contact site proteins and complex annotations are based on Lin et al.42 and Casto et al.43 
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1.3 The unfolded protein response – a holistic view on maintaining 

cellular integrity through organellar homeostasis 

 

Cellular life relies on a constant flow of genetic information described by the central dogma of 

molecular biology. Information contained in DNA is transcribed to mRNA, which then is 

translated by ribosomes to a chain of covalently linked amino acids. The amino acid sequence 

of the polypeptide chain, referred to as the primary structure of a protein, must undergo folding 

and maturation to be shaped into its three-dimensional tertiary and quaternary structure to 

become a fully functional protein. While a high fidelity of gene expression enabled through the 

previously mentioned processes is essential for all life forms, each step is error-prone in an 

increasing manner (Table 1). 

Table 1 Gene expression error rates in S. cerevisiae:  

Determined error rates associated with processes involved in gene expression 

Process Error rates in S. cerevisiae 

Replication 2.6 × 10-10 per base pair44 

Transcription 1.0 × 10-5 per base pair45 

Translation 4.0 × 10-5 to 6.9 × 10-4 per codon46 

Folding & maturation Protein dependent 
 

Fortunately, all gene products have short half-lives compared to an organism’s life span and 

can be readily replaced by correct gene products lowering their individual impact on cellular 

integrity. Furthermore, all cellular life is equipped with quality control mechanisms to deal with 

faulty gene products. Many proteins undergo complex posttranslational modifications that can 

be challenging to the folding capacity of the ER and in times of high demand can bring the 

capacity to its limit. A sudden increase in the secretory load or an interference with steady 

state ER protein folding efficiency can lead to an accumulation of misfolded or unfolded 

proteins in the lumen of the ER – a state referred to as ER-stress47. The dominant pathway 

responsible for resolving ER-stress is the unfolded protein response (UPR)48. Since its 

discovery, the canonical scope of activating signals expanded from the accumulation of 

misfolded proteins through stress caused by calcium depletion in mammalian cells49, 

excessive levels of reactive oxygen species50, hypoxia51 or viral infections52 to purely ER 

membrane perturbations in the form of aberrant lipid compositions summarized under the term 

lipid bilayer stress (LBS)47. UPR-activation through changes of the glycerophospholipid 

composition53 including increased sterol levels54, increased levels of lipid saturation55 or 

caused by inositol-depletion in S. cerevisiae56 are in agreement with the regulative response 

of the UPR that comprises adaptive changes aiming at restoring homeostasis to the entire 
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secretory pathway by upregulating lipid synthesis, ER-associated protein degradation 

(ERAD), COPI and COPII vesicular transport and ER-resident foldases and chaperones57. 

This dual sensitivity for aberrancies in protein folding and ER membrane properties can 

translate to opposing binary cell fate outputs, which can lead to adaptation or cell death (Figure 

2). In response to ER-stress, independent of the triggering event, the UPR initiates a wide 

transcriptional response that aims at reestablishing ER homeostasis57. If the adaptive 

measurements are insufficient and fail to restore ER homeostasis, the UPR will switch from 

its adaptive mode into its pro-apoptotic mode-of-action to drive the affected cell into 

apoptosis58. A growing number of studies indicate that a chronic activation or ill-adaptive UPR 

is involved in the transition of physiological to pathological cell states. It is therefore not 

surprising that the UPR, which governs the functionality of the ER as the central organelle for 

lipid biosynthesis, protein folding and intracellular organellar communication, is implicated to 

be involved in the context of a myriad of metabolic diseases such as diabetes59–61 and non-

alcoholic fatty liver disease62–65.  
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Figure 2 The role of Ire1p as the most conserved UPR sensor in adaptive and pro-apoptotic cell signaling 

Ire1p initiates a signaling cascade upon exposure to proteotoxic and lipid bilayer stress. The inactive Ire1p 
monomers dimerize upon accumulation of misfolded proteins or upon lipid bilayer stress. Dimer formation and 
presumably the formation of higher oligomers leads to trans-autophosphorylation of Ire1p’s cytosolic effector 
domains. Subsequently, the activated RNase domain will cleave the unspliced XBP1 mRNA to thereby initiate an 
unconventional splicing. Translation of the spliced XBP1 mRNA gives rise to the XBP1 transcription factor that will 
migrate into the nucleus to initiate the expression of UPR specific target genes. Once initiated, the UPR will cause 
an increase in lipid synthesis, ERAD component expression and autophagy while attenuating the general protein 
synthesis and mRNA translation for non-specific UPR target genes. Depending on the effectiveness of these 
measures there are two possible outcomes. ER-stress either persists thereby leading to pro-apoptotic signals, or 
the ER-stress is resolved and therefore the cell will be able to survive and recover. The S. cerevisiae homologs 
are indicated in light grey compared to the mammalian counterparts depicted in black for each step of the signaling 
cascade. Parts of this figure are adapted from Radanović et al.47. 
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One of the deciding advances in deciphering the molecular basis for UPR signaling was made 

1988 by Kozutsumi et al.66 who showed that the accumulation of misfolded proteins in the 

early secretory pathway is the cause for the upregulation of a pair of ER-resident chaperones. 

The authors speculated how the status of the ER lumen may be monitored by a sensor and 

how these signals are transduced to the nucleus. The identification and characterization of the 

ER-stress transducer was simultaneously made by Mori et al.67 and Cox et al.68 both of which 

carried out their screening approaches in S. cerevisiae. They discovered that the Inositol-

requiring protein-1 (Ire1p), is responsible for the surveillance of the ER folding status. Ire1p is 

a type 1 transmembrane protein which harbors an ER-stress sensing domain on the luminal 

side of the ER and a kinase and RNase domain on the cytosolic side required for ER-stress 

signal propagation. Under ER-stress, a fraction of Ire1p molecules form higher oligomers that 

drive the juxtaposition of Ire1p’s cytosolic effector domains, triggering a trans-

autophosphorylation of the kinase domain, resulting in its activation69. The activated RNase 

domain initiates the unconventional splicing of its substrate HAC1 mRNA by excising a small 

intron sequence70. The unconventional splicing reaction is completed by ligating the two 

exons, mediated by the tRNA ligase Trl1p, to form the spliced HAC1 mRNA that serves as a 

template for the transcription factor Hac1p71. Hac1p belongs to the basic leucine zipper family 

of transcription factors and after migrating into the nucleus will bind to DNA sequences called 

UPR elements located in the promotor of UPR-regulated genes such as the protein chaperone 

Kar2p72. The mechanism by which Ire1p and HAC1 mRNA interact with one another and the 

molecular nature of how the pathway initiates and relays the ER stress signals is still subject 

of current research. Structures for the ER-luminal73 and cytosolic domains74 have provided 

insights into the molecular organization of Ire1p protomers during oligomerization, a process 

widely accepted to be a prerequisite for UPR activation75–79 (Figure 3 A). Compelling evidence 

for an oligomerization-driven activation model came from studies that showed that UPR 

activation can be achieved in absence of UPR inducing drugs when homo-dimerization is 

enforced by replacing the ER-luminal domain with a leucine zipper dimerization motif80. 

Analysis of the ER-luminal domain crystal structure further revealed two interfaces for 

dimerization and oligomerization, respectively. The first interface (IFL1) is established between 

two Ire1p protomers (Figure 3 B). The second interface (IFL2) is on the opposite side of the 

ER-luminal domain mediating a back-to-back packing of Ire1p dimers. Mutating the residues 

involved diminishes Ire1p’s activity, and given the fact that mutating both interfaces abolishes 

Ire1p’s activity completely implies that Ire1p activation relies on oligomerization and not just 

dimerization alone. Close inspection of the crystal structure further revealed a putative 

peptide-binding groove spanning both protomers in the dimeric Ire1p conformation. (Figure 

3 C). This peptide binding groove resembles the peptide binding groove found in major 

histocompatibility complex I (MHC I) molecules with antiparallel β-sheets forming the bottom 
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and two α-helices shaping the walls of the peptide-binding groove. A direct binding model for 

the Ire1p activation was proposed that suggests a binding of hydrophobic polypeptides, 

stemming of unfolded proteins, to the peptide binding groove formed across the Ire1p dimer 

interface. This model thus helps to explain how unfolded proteins are sensed by the ER-

luminal domain and how they contribute to the activation and maintenance of UPR signaling 

by stabilizing the dimeric state of Ire1p. Mutating the highly conserved residues located at the 

bottom of the polypeptide binding groove involved in the binding of hydrophobic polypeptides 

where shown to be important for Ire1p ability to react to unfolded proteins in vivo and nullify 

the ER-luminal domains chaperone activity in vitro81.  
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Figure 3 Structural organization of Ire1p’s ER-luminal, transmembrane and cytosolic domain and a peptide 
binding groove 

A) Schematic representation of full-length Ire1p as a monomer and dimer based on the published structure of the 
ER-luminal domain by Credle et al.73 (pdb: 2BE1) and the cytosolic effector domains by Korennykh et al.74 
(pdb:3SDJ). The structural models were generated by my colleague Toni Radanović. B) Top view of the dimeric 
ER-luminal domain73. Ire1p monomers are shown in purple and gold. The interface for dimer formation (IFL1) 
including the residues T226 and F247 and the interface for the back-to-back oligomer assembly of dimers (IFL2) 
involving W426 are shown as cyan and blue spheres, respectively. C) Illustration was adapted from the original 
Credle et al73 publication, showing a scale comparison of the x-ray structures of the peptide binding grooves of the 
Ire1p dimer and MHC1 along with a topographic map to highlight the depth of the groove. D) Structural model of 
the TMD of Ire1p taken from molecular dynamics simulations provided by Dr. Roberto Covino. The TMD comprises 
a short TMH adjacent to an amphiphatic helix. Hydrophilic and hydrophobic residues are indicated by a blue and a 
yellow shade, respectively. A helical wheel projection illustrates how the amphiphatic and TMH differ in their 

hydrophobic moment (indicated by the length of the arrow in the center)82. 

  



Introduction 

35 
 

The stability of dimeric and oligomeric assemblies of Ire1p are not only determined by 

ER-luminal interfaces, but also by cytosolic interfaces. These have been identified by 

structural studies and they are crucial for signal transduction. Functional cytosolic interfaces 

between the kinase and RNase domain are crucial for the trans-autophosphorylation of the 

kinase domain and stabilization of the RNase domain to form the binding cavity for the 

unspliced HAC1 mRNA substrate74,83. Three cytosolic interfaces are described, and upon 

mutation of residues involved in the formation of these interfaces Korennykh et al. reported an 

impairment of the RNase activity74. As a functional RNase activity of Ire1p is essential to 

process unspliced HAC1 mRNA and given the fact that the RNase activity of Ire1p is highly 

cooperative, in that cleavage of the HAC1u mRNA contained intron is more efficient in an 

oligomeric state74,84, it was surprisingly shown that the kinase activity of Ire1p is not required 

for its activation85. Evidence rather supports a regulatory purpose for the phosphorylation to 

be involved in the disassembly of higher oligomeric states of Ire1p85,86. 

Despite important contribution by the discussed structural biological work on both soluble 

domains their predictive power in terms of stress sensing is limited to the ER lumen as 

described for the direct binding model, not covering a mechanism by which Ire1p can directly 

sense aberrant ER-lipid compositions. Biophysical and bioinformatical work by Halbleib et al. 

provided a structural basis for an intrinsic sensitivity of Ire1p to directly sense and respond to 

changes of the physicochemical properties of the ER lipid bilayer87. The authors could show 

that the transmembrane domain (TMD) of Ire1p consists of an ER-luminal amphipathic helix, 

that inserts into the ER-luminal leaflet of the bilayer with an adjacent short transmembrane 

helix (Figure 3 D). These structural features force the TMH in a tilted and bend configuration. 

The unusual architecture comes at energetic costs from a hydrophobic mismatch between the 

TMD and the surrounding lipid bilayer. The membrane is locally “squeezed” around the TMH 

and the amphipathic helix. Moreover, this architecture renders Ire1p also sensitive to aberrant 

stiffening of the ER membrane. To minimize the energetic costs of membrane deformation 

and acyl chain disordering e.g. from increased lipid saturation or sterol levels in the ER 

membrane, Ire1p would dimerize. Mutational analysis provided evidence that, disruption of 

the amphipathic helix interferes with Ire1p’s ability to respond to lipid bilayer stress. How 

signals from unfolded proteins and LBS are processed by Ire1p, and whether Ire1p is capable 

of tailoring its response to the type of activating signals remains unknown. It was observed, 

however that targets of Ire1p-mediated upregulation are differently regulated under conditions 

of LBS and proteotoxic stress88.  
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1.4 The dominance of S. cerevisiae in lipid metabolic research 

 

S. cerevisiae is a model system for eukaryotic biology and has due to its genetic tractability to 

this day a leading role in unraveling cellular and molecular workings through functional 

genomic studies89. The sequenced genome of S. cerevisae in 199690, together with 

S. cerevisiae’s natural tendency to carry out homologous recombination, was pivotal in cloning 

and subsequent functional analysis of genes involved in the lipid metabolism91. After all, to 

distinguish physiological from pathological conditions, one must have a clear understanding 

of the role of the involved enzymes and how they are embedded in the interwoven cellular 

metabolic pathways of lipid synthesis.  

1.4.1 The three categories of eukaryotic membrane lipids 

 

Lipids are, together with proteins, constituents of biological membranes. In the past important 

cellular functions were ascribed to the embedded proteins alone, neglecting the influence of 

lipids on protein activity92,93. Next to their contribution as membrane building blocks, lipids are 

further used as a way of energy storage in S. cerevisiae in the form of the neutral lipids 

triacylglycerol (TAG) and ergosterol ester (EE). Both neutral lipids are stored in lipid droplets94. 

Eukaryotic membranes are composed of three major categories of lipids: phospholipids, 

sphingolipids and sterols (Figure 4 and Figure 5)95. Phospholipids and sphingolipids are 

amphiphilic molecules that share a general structure. Both have a hydrophilic “head” and two 

hydrophobic “tails” formed by acyl chains of variant length and saturation26,96. The type of lipid 

headgroup attached to the respective backbone can differ in charge, shape and chemistry and 

determines the lipid class. The degree of saturation found in the acyl chains, as well as the 

steric and electrostatic properties granted by the polar headgroups contribute to 

physicochemical properties of the membrane. Long and fully saturated acyl chains will 

contribute to a thicker more rigid membrane by increasing the acyl chain packing between 

cellular lipids97,98. Shorter more unsaturated acyl chains will “fluidize” said membrane as their 

kinked acyl chains will disrupt the dense packing and subsequently increase membrane 

fluidity99,100. S. cerevisiae has a fairly concise lipid fatty acid pool consisting predominantly of 

C-16:0 (palmitic acid), C-18:0 (stearic acid) and their monounsaturated counterparts C-16:1 

(palmitoleic acid) and C-18:1 (oleic acid)91. This reduced complexity is owned to the fact that 

in S. cerevisiae only a single fatty acid desaturase exists encoded by the OLE1 gene101. Ole1p 

is a ∆9-desaturase and responsible for the conversion of palmitic acid (16:0) and stearic acid 

(18:0) into their respective monounsaturated counterparts. In higher eukaryotes, such as 

mammals, a greater diversity of fatty acid desaturases exists. The Stearoyl-CoA desaturase 
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1 (SCD-1) is like Ole1p a ∆9 desaturase and works in concert with ∆5 and ∆6-desaturases to 

generate a broader repertoire of mono-, di- and poly-unsaturated fatty acids102,103. As a 

consequence, the repertoire of possible lipid species to be found in both model systems differs 

greatly. In S. cerevisiae, the pool of possible lipids is limited to a few hundred species104, 

whereas in mammalian cells the number of possible combinations is in the thousands due to 

the diversity found in their acyl chains105.  

 

Figure 4 The three major membrane lipid categories 

Eukaroytic membranes consist of the following three major lipid categories: Glycerophospholipids (blue shade), 

sterols (yellow shade) and sphingolipids (green shade). Glycerophospholipids consist of a central glycerol moiety 

which is esterified with two fatty acids (dark grey shade) and a phosphoric acid group that can further be esterified 

with various alcohols (light grey shade). S. cerevisiae glycerophospholipids often contain acyl chains with a length 

of 16- and 18- carbon atoms that are either fully saturated (C16:0 and C18:0) or monounsaturated (C16:1 or C18:1). 

Common headgroups include ethanolamine (phosphatidyl ethanolamine, PE), glycerol (phosphatidyl glycerol, PG), 

choline (phosphatidyl choline, PC), inositol (phosphatidyl inositol, PI), serine (phosphatidyl serine, PS) and sole 

phosphate (phosphatidic acid, PA). Sphingolipids consist of a central sphingosine molecule which usually is linked 

to a very long chain saturated fatty acid (C26:0) by an amid bond. The headgroup and acyl chain diversity 

contributes to the combinatoric lipid complexity found in glycerophospholipids and sphingolipids. Sterols feature a 

central four carbon ring structure that is flanked by a polar hydroxyl group and a short non-polar hydrocarbon tail 

on the opposing site. To illustrate the relative size and shape diversity among the categories PC (with C18:1 and 

C16:0), PE (with C18:0 and C16:1), cholesterol and sphingomyelin and MIP2C are depicted. Illustration adapted 

from Stordeur et al106. 
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The Phospholipids represent the most abundant category of eukaryotic membrane lipids and 

constitute up to 84.9 mol% of all membrane lipids107,108. The classes phosphatidylcholine (PC), 

phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylserine (PS) and 

phosphatidylinositol (PI) are the major representatives of the phospholipid category. In 

S. cerevisiae PI, PC and PE are the most abundant classes of phospholipids109. The third and 

last category, the sterols, are unique in structure and function. They consist of four linked 

hydrocarbon rings, referred to as the steroid structure. In case of ergosterol the rigid steroid 

structure is flanked by a single polar hydroxyl group on one side and a short non-polar 

hydrocarbon tail on the opposing site granting the lipid its amphiphilic property91. Sterols can 

not form a bilayer structure by themselves but are incorporated into existing phospholipid 

bilayers. Sterols do so by positioning their hydroxyl moiety in proximity to the polar headgroups 

of phospholipids and consequently align their rigid ring structure and aliphatic chain parallel to 

the acyl chains of phospholipids and sphingolipids in the center of the bilayer110. The 

incorporation of sterols was shown to increase along membranes of the secretory pathway 

and culminates up to 40 mol% in the plasma membrane96.  

All three categories have in common that they use fatty acids (FA) as building blocks – either 

as an integral component in case of phospholipids or sphingolipids – or as a way to regulate 

sterol levels by esterification of free sterol and subsequent storage in lipid droplets111,112. FA 

can be acquired in three different ways: either through exogenous FA uptake, endogenous 

lipid turnover or via de novo synthesis and elongation113. To incorporate exogenous FA into 

complex lipids they need to be activated via a thioesterification with coenzyme A by an 

Acyl-CoA synthetase114. It is worth to mention that complex sphingolipids contain so called 

very long chain fatty acids (VLCFA) which are derivates of the previously mentioned four fatty 

acid representatives, obtained via the metabolic pathway of fatty acid elongation carried out 

by Elo3p and related enzymes91. 

A common trait in the de novo synthesis of major membrane embedded glycerophospholipids 

such as PI, PS , PE and PC is that they can all be derived from PA. PA itself is a derivative of 

two successive acyl CoA-dependent acylation reactions. In the first step the stereospecific sn-

1 acyltransferases Sct1p and Gpt2p form lysoPA (LPA) by acylation of glycerol-3-P (G3P)115. 

LPA can then undergo a second acylation at the sn-2 position and react to PA, which is 

catalyzed by the ER resident enzymes Slc1p and Slc4p116,117. The de novo synthesis of PA 

reflects the first of many branching points in lipid synthesis, leaving the cell with the option to 

channel the PA towards cytidine diphosphate-diacycl-glycerol (CDP-DAG) pathway for 

phospholipid synthesis or the option to channel PA towards DAG thereby initiate the lipid 

storage pathway culminating in the formation of triacylglycerol (TAG). In S. cerevisiae Dga1p 

and Lro1p are the dominant terminal acyltransferases for TAG synthesis118. While both 
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enzymes use DAG as a substrate, they differ in their fatty acid substrate spectrum. Dga1p 

uses activated fatty acids to acylate DAG to form TAG while Lro1p couples TAG formation to 

phospholipid diacylation by transferring a fatty acid from a phospholipid thereby generating 

lysophospholipids in the process119–121. Hence TAGs represent neutral lipids that have each 

of their glycerol hydroxy groups esterified with a fatty acid. Due to their nonpolar nature, TAGs 

are minor components of biological membranes such as the ER membrane, where they 

constitute ~ 3 mol% of total lipids108. Since S. cerevisiae does not have a mitochondrial 

β-oxidation, TAGs are not primarily used as a source of energy but rather serve as a storage 

form of fatty acids for the incorporation into phospholipids in times of membrane 

biosynthesis91. 

The CDP-DAG pathway resembles a second important branching point in phospholipid 

synthesis. Three different synthases compete for CDP-DAG to generate different products. PI 

via Pis1p, phosphatidylglycerolphosphate (PGP) via Pgs1p or PS via Cho1p122. For the 

synthesis of PI, inositol is required, which is either derived from glucose-6-phosphate by 

Ino1p123 or taken up from the medium via one of the two inositol permeases Itr1p and Itr2p124. 

PI is synthesized via Pis1p in the cytosolic leaflet of the ER from CDP-DAG and inositol125. 

PGP is a precursor for the biosynthesis of cardiolipin (CL) in mitochondria and is generated 

from CDP-DAG and G3P by Pgs1p126. CL is the signature lipid of mitochondria127. To generate 

CL PGP will first be dephosphorylated by Gep4p to yield PG127, which can then react with 

CDP-DAG to form CL, catalyzed by Crd1p (cardiolipin synthase)128. Two additional enzymes 

are further involved in the remodeling of the four acyl chains of CL, namely Cld1p129 (cardiolipin 

phospholipase) and Taz1p130 (cardiolipin acyltransferase). 

CHO1131 encodes for the ER resident PS synthase catalyzing the formation of PS through a 

displacement of cytidine monophosphate (CMP) from CDP-DAG with serine132. PS represents 

the first member of the amino glycerophospholipids and serves as a precursor for the 

biosynthesis of PE and PC. PE is obtained by a decarboxylation of PS carried out by Pds1p, 

which localizes dominantly to the inner mitochondrial membrane or less frequently to the ER 

membrane, or alternatively, by the Golgi associated enzyme Psd2p133. PE can be converted 

into PC by the step-wise addition of three methyl groups catalyzed by the ER resident 

enzymes Cho2p and Opi3p highlighting again the importance of inter-organellar lipid 

exchange134,135.  

Alternatively, PE or PC can be synthesized through the Kennedy pathway if ethanolamine 

(Etn) or choline (Cho) are taken up by cells from the environment. Both substrates are 

transported into the cytosol by the plasma-membrane resident protein Hnm1p136. Each of the 

two compounds are further processed by a specific kinase i.e. the ethanolamine kinase Eki1p 
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and the choline kinase Cki1p, respectively137,138. The phosphorylated intermediates will then 

be activated with CTP by Ect1p for Eth-phosphate and Pct1p for Cho-phosphate to form 

CDP-Etn and CDP-Cho139,140. The terminal reaction is a condensation of either CDP-Etn or 

CDP-Cho with DAG by the phosphotransferases Ept1p or Cpt1p to generate PE and PC 

respectively141,142. 

The second major category of lipids, sphingolipids, are characterized by their sphingoid base 

backbone opposed to the glycerol backbone found in phospholipids91. The de novo synthesis 

of sphingolipids is distributed between two organelles namely the ER and the Golgi 

complex143. The initial steps occur in the ER, where a condensation of L-serine and palmitoyl-

CoA catalyzed by the serine palmitoyltransferase (SPT) complex gives rise to 

3-ketodihidrosphingosine144. 3-ketodihidrosphingosine represents the first building block of the 

sphingolipids namely the long-chain base (LCB). The 3-ketodihidrosphingosine is further 

converted by Tsc10p to dihydrosphingosine (DHS)145. DHS can in a hydroxylation be 

transformed into phytosphingosine (PHS) and together both LCBs can further be processed 

into ceramides146. For that an N-acylation at the free amino group with a VLCFA will be 

catalyzed by the ceramide synthase complex formed by Lag1p, Lac1p and Lip1p147–149. The 

product of this reaction is dihydroceramide (DHCer) or phytoceramide (PHCer). Once 

synthesized DHCer and PHCer have to be transported from the ER to the Golgi complex, 

where a polar head group is added to the ceramide backbone to form the first complex 

sphingolipid inositol phosphoryl-ceramide (IPC)146. Inositol phosphate stems from PI and is 

added to the 1-OH head group of the spingoid base by Aur1p150. IPC can undergo an 

additional modification in the Golgi complex to form mannose-inositol-phosphoceramide 

(MIPC). This reaction is catalyzed by the MIPC synthase complex comprised of the catalytic 

subunit Csg1p and the regulatory subunit Csg2p151,152. A second transfer of inositol phosphate 

will yield the most complex sphingolipid found in the baker’s yeast, M(IP2)C. All complex 

sphingolipids in S. cerevisiae have in common that their distribution along the secretory 

pathway increases, a trend that they have in common with sterols the third major category of 

membrane lipids153,154. 

The biosynthesis of the third category of membrane lipids, sterols, represents a major 

energetic commitment for the cell. It requires the consumption of 24 molecules of ATP, 16 

molecules of NADPH and 9 molecules of oxygen155,156. The de novo synthesis can be divided 

into three major steps each mediated in several enzymatic steps (Figure 5). The first step is 

completely conserved among all three eukaryotic kingdoms and leads to the production of 

mevalonic acid, initiated by the condensation of two acetyl-coenzyme A molecules. Farnesyl 

pyrophosphate (farnesyl-PP) is formed in the second step. Notably, farnesyl-PP is also used 

for the post-translational modification of proteins and it represents a key intermediate for the 
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biosynthesis of competing pathways involved in the synthesis of ubiquinone and heme 

groups155,157. The enzyme squalene synthetase encoded by the ERG9 gene catalyzes the 

condensation of two farnesyl-PP molecules to produce squalene158. Squalene synthesis via 

Erg9p therefore regulates the flux of farnesyl-PP molecules into the, from then on, linear sterol 

biosynthetic pathway. The remaining steps of this pathway (discussed in great detail by Hu et 

al.155) facilitate the formation of ergosterol which can be incorporated into membranes. 

Alternatively, the sterol can be esterified via Are1p or Are2p and subsequently stored in lipid 

droplets159,160. 

 

 

Figure 5 Simplified metabolic map of S. cerevisiae’s lipid de novo synthesis pathways 

Depicted are the pathways for the de novo synthesis of the three major classes of membrane lipids in the form of 
sphingolipids, phosphoglycerolipids and sterols. Lipids and intermediates are given as sole text, while enzyme 
names are encapsulated in a compartment specific colored bubble. Solid arrows indicate that it’s a single enzymatic 
reaction, dashed arrows indicate reactions in which intermediate metabolites have been omitted for the purpose of 
clarity. Blue colored arrows represent the Kennedy pathway. Annotation of protein localization is based on a study 
by Natter et al. and uniport entries135,161. Abbreviations translate to: Free fatty acid = FFA; Coenzyme A = CoA; 
glyceraldehyde 3-phosphatate = G3P; triacylglyceride = TAG; lipid droplet (organelle) = LD; Long-chain (sphingoid) 
Bases = LCB; cytidine diphosphate diacylglycerol = CDP-DAG; ethanolamine = Etn; phosphoethanolamine = P-
Etn; cytidycldiphosphate-ethanolamine = CDP-Etn; diacylglycerol = DAG; choline = CHO; phosphocholine = P-
Cho; cytidine diphosphocholine = CDP-Cho; lysophosphatidic acid = LPA; phosphatidic acid = PA; 
phosphatidylinositol = PI; phosphatidylglycerolphosphate = PGP; phosphatidylglycerol = PG; cardiolipin = CL; 
phosphatidylethanolamine = PE; phosphatidylcholine = PC; phosphatidylserine = PS; inositol phosphorylceramide 
= IPC; Mannoinositol phosphorylceramide = MIPC; mannosyl-di-(inositolphosphoryl) ceramide = M(IP)2C ; very 
long chain fatty acid = VLCFA; farnesyl pyrophosphate = farnesyl-PP; endoplasmatic reticulum = ER. 
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1.4.2 The OLE pathway – maintaining membrane fluidity 

 

In the second section of this lipid metabolism overview a focus is laid how unsaturated and 

saturated lipids contribute to the maintenance of membrane fluidity. Membrane fluidity is 

defined in this thesis as a parameter describing the rotational and translational mobility of 

membrane constituents e.g. proteins or lipids. A contributing factor to membrane fluidity is the 

underlying phase behavior of the biological membrane, which is predominantly determined by 

the temperature and chemical structures of the respective lipid constituents162. There are two 

extremes of lipid phase states in membranes, namely the solid/gel phase and the liquid 

phase163. Both phase states are interconvertible e.g. when the transition temperature is 

surpassed. Fully saturated acyl chains of phospholipids are prone to thermally induced 

conformational adaptations referred to as the trans-gauche isomerization164,165. At low 

temperatures, the hydrocarbon chain adopts an all-trans arrangement, resulting in a fully 

straightened fatty acyl chain that produces a fully maximized van-der-Waals intermolecular 

interaction network162. As a consequence, the membrane structure becomes highly ordered 

and more densely packed as the proportion of all-trans configured acyl chains increases. 

Lipids of membranes in the solid-ordered state are characterized by a reduced lateral diffusion 

coefficient (DT = ~10-3 µm2 s-1)163, which impedes not only the lateral movement of lipids but 

also that of embedded proteins. When the temperature exceeds the transition temperature, 

the solid-ordered state membrane phase is converted into a liquid state phase162. On the 

molecular level this conversion is facilitated by converting a greater proportion of fully 

saturated hydrocarbon chains from the all-trans into the gauche conformation. The gauche 

conformation induces a kinked structure of the saturated fatty acid that resembles the cis-

configuration found in unsaturated acyl chains and thereby strongly interferes with the lipid 

packing density and degree of order. Thus, the liquid disordered membrane is characterized 

by a high lateral diffusion coefficient (DT = ~1 µm2 s-1)163 and will consequently enable faster 

rotational and translational diffusion of all membrane components. Since the kinked structure 

of unsaturated fatty acids is a consequence of the cis-configured C-C double bond and 

therefore stable independent of thermal energization, their incorporation into membrane lipids 

serves as a way to maintain a liquid-disordered phase state even at low temperatures.  

In complex biological membranes the majority of unsaturated fatty acids are found in 

glycerophospholipids and in S. cerevisiae approximately 65-80 % of the total 

glycerophospholipid acyl chains are monounsaturated166. Glycerophospholipids therefore 

tend to adopt a liquid-disordered phase in which they are further enriched167. In contrast, 

sphingolipids contain saturated VLCFA and are involved in adopting a solid-ordered phase. 

The tendency of sphingolipids to segregate together is rooted in the thermodynamically gained 
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stability conferred through van-der-Waals interactions of their straight hydrocarbon 

chains168,169. According to the lipid raft hypothesis170, which postulates that membranes are 

not homogenous mixtures of lipids but rather characterized by the abundance of short-lived 

nanoscale assemblies composed of sphingolipids and sterols that are embedded in the sea 

of glycerophospholipids, a third phase state exists termed the liquid-ordered phase. This 

phase combines properties of the solid-ordered171 and liquid-disordered phase172,173 and is 

characterized by a high conformational order while still maintaining a high lateral mobility (DT 

= ~1 µm2 s-1)163. 

Since signaling across and within biological membranes often relies on an unrestricted 

diffusion, it is apparent why a high lateral mobility is crucially important to support membrane 

associated processes. Budin et al. could in fact show that the efficacy of the electron transport 

chain correlates in a positive manner with the degree of lipid unsaturation in S. cerevisiae174. 

Further it was shown that the activity of the Ca2+-ATPase is reduced in solid-ordered phase 

lipid bilayers and increases during liquid-ordered phase transition175. Although the previously 

mentioned example resembles in vitro work, there is a recent study by Gohrbrandt et al. 

demonstrating that gel/fluid phase separation can co-exist in living cells176. They have 

established an experimental framework to study membrane phase separation in bacterial cells 

by using genetically modified model organisms of E. coli and B. subtilis. Key findings of their 

study are that the phase transition is reversible and therefore does not per se lead to 

immediate cell death via membrane rupture. Their data further indicates a drastic demixing of 

the lipids and consequently membrane proteins are excluded from the gel phase areas and 

are “enriched” in the remaining liquid regions. In consequence various biological functions are 

impeded e.g. cell wall synthesis, chromosome segregation, energy production and cell 

division. Especially for the process of cell division supporting evidence exists from 

independent laboratories. MreB is an actin homologue of bacterial cells which has an active 

role in cell elongation by promoting the formation of membrane regions with increased fluidity 

and thereby influences the distribution of membrane proteins in fluid lipid domains177. With 

MinD another cell cycle related protein was identified that shows a membrane phospholipid 

composition dependent localization behavior. MinD is a member of the Min system which is 

essential to establish the correct division site in E. coli178,179. Both cell cycle candidates 

mentioned have in common, that they use an amphipathic helix motif to interact with the 

membrane177,179,180 and it is well documented that amphipathic helices have a preference to 

insert into liquid disordered regions181. Thus, it is interesting to consider the extent to which 

non-physiological manipulations of membrane phase behavior affect the functionality of 

proteins containing amphipathic interaction domains and how such manipulation might enable 

the broad range of observable phenotypes. 
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These examples demonstrate how membrane fluidity and the closely linked phase behavior 

of differently composed and energized bilayers contribute to cellular functions. Therefore, it is 

no surprise that organisms have evolved means to monitor and maintain a physiologically 

optimal degree of membrane fluidity to support membrane associated biological functions. 

This process of adaptation is referred to as homeoviscous adaptation182.The regulation of this 

membrane property is crucial for all living cells but especially for poikiothermic organisms that 

have to adapt their membrane composition in regard to environmental temperatures100.The 

adaptive response often involves a remodeling of the acyl chain composition e.g. through an 

increase in poorly packing unsaturated acyl chains in the cold as extensively shown for the 

DesK/DesR system in Bacillus subtilis182,183. For eukaryotic cells the most extensively studied 

system for homeoviscous adaptation is the OLE pathway present in S. cerevisiae184. In S. 

cerevisiae OLE1 encodes for the essential ∆9-fatty acid desaturase, the only enzyme capable 

of introducing a double bond in coenzyme-A activated fatty acids, leading to the formation of 

monounsaturated Coenzyme-A-activated fatty acids prior to their incorporation into lipids185. 

The OLE pathway includes all components that are required for the sensing of membrane 

fluidity to adjusting the level of unsaturated fatty acids if required via Ole1p activity186,187. As 

S. cerevisiae relies on a single fatty acid desaturase to regulate the degree of lipid saturation, 

its activity has to be tightly regulated. The regulation of Ole1p activity its predominantly 

facilitated on the transcriptional level187. An increase in the levels of OLE1 mRNA are reported 

for obligate respiratory conditions concomitant with an increase in mitochondrial activities. 

Smith et al. reports 6-fold elevated levels of OLE1 mRNA when cells are grown on glycerol 

compared to glucose188. OLE1 is associated with the class of hypoxic genes whose expression 

is regulated in a positive manner as cells switch from aerobic growth to hypoxic or anoxic 

growth conditions187. One oxygen related regulatory aspect appears to involve a functional 

mitochondrial respiratory chain in a redox-sensitive manner. The increase in ROS, generated 

through the mitochondrial respiratory chain, as cells switch to hypoxic conditions189, is 

concomitant with the increase in OLE1 levels which made investigators propose a signaling 

function of ROS in hypoxic gene induction190. Of interest is the finding that the anaerobic 

induction of OLE1 was blocked by inhibition of the cytochrome c oxidase, the terminal step in 

the respiratory chain191. It was further shown that the expression of COX5b a hypoxic isoform 

of cytochome c oxidase subunit COXV, could serve as an early determinant in the signaling 

pathway as its expression led to a higher induction of OLE1 when compared to the aerobic 

isoform COX5a190,191. The presence of unsaturated fatty acids in the culture medium were 

shown to be another metabolic determinant to regulate the level of OLE1 transcript and 

stability192,193. The OLE1 mRNA half-life under basal growth conditions i.e. fatty acid free 

medium is 10-12 min193. Data by Vemula et al. suggests that OLE1 mRNA half-life is controlled 

by the general eukaroytic mRNA decay pathway194 mediated by Xrn1p exonuclease 
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degradation as in xrn1∆ cells the half-life increased to >50 min195. It was however shown that 

the supplementation of unsaturated fatty acids reduced the half-life in xrn1∆ cells to 23 min 

suggesting the existence of an additional regulative exonuclease activity outside of the general 

decay pathway for OLE1193,195. One candidate involved in the fatty acid regulated decay is the 

cytoplasmic exosome complex. Studies that involve mutants related to the cytoplasmic 

exosome complex show no regulated OLE1 mRNA decay when exposed to unsaturated fatty 

acids thereby suggest that OLE1 mRNA destabilization is conferred via exosomal 3’-5’ 

degradation activity by the cytoplasmic exosome complex196–198. The dominant positive 

genetic regulators for OLE1 expression are Spt23p and Mga2p187. It was shown that the two 

ER membrane resident proteins, Spt23p and Mga2p, are responsible for the regulation of 

OLE1 gene expression (Figure 6)199. Both proteins are synthesized as dormant ER membrane 

anchored transcription factors with a molecular weight of 120 kDa. Upon an increase in the 

degree of lipid saturation in the ER membrane both proteins become ubiquitylated by the E3 

ligase Rsp5p200. Subsequently the ER bound transcription factors will undergo proteasome-

dependent processing to liberate soluble transcriptionally competent 90 kDa fragments201. 

These fragments can then migrate into the nucleus and stimulate the expression of OLE1. 

  



Introduction 

46 
 

 

Figure 6 A schematic representation of the OLE pathway responsible for regulating the lipid saturation in 
the ER membrane 

In S. cerevisiae Mga2p or Spt23p homodimers sense via their transmembrane helix (TMH) the lipid packing density 
of the ER membrane. In a loosely packed ER membrane a relative rotational state is stabilized in which the bulky 
tryptophan residue (W1042) extends into the surrounding lipid environment. This relative rotational state is defined 
as the off-condition. An increase in lipid saturation results in a more densely packed ER membrane which will favor 
a relative rotational state in which the tryptophan residues are pointed towards the dimer interface. This TMH 
configuration resembles the on-condition and promotes the Rsp5p-mediated ubiquitination of both protomers. The 
via ubiquitin marked proteins will subsequently undergo partial processing by the proteasome and ERAD 
components which culminates in the liberation of the transcriptionally competent p90 polypeptide. The p90 
fragment will then migrate into the nucleus and stimulate the expression of OLE1 and thereby complete the OLE 

signaling pathway. The figure was adapted from Ballweg et al.186 

 

Based on this brief depiction of the OLE pathway, the question arises how S. cerevisiae 

detects the changes in the degree of acyl chain saturation when the feature of interests i.e. 

the presence or absence of a double bond, is located in the hydrophobic core of the 

membrane? A molecular mechanism was proposed by Covino et al. by which the TMH of 

Mga2p harbors an intra-membrane situated sensory mechanism202. The authors propose a 

rotation-based mechanism for sensing lipid saturation with a tryptophan residue at its heart. 

In light of the lipid saturation-dependent processing of Mga2p, Covino et al. studied the 

conformational dynamics in Mga2p’s transmembrane region by molecular dynamics (MD) 

simulations in two lipid environments202. One resembling with its acyl chain composition the 

loosely packed ER membrane, the second a more saturated ER environment membrane 

mimicking conditions that enable Mga2p processing in vivo. Both conditions showed that 

Mga2p dimerizes with an apparent preference in the formed dimer interface between the lipid 

environments. In the loosely packed simulation that is mimicking a fluid membrane the bulky 
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tryptophan side chains could be easily accommodated for in the loosely packed lipid 

environment and the TMHs of Mga2p feature a characteristic rotational orientation with both 

tryptophan residues pointing away from one another. This rotational state of both TMHs is 

referred to as the off-condition as it resembles a physiological membrane fluidity. In contrast, 

an increase in packing density and a concomitant decrease in membrane fluidity caused the 

bulky tryptophan residues to exhibit an inward rotation, stabilizing an alternative TMH 

orientation in which both tryptophan residues are hidden in the dimer interface. As this 

membrane composition correlates with the activation of the OLE pathway in vivo, this 

rotational state was referred to as the on-condition. In a follow up study, Ballweg et al. propose 

that the dynamic rotational states in the TMH regions of the Mga2p dimer are rooted the 

different packing densities for saturated and unsaturated membranes found at the level of the 

sensory tryptophan residue203. The authors stress that the TMHs of Mga2p are constantly 

rotating against each other and thereby explore a variety of rotational states but it is the 

underlying lipid composition that determines the population of the respective on and off 

rotational states. Since upregulation of OLE1 leads to the formation of more unsaturated fatty 

acids and ultimately to liquefaction of the ER membrane after incorporation into 

glycerophospholipids, the regulatory loop closes, as physiological membrane fluidity is 

reached. Since the two rotational states of the on and off conformation are not separated by 

high energy barriers, future work is needed to address how the inherently weak activating 

signal of the membrane can be amplified to mount a robust cellular response on the timescale 

of hours. 
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2 Materials 

2.1 Consumables 

 

All materials used in this study are listed in Table 2 

Table 2 Consumables: List of consumables used in this study 

 Material Company 

96-well plates, sterile Sarstedt 

Reagent reservoirs (50 mL) Heathrow Scientific® 

Bottle top filter, PES-membrane (0,2 µm) Sarstedt 

Conic reagent tube (15 mL and 50 mL) Sarstedt 

Cover glasses, precision No. 1.5H, round 24 

mm 

Marienfeld-superior 

Cryogenic Tube (2 mL) Genfollower 

Glass beads, acid-washed, 425-600 µm Sigma Aldrich 

Microcentrifuge tubes (1,5 and 2,0 mL) Sarstedt 

Microscope slides 26x76 mm Carl Roth 

Nitrile gloves Starlab 

PCR tubes Sarstedt 

Petri dish 92x16 mm Sarstedt 

Polystyrol cuvettes Sarstedt 

Serological pipettes (2, 5, 10, 25 and 50 mL) Sarstedt 

Screw Cap tubes 2 mL  Sarstedt 

Scotch tape Tesa® 

Tips (10, 200 and 1000 µL) Star Lab 

Tips, filtered (10, 200 and 1000 µL) Star Lab 
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2.2 Chemicals 

 

All chemicals used in this study were of analytical quality and are listed in Table 3 

Table 3 Chemicals:  List of chemicals used in this study. 

Chemical Company 

Agar-Agar ForMedium 

Agarose Sigma-Aldrich 

Ammonium sulfate Carl Roth 

Ampicillin sodium salt Carl Roth 

L-Ascorbic acid sodium salt ACROS Organics 

Calcium chloride (CaCl2) Carl Roth 

Complete supplement mixture (CSM) 

      w/o histidine 

      w/o leucine 

      w/o uracile 

ForMedium 

D(+)-Glucose Carl Roth 

Dimethyl sulfoxide (DMSO) Fisher Scientific 

Dithiothreitol (DTT) Carl Roth 

Deoxynucleotide (dNTP) mix NEB 

Ethanol 96% + 1% MEK Carl Roth 

Ethanol 96 % NeoLab 

Ethidum bromide InvitrogenTM 

G418 disulfate salt Sigma-Aldrich 

L-Glutathione reduced Sigma-Aldrich 

Glycerol Grüssing 

Isopropanol Fisher Scientific 

Kanamycin Carl Roth 

Lithium acetate (LiAc) Carl Roth 

Nourseothricin (clonNAT) Jena Bioscience 

Phosphate buffered saline (PBS) Sigma-Aldrich 

Sodium dodecyl sulfate (SDS) Carl Roth 

TERGITOL™ -solution (Type NP-40, 70% 

aq) 

Sigma-Aldrich 

Yeast extract Carl Roth 

Yeast nitrogen base (YNB) 

      w/o amino acids and ammonium sulfate 

ForMedium 

Yeast nitrogen base (YNB) 

      w/o amino acids, ammonium sulfate and 

inositol  

ForMedium 

Tryptone/Peptone Carl Roth 

Tunicamycin Carl Roth 

Salmon sperm DNA solution InvitrogenTM 
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2.3 Enzymes 

 

A list of all enzymes used in this study (Table 4) 

Table 4 Enzymes: List of enzymes used in this study. 

Enzyme Company 

Antarctic Phosphatase NEB 

DpnI NEB 

HindIII NEB 

PmeI NEB 

XhoI NEB 

SpeI NEB 

Phusion DNA polymerase NEB 

T5 exonuclease NEB 

Taq DNA ligase NEB 
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2.4 Kits 

 

All commercially available kits used in this study are listed in Table 5 according to the 

manufacturer’s protocol unless stated otherwise. 

 

Table 5 Commecial Kits: List of kits that were used in this study. 

Name of the Kit Company 

CloneAmp™ HiFi PCR Premix TaKaRa 

Oligo(dT)12-18 Primer InvitrogenTM 

ORA™ qPCR Green ROX L Mix highQu 

RNeasy Plus Mini Kit Qiagen 

QIAprep Spin Miniprep Kit Qiagen 

QIAquick PCR Purification Kit Qiagen 

SuperScript™ II Reverse Transcriptase InvitrogenTM 
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2.5 Media and buffers 

 

Composition of all buffers and media are listed in Table 6. For solid media the respective 

composition was modified to yield a final agar concentration of 1.5 % (w/v). 
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Table 6 Buffers and media:  List of buffers and media used in this study. 

Buffer/medium name Composition 

Colony PCR suspension buffer 200 mM lithium acetat 

1% (w/v) SDS 

LB medium 1% (w/v) NaCl 

1% (w/v) peptone/tryptone 

0..5% (w/v) yeast extract 

YPD medium 2% (w/v) glucose 

2% (w/v) peptone/tryptone 

1% (w/v) yeast extract 

SCD complete medium 0.5% (w/v) ammonium sulfate 

0.079% (w/v) CSM complete 

2% (w/v) glucose 

0.19% (w/v) YNB 

SCD complete medium w/o inositol 0.5% (w/v) ammonium sulfate 

0.079% (w/v) CSM complete 

2% (w/v) glucose 

0.19% (w/v) YNB w/o inositol 

SOB-Medium 0.5% (w/v) yeast extract 

2% (w/v) peptone/tryptone 

10 mM NaCl 

2.5 mM KCl (adjust pH with NaOH to 7.0; 

autoclave) 

10 mM MgCl2 (adjust prior to use only) 

Lipidomics storage buffer 155 mM ammonium bicarbonate 

10 mM sodium azide 

5x Isothermal reaction buffer 500 mM Tris-HCl pH 7,5 

50 mM MgCl2 

50 mM DTT 

5 mM NAD+ 

1 mM dATP 

1 mM dTTP 

1 mM dGTP 

1 mM dCTP 

25% (w/v) PEG-4000 

 

1,3x Gibson assembly master mix 25 U/µL Phusion DNA polymerase 

4 U/µL Taq Ligase 

4 U/µL T5 Exonuclease 

20% (v/v) 5x Isothermal reaction buffer 

Inoue Transformation-Buffer (ITB) 55 mM MnCl2 

15 mM CaCl2 

250 mM KCl 

10 mM PIPES (pH 6.7) 



Materials 

54 
 

 

2.6 Oligonucleotids 

 

All oligonucleotides used in this study are listed in Table 7. Oligonucleotides were purchased 

from Sigma-Aldrich and purified via High-Performance Liquid Chromatography (HPLC). 

Table 7 Oligonucleotides: List of oligonucleotides used in this study. 

Name Sequence 5’ → 3’ Description 

qRT-PCR oligonucleotides 

TP127 CTTTGTCGCCCAAGAGTATGCG Spliced HAC1 (FW)204 

TP287 ACTGCGCTTCTGGATTACGC Spliced HAC1 (RV)204 

JC099 TCTACCGTCACTCAAATGCC OLE1 (FW) 

JC100 ACCAGTTTCGTAGATTTCACCTC OLE1 (RV) 

TP169 TGTCACCAACTGGGACGATA ACT1 (FW)204 

TP170 AACCAGCGTAAATTGGAACG ACT1 (RV)204 

CM120 TACCTGCCGTAGACAACAAC Spliced HAC1 (FW) 

CM121 ACTGCGCTTCTGGATTAC Spliced HAC1 (RV) 

CM110 ATATTCCAGGATCAGGTCTTCCGTAGC TAF10 (FW)205 

CM111 GTAGTCTTCTCATTCTGTTGATGTTGTTGTTG TAF10 (RV)205 

Ire1-mNeongreen construction 

CM61 GAAAATCTTCGAATTTTGATATCATCAGACTTTG

GTCTTTGCAAAAA 

IRE1 N terminal FW 

CM62 CCTTAGAAACAGCGTAATCTGGAACGTCATATG

GA 

IRE1 N terminal RV 

CM63 AGATTACGCTGTTTCTAAGGGTGAAGAAGACAA

C 

mNeongreen FW 

CM64 GCGTAGAAGACTTGTACAATTCGTCCATACCC mNeongreen RV 

CM65 ATTGTACAAGTCTTCTACGCGTCATACAGTAG IRE1 C terminal FW 

CM66 AACGGGCCCTCTAGACTCGAGGGCAATAATCAA

CCAAGAAGAAGC 

IRE1 C terminal RV 

pDDI2-based INO2* overexpression plasmid 

CM174 CACCGAAGTCGGTGATGCTGT FW primer pCM62 

backbone generation 

CM175 GTTCGTTTCCCGATACATGCGA RV primer pCM62 

Backbone generation 

Table continues next page 
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CM182 AGAATCAATCCCCGGATTCTAGAACTAGTGGATCC FW INO2* amplification 

for pCM62 insertion 

CM179 CAGCATCACCGACTTCGGTGGGCCGCAAATTAA

AGCCTTCG 

RV INO2* amplification 

for pCM62 insertion 

CM180 GCATGTATCGGGAAACGAACGGAAAATCCAAGC

TTTCAAGATGCG 

FW primer pDDI2 

amplification 

CM181 AGAATCCGGGGATTGATTCTTTTGAAGAGGAGC

AA 

 

RV primer pDDI2 

amplification 

Integrative HO locus pTDH3-based overexpression plasmids 

CM212 TCAGAAACGGCCTTAAC FW primer pCM63 

backbone generation 

CM213 GGTATGTAGATATACTAGAAGTTCTC RV primer pCM63 

backbone generation 

CM214 AAGCTGggccggccatttaaatgtttaaacAATTATCCTGG

GCACGAGTG 

FW primer HO locus left 

CM215 GGCGTTTGTCTCGAACATGAC RV primer HO locus right 

CM216 AGTATTGTGTCATGTTCGAGACAAACGCCTCATT

ATCAATACTCGCCATTTC 

FW primer pTDH3 

amplification 

CM217 GGAGGGCGTGAATGTAAGCGTGACATAACTAAT

TACATGATCGAAACTAAGTTCTGGTG 

RV primer pTDH3 

amplification 

CM218 TCATGTAATTAGTTATGTCACG FW primer tCYC1 

amplification 

CM219 GCAAATTAAAGCCTTCGAG RV primer tCYC1 

amplification 

CM220 GGGACGCTCGAAGGCTTTAATTTGCGACATGGA

GGCCCAGAATAC 

FW primer kanMX 

cassette amplification 

CM221 ACATTCTGTGAAGTTGTTCCCCCAGCAGTATAGC

GACCAGCATTC 

RV primer kanMX 

cassette amplification 

CM222 CTGGGGGAACAACTTCACAG FW primer HO locus right 

CM223 GGCGAATTGggccagcgtggccgtttaaacACTGTAAGAT

TCCGCCACATTTTATAC 

RV primer HO locus right 

Table continues next page 
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CM244 TCGAAACTAAGTTCTGGTG RV primer, use in 

conjunction with CM218 

on pCM63 to generate 

overexpression plasmid 

CM224 GTTTTAAAACACCAGAACTTAGTTTCGAATGGAT

ACATCAAACTCTTGGTTTG 

FW SWI5 amplification 

CM225 GTAAGCGTGACATAACTAATTACATGATTACCTT

TGATTAGTTTTCATTGG 

RV SWI5 amplification 

CM226 GTTTTAAAACACCAGAACTTAGTTTCGAATGGAT

TCCACAGGCGCTTC 

FW MSN5 amplification 

CM227 GTAAGCGTGACATAACTAATTACATGATCAGTTG

TCATCAAAGAGATTACC 

RV MSN5 amplification 

CM228 GTTTTAAAACACCAGAACTTAGTTTCGAATGGAC

CCGATTGGAATAAAC 

FW DOC1 amplification 

CM229 GTAAGCGTGACATAACTAATTACATGATTAACGT

AATATAGCATCCTG 

RV DOC1 amplification 

CM230 GTTTTAAAACACCAGAACTTAGTTTCGAATGATG

GATATCAGCCCTAC 

FW ROF1 amplification 

CM231 GTAAGCGTGACATAACTAATTACATGACTACTTT

GAGTATTGGTGG 

RV ROF1 amplification 

CM232 GTTTTAAAACACCAGAACTTAGTTTCGAATGACC

GCAAAGACTTTTCTAC 

FW HAP4 amplification 

CM233 GTAAGCGTGACATAACTAATTACATGATCAAAAT

ACTTGTACCTTTAAAAAATCG 

RV HAP4 amplification 

CM234 GTTTTAAAACACCAGAACTTAGTTTCGAATGAAG

TTCGAAGACCTCTTG 

FW IES3 amplification 

CM235 GTAAGCGTGACATAACTAATTACATGATTAAAGA

ATGTTTTCCAAAAGG 

RV IES3 amplification 

CM238 GTTTTAAAACACCAGAACTTAGTTTCGAATGCGC

AATGCAGGTG 

FW NIP100 amplification 

CM239 GTAAGCGTGACATAACTAATTACATGATCATTTG

TAATATGTAACAACATTTTGAG 

RV NIP100 amplification 

CM247 GTTTTAAAACACCAGAACTTAGTTTCGAATGGTT

TTAAAACACCAGAACTT 

FW NEM1 amplification 

Table continues next page 
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CM248 GTAAGCGTGACATAACTAATTACATGATCAGTAA

GCGTGACATAACTAAT 

RV NEM1 amplification 

CM249 GTTTTAAAACACCAGAACTTAGTTTCGAATGATG

ACCAGTTTGTCCAAAAG 

FW ICE2 amplification 

CM250 GTAAGCGTGACATAACTAATTACATGATCATCAA

CTACCAGAACCTATTA 

RV ICE2 amplification 

oligonucleotides for homologous recombination 

JR65 GCATTTAAAGGCACTTATTGAAGGTCATTTTGGC

GAACAGAACATTTCGTTcatagcttcaaaatgtttctactc 

FW knockout MGA2 with 

KAR2SS-dsRED-HDEL 

+ NatMX 

JR66 GTCTTTTCATTATACACACATATATATATATATATA

CGTAAAAAAGCAGAgacatggaggcccagaatac 

RV knockout MGA2 with 

KAR2SS-dsRED-HDEL 

+ NatMX 

CM144 ATACTGATATCGATACGGATACAGAAGCTGAAGA

TGATGAATCACCAGAACGGATCCCCGGGTTAAT

TAAC 

FW SEC63 c-terminal 

mNeongreen tagging 

CM145 ATATACGTCTAAGAGCTAAAATGAAAAACTATAC

TAATCACTTATATCTACATCGATGAATTCGAGCT

CG 

RV SEC63 c-terminal 

mNeongreen tagging 

CM146 CTTCTACTGGTGTCAAGACCTCTAACACCAAGGT

CTCTTCCAGGAAAGCTCGGATCCCCGGGTTAAT

TAAC 

FW ELO3 c-terminal 

mNeongreen tagging 

CM147 TTAATTTTTTTCTTTTTCATTCGCTGTCAAAAATTC

TCGCTTCCTATTTACATCGATGAATTCGAGCTCG 

RV ELO3 c-terminal 

mNeongreen tagging 

CM148 GAAAAGTACAAAAAACTTGCAAAATGAATTGGAA

AAAAACAACGCTCGGATCCCCGGGTTAATTAAC 

FW RTN1 c-terminal 

mNeongreen tagging 

CM149 CAAAAGTTAGCTATTCTTGTTTGAAATGAAAAAAA

AAAAGCACTCACATCGATGAATTCGAGCTCG 

RV RTN1 c-terminal 

mNeongreen tagging 

CM184 CCAAACCAACCAAACTTACACACAATAATATACA

ATTACAATTATTTACAGACATGGAGGCCCAGAAT

ACCCTCC 

FW ATG41 knockout 

with kanMX 

CM185 ATATGCGATGCAAGGGGTCGTGAGAACAAGTAG

AGATGTGGTAAAATGCGCAGTATAGCGACCAGC

ATTCACATAC 

RV ATG41 knockout with 

kanMX 

Table continues next page 
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CM186 TTAAGTGATTAAGGGTGTTGGAGTATACTGAAAC

ACGCTTTTTGGCCATTGACATGGAGGCCCAGAA

TACCCTCC 

FW PET309 knockout 

with kanMX 

CM187 TGATTTTTTGATATATATGCAGTTGATTATACAAT

ATGATATATGCATTTCAGTATAGCGACCAGCATT

CACATAC 

RV PET309 knockout 

with kanMX 

CM188 CAATACTACGTGAGCAGCAACGAAAGCACATAT

ATAGACGACAAAGTAGTGACATGGAGGCCCAGA

ATACCCTCC 

FW COA3 knockout with 

kanMX 

CM189 CAAAGCCTATTGATGGAAGACCACAGCGTACCT

CCACATTAACGGTCTTTCAGTATAGCGACCAGCA

TTCACATAC 

RV COA3 knockout with 

kanMX 

CM190 TAAATTTCACTGACTATAGAGTACATACATAAACA

AGCATCCAAAAAAACGACATGGAGGCCCAGAAT

ACCCTCC 

FW UBC4 knockout with 

kanMX 

CM191 AATCCCATATAAATCTTGCTTCTCTTTTTCAGCTG

AGTAAGGACTTCTGTCAGTATAGCGACCAGCATT

CACATAC 

RV UBC4 knockout with 

kanMX 

CM192 TGCTATTGTCCATCCCTATCCTAGTTTTAAAAATA

TAATTCTATCAAGTTGACATGGAGGCCCAGAATA

CCCTCC 

FW NCS2 knockout with 

kanMX 

CM193 TAAATAAATAAATACATAACCATTGGAATAGCGA

AGCCTTTGACATTTCACAGTATAGCGACCAGCAT

TCACATAC 

RV NCS2 knockout with 

kanMX 

CM194 CAGCGAAGATAACGGTTACACAATTATCACGTTG

ATTCGTCAACTTAAAGGACATGGAGGCCCAGAA

TACCCTCC 

FW YCL001W-A 

knockout with kanMX 

CM195 TTTCAGCAGTGTCTTCGCATAAAATCCAGGGGA

GCATAATATTATTATTCCAGTATAGCGACCAGCA

TTCACATAC 

RV YCL001W-A 

knockout with kanMX 

CM196 GAATATCAAACATCGAACGAGAGCATCTTGAAGA

TATTTATGTTCTAAATGACATGGAGGCCCAGAAT

ACCCTCC 

FW MAL33 knockout 

with kanMX 

Table continues next page 
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CM197 CACTCTATCAGTATATCTATCTCGTATAAGTGAA

CGGCGTGAACAATAAACAGTATAGCGACCAGCA

TTCACATAC 

RV MAL33 knockout with 

kanMX 

%HAC1 splicing primers 

CM95 TACAGGGATTTCCAGAGCACG %HAC1 splicing FW205 

CM96 TGAAGTGATGAAGAAATCATTCAATTC %HAC1 splicing RV205 

 

2.7 Plasmids 

 

All plasmids used are listed in Table 8. 

Table 8 Plasmids:  List of plasmids used in this study 

 

Name Description Source 

pRE451 pcDNA3.1(+)-IRE1-3xHA-GFP WT (Halbbleib et al., 2017)206 

pSS474 pNH605-PADH-GEM-PGAL1 (Papagiannidis et al, 

2021)207 

pSS475 pNH605-PADH-GEM-PGAL1-INO2(L119A) (Papagiannidis et al, 

2021)207 

pSS455 pRS303N-PTEF-KAR2SS-dsRED-HDEL Provided by Sebastian 

Schuck204 

pSS445 pFA6a-mNeongreen-kanMX6 (Schäfer et al, 2020)208 

pCM08 pcDNA3.1(+)-IRE1-3xHA-mNeongreen WT This study 

pCM59 pHIS3p:yomWasabi-Tub1+3'UTR::URA3 (Markus et al, 2015)209 

pCM62 pCM62-PDDI2-INO2*(L119A)-TCYC1-LEU2 This study 

pCM63 pCM63-PTDH3-TCYC1-kanMX This study 

pCM65 pCM63-PTDH3-SWI5-TCYC1-kanMX This study 

pCM66 pCM63-PTDH3-MSN5-TCYC1-kanMX This study 

pCM67 pCM63-PTDH3-DOC1-TCYC1-kanMX This study 

pCM68 pCM63-PTDH3-ROF1-TCYC1-kanMX This study 

pCM69 pCM63-PTDH3-HAP4-TCYC1-kanMX This study 

pCM70 pCM63-PTDH3-IES3-TCYC1-kanMX This study 

pCM72 pCM63-PTDH3-NIP100-TCYC1-kanMX This study 

pCM75 pCM63-PTDH3-NEM1-TCYC1-kanMX This study 

pCM76 pCM63-PTDH3-ICE2-TCYC1-kanMX This study 

pCM76 pCM63-PTDH3-SWI5-TCYC1-kanMX This study 

 



Materials 

60 
 

2.8 Strains 

 

All strains used in this study are listed in Table 9. 

Table 9 Strains: List of strains used in this study 

Name Genotype Source 

E. coli strains used in this study 

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 

recA1 araD139 Δ(araleu)7697 galU galK rpsL (StrR) 

endA1 nupG 

Invitrogen 

S. cerevisiae strains used in this study 

yRE001 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0 EUROSCARF 

yRE046 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1ΔkanMX3 EUROSCARF 

yRE127 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; 

pIRE1+ire1ΔURA 

(Halbleib et al, 

2017) 

yRE342 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP C552::HIS 

(Väth et al, 2021) 

yRE343 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP::HIS 

(Väth et al, 2021) 

yRE425 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-GFP::HIS 

(Halbleib et al, 

2017)87 

yRE428 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-GFP W426A (IF2)::HIS 

(Halbleib et al, 

2017) 

yRE522 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP L545C::HIS 

(Väth et al, 2021) 

yRE530 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP E540C::HIS 

(Väth et al, 2021) 

yRE531 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP T541C::HIS 

(Väth et al, 2021) 

yRE532 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP G542C::HIS 

(Väth et al, 2021) 

yRE533 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP V543C::HIS 

(Väth et al, 2021) 

yRE534 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP F544C::HIS 

(Väth et al, 2021) 

yRE535 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP L546C::HIS 

(Väth et al, 2021) 

yRE640 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL 

This study 

yRE641 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL; mga2∆NAT 

This study 

Table continues next page 
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yRE717 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP L547C::HIS 

(Väth et al, 2021) 

yRE718 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP F548C::HIS 

(Väth et al, 2021) 

yRE719 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP L549C::HIS 

(Väth et al, 2021) 

yRE720 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP I550C::HIS 

(Väth et al, 2021) 

yRE721 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP F551C::HIS 

(Väth et al, 2021) 

yRE773 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP E540C W426A (IF2)::HIS 

(Väth et al, 2021) 

yRE774 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP T541C W426A (IF2)::HIS 

(Väth et al, 2021) 

yRE776 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP F544C W426A (IF2)::HIS 

(Väth et al, 2021) 

yRE792 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-GFP::HIS; pSS455 

This study 

yRE793 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA cys-

less IRE1-3xHA-GFP::HIS; pSS455 

This study 

yCM171 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-GFP R537Q::HIS 

This study 

yCM175 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; atg41∆kanMX3 

This study 

yCM176 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; pet309∆kanMX3 

This study 

yCM177 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; coa3∆kanMX3 

This study 

yCM178 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mal33∆kanMX3 

This study 

yCM179 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; ncs2∆kanMX3 

This study 

yCM180 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; ubc4∆kanMX3 

This study 

Table continues next page 
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yCM181 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; YCL001W-A∆kanMX3 

This study 

yRE846 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; pet309∆kanMX3 

This study 

yRE847 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; coa3∆kanMX3 

This study 

yRE848 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; atg41∆kanMX3 

This study 

yRE849 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; mal33∆kanMX3 

This study 

yRE850 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; ncs2∆kanMX3 

This study 

yRE851 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; ubc4∆kanMX3 

This study 

yRE852 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL::URA; mga2∆NAT; YCL001W-A∆kanMX3 

This study 

yCM126 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS 

This study 

yCM139 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT 

This study 

yCM144 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; mga2∆ 

KAR2ss-dsRED-HDEL::NAT 

This study 

yCM152 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; mga2∆ 

KAR2ss-dsRED-HDEL::NAT; 

SEC63mNeongreen::kanMX3 

This study 

Table continues next page 
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yCM153 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; mga2∆ 

KAR2ss-dsRED-HDEL::NAT; 

ELO3mNeongreen::kanMX3 

This study 

yCM154 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; mga2∆ 

KAR2ss-dsRED-HDEL::NAT; 

RTN1mNeongreen::kanMX3 

This study 

yCM210 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; 

SEC63mNeongreen::kanMX3 

This study 

yCM211 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; 

ELO3mNeongreen::kanMX3 

This study 

yCM212 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; 

RTN1mNeongreen::kanMX3 

This study 

yRE858 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-SWI5-tCYC1::kanMX3 

This study 

yRE859 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-MSN5-tCYC1::kanMX3 

This study 

yRE860 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-DOC1-tCYC1::kanMX3 

This study 

yRE861 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-ROF1-tCYC1::kanMX3 

This study 

yRE862 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL; mga2∆NAT; YDL227C∆pTDH3-HAP4-

tCYC1::kanMX3 

This study 

yRE863 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-IES3-tCYC1::kanMX3 

This study 

yRE864 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-NIP100-tCYC1::kanMX3 

This study 

Table continues next page 
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yRE865 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-NEM1-tCYC1::kanMX3 

This study 

yRE866 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YDL227C∆pTDH3-ICE2-tCYC1::kanMX3 

This study 

yRE867 MATa; his31 leu20 met150ura30 can1::STE2pr-spHIS5 

lyp1::STE3pr-LEU2; Elo3mCherry • KAR2ss-sfGFP-

HDEL; YDL227C∆pTDH3-HAP4-tCYC1::kanMX3 

This study 

yCM200 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; YCL018W∆pDDI2-INO2(L119A)-

tCYC1::kanMX3 

This study 

yCM201 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; pSS455; 

YCL018W∆pDDI2-INO2(L119A)-tCYC1::kanMX3 

This study 

yCM172 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; leu2::GEM-PGAL1-LEU2 

This study 

yCM173 MATa; hisΔ1; leu2Δ0; met15Δ0; ura3Δ0; ire1Δ::URA 

IRE1-3xHA-mNeongreen::HIS; mga2∆ KAR2ss-dsRED-

HDEL::NAT; leu2::GEM-PGAL1-INO2(L119A)-LEU2 

This study 
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3 Methods 

3.1 Microbiological methods 

 

3.1.1 Generation and transformation of chemically competent E. coli 

 

To generate chemically competent cells a derivative of the Inoue method was used in this 

study210. To that extent ITB was prepared by dissolving 15.1 g piperazine-N,N′-bis(2-

ethanesulfonic acid) (PIPES) in 80 mL MQ. The pH was adjusted to 6.7 by titration with 5 M 

KOH and subsequently solution was brought to a final volume of 100 mL. After filter 

sterilization the solution was aliquoted and stored at -20 °C. Finally, the solutes listed in Table 

6 were mixed, filter sterilized and stored at -20°C. Preparation of cells started out by 

inoculating 25 mL of SOB medium in a 250-mL flask with a single bacterial colony. After 6 h 

of incubation at 37°C and 220 rpm 100 µL of said culture was used to inoculate a main culture 

of 250 mL SOB medium. The main culture was grown over night at 18°C with constant 

agitation at 220 rpm. When cells reached an OD600 of 0.5 the cells were harvested by 

centrifugation at 2500 g for 10 min at 4°C. After the supernatant was discarded, cells were 

resuspended in 80 mL ice-cold ITB. Cells were again pelleted by centrifugation at 2500 g for 

10 min at 4°C. Supernatant was discarded and cells were resuspended in 20 mL of ice-cold 

ITB. To that cell suspension 1.5 mL DMSO was added and the suspension was mixed by 

gently swirling the suspension in ice-water followed by an incubation in ice for 10 min. 

Consequently, the cells were dispensed into chilled sterile microcentrifuge tubes and 

immediately snap frozen by immersing the aliquots in liquid nitrogen. Until further use the cells 

were stored at -80°C.  

Transformation of generated chemically competent cells started by thawing an aliquot on ice 

for 5 min. Transforming DNA was added and suspension was mixed with a pipette. After 

incubating the cells for 30 min on ice a heat shock was applied at 42 °C for 45 seconds. Cells 

were allowed to cool for 2 min on ice and then received a recovery treatment by adding 500 

µL LB-media. After 45 min of incubation at 37°C under agitation 30 µL of the cell suspension 

were plated our on the respective selective LB-agar plates, the remaining culture was 

centrifuged at 3000 g for 5 min at RT and the cell pellet was resuspended in 30 µl LB-media 

and plated out to guarantee formation of single colonies after incubating both plates at 37 °C 

over night. 
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3.1.2 Generation, transformation and storage of S. cerevisiae strains 

 

Competent yeast cells were generated by using the lithium acetate-based method as 

described by Ito et al.211. To this end, a single colony of the desired yeast strain was used to 

inoculate a 3 mL pre-culture in YPD and grown at 30°C overnight at 220 rpm. The following 

day, 50 mL of YPD was inoculated to an OD600 of 0.2. The main culture was grown at 30°C 

until an OD600 of 0.8 was reached. The cells were harvested by centrifugation at 3000 g for 5 

min at RT. The supernatant was discarded and the cells were washed with 1 mL LATE buffer 

and after a second centrifugation step with the exact settings as the previous resuspended in 

250 µL LATE buffer and stored at 4°C until further usage. 

 

For the transformation, 5 µL of ssDNA salmon sperm, which was previously denatured at 95 

°C for 10 min and cooled on ice prior to use, was added to 50 µL of chemically competent 

cells. Transforming effective DNA in the range of 0,5-2 µg were added and the mixture was 

incubated for 20 min at RT. The reaction was supplemented with 10 µL DMSO followed by 

150 µL PLATE buffer. After 30 min of incubation at 30 °C the cells were exposed to a heat 

shock at 42 °C for 15 min. Subsequently the cells were centrifuged at 6000 g for 5 min at RT. 

The supernatant was carefully removed as the pelleting behavior is affected by the 

DMSO/PLATE buffer and the cells were washed with 1 mL sterile MQ. After one washing step 

the cells were resuspended in 80 µL sterile MQ water and plated on selective agar plates. The 

plates were incubated at 30 °C for 2 days before single colonies were transferred to new 

selective plates. In total each clone was subjected to two selective agar plate selection steps, 

followed by a cultivation on YPD plates without any selective pressure prior to their transfer 

on a third selective agar plate which was followed by an overnight culture in selective media 

for long term storage preparation. Long term storage was achieved by mixing 500 µL of the 

stationary over night culture with 400 µL of sterile 50% (w/v) glycerol solution. The glycerol 

stock was move immediately to the -80° C freezer and allowed to freeze. The newly generated 

strains were tested via colony-PCR. 

3.1.3 Cultivation of S. cerevisiae strains 

 

Unless stated otherwise the cultivation of S. cerevisiae strains was carried out in flasks at 30 

°C and 220 rpm. In general, an experiment started by streaking out desired strain on 

appropriate agar plates followed by an incubation step of 2-3 days at 30 °C. These plates were 

stored at RT and were used a maximum of one week to start experiments. For that matter, a 
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pre-culture was started at a defined OD600 of 0.4 in 3 mL of adequate liquid medium. After 19 

h of incubation at 30 °C and 220 rpm, the culture was stationary and a main culture was 

inoculated to an OD600 of 0.1.  

 

3.2 Molecular biological methods 

 

3.2.1 Polymerase chain reaction (PCR) 

 

The PCR method was used for in vitro amplification of specific DNA sequences or site directed 

mutagenesis. The standard PCR protocol is shown in Table 10.  

Table 10 Standard reaction conditions for PCR 

Phase Temperature [°C] Time Number of cycles 

Initial denaturation 95 1 min 1 

Denaturation 95 30 sec  

Annealing 50-60 30 sec 30 

Elongation 72 30 sec kb-1  

Finale Extension 72 10 min 1 

 

Table 11 contains the standard pipetting scheme for a 50 µL PCR reaction. The Corresponding 

oligonucleotides used in this study are listed in Table 7. 

Table 11 Standard PCR reaction mixture 

Reagents Amount [µL]  

ddH2O 31,5 

5x HF-Buffer 10 

FW-Primer (10 pM) 2.5  

RV-Primer (10 pM) 2.5 

dNTPs (10 mM) 2 

Template (5-50 ng) 1 

PHUSION DNA polymerase 0.5 
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3.2.2 Agarose gel electrophoresis 

 

The agarose gel electrophoresis technique was used to separate individual DNA fragments 

based on their size in the electric field. A 2% (w/v) agarose gel was used for fragments with 

an expected size of 1000 bp or less, and a 1% (w/v) agarose gel was used for fragments with 

a size of 1000 bp and greater. The DNA was mixed with 6x DNA-loading dye (NEB) and loaded 

into the pockets of an agarose gel. In addition, a size standard (New England Biolabs) was 

applied to each gel for later analysis. Separation was performed at 130 V for 35 min in 1x TAE 

buffer. Subsequently agarose gels were incubated for 20 min in an ethidium bromide bath 

followed by a visualization by UV light illumination. 

3.2.3 Gibson assembly technique 

 

For the assembly of multiple DNA fragments the gibson assembly cloning technique was 

used212. Table 12 contains all components for the homemade 1.33x gibson assembly 

mastermix. After preparation 15 µL aliquots were stored at -20°C until needed. To increase 

the efficiency of DNA fragment assembly the molar ratio of insert to backbone was adjusted 

to a 3:1 ratio and subsequently the gibson assembly was carried out at 50°C for 60 min in a 

PCR cycler. 
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Table 12 Gibson assembly mastermix components 

Reagents   

5x isothermal buffer final concentration 

Tris-HCl pH 7.5 500 mM 

MgCl2 50 mM 

dATP 1 mM  

dCTP 1 mM 

dGTP 1 mM 

dTTP 1 mM 

DTT 50 mM 

PEG-8000 25 % (w/v) 

NAD+ 5 mM 

1.33x  gibson assembly master mix amount [µL] 

5x isothermal buffer 100 

Taq DNA ligase 50 

T5 exonuclease 0.5 

Q5 Hi-Fi DNA polymerase 6.25 

ddH2O 218.25 
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3.2.4 Minimal inhibitory concentration assay 

 

Yeast strains were struck out on YPD plates three days prior to starting the assay. A 3 mL 

YPD over night culture was inoculated to an OD600 of 0.4 and grown for 19 h at 30 °C at 220 

rpm. The stationary overnight culture was then used to inoculate 3 mL of a preculture in either 

SCD or YPD to an OD600 of 0.2. After 6 hours of incubation at 30 °C and 220 rpm the OD600 

was measured and a 250 µL main culture of SCD or YPD was inoculated to an OD600 of 0.01 

with the respective proteotoxic drug concentrations in a 96-well plate. The plate was incubated 

at 30 °C for 18-19 h without agitation. Cells were subsequently resuspended in 200 µL and 

transferred into a fresh 96-well plate for the final OD600 measurement in the microplate reader 

Tecan Spark.   

3.2.5 Temperature gradient growth Assay 

 

Cells were treated as described in 3.2.4 with appropriate adjustments to the cultivation 

conditions for the main culture in the form of medium additives and the change from the 96-

well format to single PCR tube format. Subsequently, the PCR reaction tubes were transferred 

to a gradient PCR cycler and grown for 19 h at a 20 °C spanning temperature gradient, starting 

at 20 °C and ending at 40 °C. Finally, the main culture was resuspended and 50-100 µL of the 

suspension was transferred to a 96-well plate, in which 100 µL of the respective main culture 

medium was pre-cast with 1 % (w/v) SDS to remove the turbidity of the unused free fatty acids 

prior to the final OD600 measurement in the Tecan Spark. 
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3.2.6 Quantitative real time PCR (qRT-PCR) 

 

To asses relative changes in mRNA levels RNA was isolated from 5 OD600 units of cells by 

following the instructions of the RNeasy Plus RNA isolation Kit (Qiagen). Subsequently, 500 

ng of total RNA served as a template for Oligo(dT) based cDNA synthesis by following the 

instructions of the Superscript II RT protocol. The cDNA was diluted 1:10 prior to using it as a 

template in a ORA qPCR Green ROX L Mix based reaction run in a Mic qPCR cycler system. 

Primers enlisted in Table 7 were used at a final concertation of 400 nM. In Table 13 the qPCR 

program is shown. Data analysis was carried out by using the comparative ∆∆Ct method213.  

 

Table 13 General qPCR program 

Phase Temperature [°C] Time Number of cycles 

Initial denaturation 95 15 min 1 

Denaturation 95 20 sec  

Annealing 62 20 sec 40 

Elongation 72 30 sec   

Finale Extension 72 5 min 1 

 

3.3 Biochemical methods 

3.3.1 Cell lysate preparation and lipid extraction 

 

Cells destined for whole cell lipidomic analysis were pelleted when the respective conditions 

of interest were matched and snap-frozen with liquid nitrogen prior to storage at -80°C until 

further use. To obtain cell lysates, frozen pellets were allowed to thaw on ice prior to 

resuspending them in 1 mL of 155 mM ammonium bicarbonate. The cell suspension was 

transferred to a reaction tube containing 200 µL of baked zirconia beads (0.5 mm diameter) 

and cell disruption was carried out using the Disruptor Genie ® for 10 min at 4°C. Afterwards, 

350 µL of the resulting lysate was transferred into a new reaction tube and snap-frozen prior 

to lipid extraction and analysis via shotgun mass spectrometry. The lipid extraction and 

subsequent spiking of internal lipid standard mixture for consequent mass spectrometry was 

performed by Lipotype GmbH (Dresden, Germany) as described in Reinhard et al.1. 

 



Methods 

72 
 

3.4 Cell imaging 

 

3.4.1 Phenotypic high-throughput microscopy screening  

 

The genome wide microscopic screen was carried out at the Weizmann Institute of Science 

(Rehovot, Israel) in the lab of Maya Schuldiner by a former colleague Michael Gecht214. In 

short, first two query strains were created that harbor two genetically encoded fluorescent 

marker to visualize the ER morphology by my former colleague Harald Hofbauer. 

Subsequently the SGA methodology and a RoTor replicator was used to create a custom 

library based on the Yeast Knockout215 and Yeast DAmP library216 in the lab of Maya 

Schuldiner. The newly generated strains were then inoculated from agar plates to liquid plates 

and grown in a shaking incubator. Cells were then transferred by a liquid handling device into 

microscope plates and subsequently fed to the microscope stage for image acquisition. For 

each well/strain three images were acquired by the fully automated fluorescence microscope 

and the images were then manually analyzed by three different scientists based on their 

deviation of percentage of aberrant ER formation compared to the query strain.  

 

3.4.2 Live cell imaging (epifluorescence microscopy) 

 

Before imaging cell suspension was prepared as following. After harvesting 1 OD600 unit of 

cells they were washed once with 1 mL of SCD medium and subsequently resuspended in a 

total of 15 µL SCD. Next, a circular 25 mm glass coverslip was mounted into an Attofluor cell 

chamber. 10 µL of the cell suspension were placed in the center of the coverslip and the cell 

suspension was covered with a circular 2% SCD-agarosepad. 

Image acquisition was carried out with an inverted AXIO Observer Z1 microscope (Zeiss) 

controlled by the Zen 2.6 blue software. Images were taken with a Rolera-EM-C2 camera 

(Qimaging). All images were acquired after applying immersion oil to the Plan-Apochromat 

63x/1.40 NA oil DIC M27 objective (Zeiss). For eGFP an excitation wavelength of 488 nm was 

used in conjunction with the 38 HE Green fluorescent filter for detection in the range of 500 – 

550 nm emission wavelength. For dsRED an excitation wavelength of 567 nm was used in 

conjunction with the 43 HE DsRed filter for detecting in the range of 570 – 640 nm. If not stated 

differently, a light intensity of 3 % was used with a 300 ms exposure time. 
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3.4.3 Confocal laser scanning microscopy and FRAP 

 

Cells were prepared as described in 3.4.2. Microscopy was performed at an LSM 880 confocal 

laser scanning microscope (Zeiss) driven by the Zen 2.6 black software with a Plan-

Apochromat 63x1.40 NA oil DIC M27 oil immersion objective. The eGFP/mNeongreen 

fluorophores were excited at a wavelength of 488 nm with 2 % laser power and for subsequent 

detection an emission wavelength of 523 nm was used. For dsRED the excitation wavelength 

was 561 nm at 2 % laser power and detection occurred at an emission wavelength of 579 nm. 

For Z-Stack acquisition a step size of 190 nm was chosen with an image size of 240x240 pixel 

using the Airyscan SuperResolution® mode. 

Fluorescence recovery after photobleaching (FRAP), was performed on the previously 

described LSM 880 Airyscan microscope. Cells were imaged in the Airyscan Fast mode®. A 

square with a pixel size of 8x8 defined in all experiments the region of interest (ROI) and was 

placed on top of a healthy or aberrant ER. Then 5 frames were measured to determine the 

initial fluorescence in the ROI and subsequently using the 405,458 and 488 nm lasers at 100 

% laser power the fluorescence of the ROI was brought down to 20 % of its initial value. 

Intensity was monitored over time in the ROI every 150 ms for a total of 40 seconds. To 

determine the recovery every dataset was analyzed using FIJI®. In total for each FRAP 

experiment the intensity of three ROI’s were measured, the bleached region, a control region 

of an unaffected cell in the same image and a background region outside of the cell. For all 

regions the intensity over time was determined. The recovery in the bleached region was 

derived by normalizing to the loss of intensity in the control region after subtraction of 

background intensity values. The corrected intensity values were then plotted against the time 

between image acquisition in GraphPad Prism. After normalization the data was fitted with the 

one phase association equation giving the recovery time defined as the timepoint at which 50 

% of the initially measured intensity is reached again after application of the bleach pulse. 
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4 Results 

4.1 The impact of established UPR inducing drugs on the lipidome 

of Saccharomyces cerevisiae 

 

The accumulation of unfolded proteins in the ER lumen poses a great danger to the viability 

of a cell. Therefore, multiple ways evolved to cope with this situation. Historically, Ire1p’s role 

as a communicator of ER-stress between the ER and the nucleus was often studied by 

inducing ER-stress via proteotoxic drugs such as dithiothreitol (DTT) and tunicamycin (TM). 

DTT is a potent reducing agent that induces ER-stress by disrupting disulfide bond formation 

in the ER. TM blocks the N-glycosylation of newly synthesized proteins in the ER217. One goal 

of this thesis is to determine how DTT and TM affect the cellular lipid composition. 

 

4.1.1 A systematic screen to find complete minimal inhibitory concentrations 

that allow for a comparison between DTT and TM as UPR inducing drugs 

 

As the goal of this study was to reveal the impact DTT and TM might have on the lipidome of 

acutely stressed cells the first challenge was to settle for a concentration for both drugs with 

different pharmacological properties. To this end, I established the most conservative 

concentration i.e. the lowest possible concentration to inhibit growth of cells with a fully 

functional UPR in minimal (SCD) and complex medium (YPD). To determine the respective 

growth inhibiting drug concentration I exposed the wildtype strain BY4741 of the BY series 

and its isogenic ire1∆ counterpart to various concentrations of DTT and TM for 19 hours via a 

minimal inhibitory concentration (MIC) assay. Cellular growth was assayed subsequently by 

measuring the OD600 (Figure 7). As seen in Figure 7 (A-D), the wildtype strain is much more 

resilient to proteotoxic drugs when compared to the ire1∆ strain, presumably due to a 

functional UPR. Notably, the medium has a substantial impact on the drug resistance 

phenotype. In YPD medium, higher concentrations of DTT are required to fully inhibit the 

growth of wildtype and ire1∆ cells (Figure 7 A and C). Intriguingly, the medium has an opposite 

effect on the TM resistance (Figure 7 B and D) meaning that higher concentrations of TM are 

required to fully impair growth in SCD medium. The MIC assays helped to choose appropriate 

concentrations of TM and DTT to effectively inhibit growth for each medium. For all future 

experiments the following conditions were used: 8 mM DTT or 1,0 µg/mL TM for YPD and 2 

mM DTT or 1,5 µg/mL TM for the cultivation in SCD medium. 
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Figure 7 Impact of DTT and TM on cellular growth in chemically defined minimal medium (SCD) and 

complex medium (YPD) 

The impact of varying concentrations of DTT and TM on cellular growth under prolonged exposure was determined. 
To this end, stationary cells of an overnight culture in YPD were used to inoculate a main culture in either YPD (A, 
B) or SCD (C, D) to an OD600 of 0.2. After 6 h of cultivation, exponentially growing cells were used to inoculate a 
96-well plate to an OD600 of 0.01 with the respective plotted concentrations of either DTT or TM. After 16 h of 
cultivation without agitation, the cells were resuspended, transferred into a new 96-well plate and a final OD600 
measurement was carried out. Plotted are biological triplicates with technical duplicates with each datapoint 
representing the average ± SD. 
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4.1.2 Acute ER-stress and its consequences on cellular growth 

 

Having seen that DTT and TM affect cellular growth under prolonged conditions I was 

interested to learn more about their immediate effects on cellular growth. Hence, the cells 

were cultivated in liquid media by inoculating YPD or SCD to an OD600 of 0.1 using stationary 

cells cultivated in the same medium. As the cultures reached an OD600 of 0.8 (indicated by 

dotted lines in Figure 8 and Figure 9), they were either left untreated resulting in the unstressed 

control condition, termed “no stress”, or exposed DTT or TM for YPD (Figure 8) and SCD 

(Figure 9). Both figures show a representative growth curve at 30°C under constant agitation 

at 220 rpm. When the growth curves are fitted to the Malthusian exponential growth model, 

they reveal that the doubling time (86 min for YPD opposed to 107 min for SCD) differs 

between media but not between the two different strains in the no stress condition. 

Furthermore, one can see for both drugs and slightly more pronounced for the DTT treatment 

a decrease in the growth rate for both the wildtype and the ire1∆ strain after one hour of drug 

application in both media. This is surprising, as these strains exhibited remarkably different 

resilience to proteotoxic stresses in overnight experiments lasting 19 hours in total. 
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Figure 8: Consequences of acute ER-stress on cellular growth in complex medium (YPD) 

Plotted are representative growth curves of the WT and ire1∆ strain in YPD medium. Cells were grown at 30 °C 
and under constant agitation (220 rpm). A stationary overnight culture in YPD was used to inoculate the main 
culture to an OD600 of 0.1. When the cells reached an OD600 of 0.8, they were either left untreated or stressed with 
TM (1.0 µg/mL) or DTT (8 mM). Data shown are from a single representative experiment. 
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Figure 9: Consequences of acute ER-stress on cellular growth in chemically defined minimal medium 
(SCD) 

Plotted are representative growth curves of the WT and ire1∆ strain in SCD medium. Cells were grown at 30 °C 
and under constant agitation (220 rpm). A stationary overnight culture in SCD was used to inoculate the main 
culture to an OD600 of 0.1. When the cells reached an OD600 of 0.8, they were either left untreated or stressed with 
TM (1.5 µg/mL) or DTT (2 mM). Data shown are from a single representative experiment. 
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4.1.3  The impact of DTT and TM on the lipid class composition of acutely 

stressed S. cerevisiae 

 

Prolonged UPR activation triggers apoptosis218. However, the molecular basis for chronic ER-

stress remains poorly defined. While the accumulation of misfolded proteins after application 

of proteotoxic drugs is well documented, their effect on the cellular lipid composition is 

insufficiently studied. Changes in membrane lipid class composition thereby represent an 

unexplored mechanism that may contribute to perpetuating the UPR synergistically with 

unfolded proteins. Therefore, the whole cell lipid composition of cells cultivated in different 

media in presence or absence of proteotoxic drugs was determined by quantitative shotgun 

lipidomic analysis219. The sample acquisition followed the cultivation protocol described in 

4.1.2. Since UPR signaling peaks within 1 hour of drug application56,220 , which coincides with 

the timing of growth inhibition (Figure 8 and Figure 9), samples were taken one hour after drug 

application. Next to the WT, the ire1∆ strain served as a control as its lipidome should reveal 

UPR dependent contributions in the tested conditions. Strikingly, the TM treatment seemed to 

have little to no impact on the lipidome of both WT and ire1∆ cells (Figure 10). DTT, however, 

caused a significant increase in the levels of PA in wildtype and ire1∆ cells cultivated in YPD.  
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Figure 10 The lipid class composition of WT and ire1∆ cells grown in YPD medium after one hour of 

proteotoxic stress exposure 

Lipid class composition in mol% of the sample. Sample generation was carried out as followed: Stationary cells 
cultivated in YPD medium were used to inoculate fresh YPD to an OD600 of 0.1. Cells were subsequently grown 
until they reached an OD600 of 0.8. Consequently, cells were left untreated for 1 hour, leading to the no stress 
sample, or stressed with 8 mM DTT or 1 µg/mL TM prior to harvesting. Abbreviations translate to Erg = ergosterol; 
Cer = ceramide; IPC = inositolphosphorylceramide; MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; CL = 
cardiolipin; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = 
phosphatidylinositol; PS = phosphatidylserine; DAG = diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-
PI; LPS = lyso-PS; TAG = triacylglycerol; EE = ergosteryl ester. Plotted are biological triplicates, their average and 
± SD. Raw data taken from Reinhard et al. 1 but reevaluated with an unpaired two-tailed t-test, assuming Gaussian 
distribution. Benjamini,Krieger and Yekutieli method was used to correct for false discovery rate (Q=5%).  

 

The robustness of the cellular lipidome against a short time perturbation with proteotoxic drugs 

becomes even more apparent when considering the lipid class composition shown for the two 

strains cultivated in SCD medium (Figure 11). Here, practically no difference is seen between 

the DTT or TM treatment for the cells apart from an increase in ergosterol esters for the WT 
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when exposed to DTT. Furthermore, DTT leads to a significant reduction of the very low 

abundant MIPC lipids in case of the ire1∆ strain cultivated in SCD. 
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Figure 11 The lipid class composition of WT and ire1∆ cells grown in SCD medium after one hour of 
proteotoxic stress exposure 

Lipid class composition in mol% of the sample. Sample generation was carried out as followed. Stationary cells 
cultivated in SCD medium were used to inoculate fresh SCD to an OD600 of 0.1. . Cells were subsequently grown 
until they reached an OD600 of 0.8. Consequently, cells were left untreated for 1 hour, leading to the no stress 
sample, or stressed with 2 mM DTT or 1.5 µg/mL TM prior to harvesting. Abbreviations translate to Erg = ergosterol; 
Cer = ceramide; IPC = inositolphosphorylceramide; MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; CL = 
cardiolipin; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = 
phosphatidylinositol; PS = phosphatidylserine; DAG = diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-
PI; LPS = lyso-PS; TAG = triacylglycerol; EE = ergosteryl ester. Plotted are biological triplicates, their average and 
± SD. Raw data taken from Reinhard et al. 1 but reevaluated with an unpaired two-tailed t-test, assuming Gaussian 
distribution. Benjamini,Krieger and Yekutieli method was used to correct for false discovery rate (Q=5%).  

 

In summary, the lipidomes of cells grown in either YPD (Figure 10) or SCD (Figure 11) show 

that acute proteotoxic stress does not cause major, immediate changes. Furthermore, the 

observable changes were mirrored for the wildtype strain with the functional UPR and the 
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ire1∆ strain incapable of mounting a UPR. The results imply that UPR activity has little to no 

impact by itself on the lipidomes within one hour of proteotoxic drug exposure. 

A much greater impact on the cellular lipid composition has the medium (Figure 12), which is 

consistent with previous observations by Klose et al.219. For instance, cells grown in SCD show 

increased levels of storage lipids i.e. TAGs and EEs as opposed to cells grown in YPD 

medium. Ergosterol as the precursor for EE is also elevated in SCD cultivated cells when 

compared to cells grown in YPD. For the category of membrane glycerophospholipids a 

noteworthy deviation is the level of PI between both media, in which the YPD lipidomes show 

twice as high levels compared to their SCD counterparts, highlighting a potential inositol 

deficiency in SCD medium formulation for the BY series as reported by Hanscho et al221. This 

is especially of concern for the investigation of the UPR: Ire1p has been identified as the 

inositol-requiring enzyme222 and it is activated through inositol depletion56, implying an 

important role for PI lipids. Next to PI, the abundance of PE differs significantly for the two 

different media tested in that it is reduced for both strains when cultivated in YPD opposed to 

SCD. The sensitivity and activity of the UPR could also be affected by this, as aberrant PE-to-

PC ratios are associated during chronic activation of the UPR in yeast, worms and 

mammals223–225. In case of ire1∆ cell lipidomes, there are significant changes found in two of 

the more complex sphingolipids, IPC and MIPC. Both species are less abundant when cells 

are grown in YPD medium opposed to SCD medium. While statistically significant only for 

ire1∆ cells, the trend towards lower levels of complex sphingolipids seems to become apparent 

also in the WT lipidome. Validating this potential change would require a higher sample 

number for a greater statistical power. 
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Figure 12 The impact of cultivation medium on the lipid class composition of WT and ire1∆ cells 

Lipid class composition in mol% of the sample. Sample generation was carried out as followed. Stationary cells 
cultivated in the respective medium were used to inoculate fresh corresponding medium to an OD600 of 0.1. .Cells 
were subsequently grown until they reached an OD600 of 0.8. Consequently, cells were left untreated for 1 hour 
prior to harvesting. Abbreviations translate to Erg = ergosterol; Cer = ceramide; IPC = inositolphosphorylceramide; 
MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; CL = cardiolipin; PA = phosphatidic acid; PC = 
phosphatidylcholine; PE = phosphatidylethanolamine; PI = phosphatidylinositol; PS = phosphatidylserine; DAG = 
diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-PI; LPS = lyso-PS; TAG = triacylglycerol; EE = ergosteryl 
ester. Plotted are biological triplicates, their average and ± SD. Raw data taken from Reinhard et al. 1 but 
reevaluated with an unpaired two-tailed t-test, assuming Gaussian distribution. Benjamini,Krieger and Yekutieli 

method was used to correct for false discovery rate (Q=5%).  
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In summary, this section raised awareness and provides guidelines when studying the UPR. 

To understand signals that can perpetuate the UPR only a quantitative approach on the level 

of unfolded proteins in the ER lumen and on the lipid composition of the ER membrane during 

acute and prolonged stress will unambiguously allow to dissect the relative ER-stress signal 

contributions. The here presented data suggest the use of defined SCD medium over ill-

defined YPD medium. However, the established SCD medium formulation should be 

supplemented with additional inositol, as suggested by Hanscho et al.221 to account for 

possible deficiency as cultivation progresses beyond the here chosen duration. The use of TM 

over DTT at the here indicated concentrations is recommended as its mode of action is more 

specifically aimed towards affecting the protein folding in the ER and showed no significant 

impact on the lipidome when applied for the timespan of one hour. Finally, unstressed WT and 

ire1∆ cells show almost identical whole cell lipid compositions, which implies that basal UPR 

signaling – or the lack thereof – does not have a significant impact on the cellular lipid 

composition. 
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4.2 A closer look at Ire1p dimeric TMD signaling-active 

conformation under LBS and proteotoxic ER-stress  

 

In order to learn more about the signaling active conformation of Ire1p upon activation by 

different types of ER-stress, a systematical exchange of all native cysteine residues to serine 

residues was carried out by Dr. Kristina Väth to generate subsequently single cysteine mutants 

that were applicable for single-cysteine crosslinking experiments. The strategy aimed at 

further completing our understanding of Ire1p’s signaling-active architecture of the TMD under 

proteotoxic stress and lipid bilayer stress, which has not been resolved by the crystal 

structures of Ire1p’s isolated soluble domains73,74,226,227. As the previous studies focused solely 

on understanding the structure in presence of unfolded proteins, this study was destined to 

complete our understanding of Ire1p’s dimer architecture under aberrant lipid compositions 

compared to purely proteotoxic conditions induced via TM and DTT in the environment of the 

ER. 

4.2.1 Generation of a cysteine-less Ire1p and validation of its function 

 

Resolving the orientation of Ire1p’s protomers during proteotoxic ER stress and lipid bilayer 

stress via cysteine crosslinking experiments required the generation of a cysteine-less version 

of Ire1p. A “cysteine-less” variant of IRE1 was cloned by Dr. Kristina Väth by substituting 12 

cysteine residues to serine. The modified “cysteine-less” IRE1 was targeted to the 

endogenous locus based on a previously established approach by Halbleib et al. that assures 

near-native expression levels and near-native UPR signaling87. Based on the Halbleib et al. 

construct the resulting Ire1 protein contained an internal 3xHA-tag and a codon optimized 

fluorescent GFP tag (yeGFP) inserted at the position of histidine 875 for detection by immuno-

blotting and fluorescence microscopy84,87,228,229. Notably the “cysteine-less” construct did 

actually encode for three cysteine residues: Two in the signal sequence, which is co-

translationally removed and one in the yeGFP tag (C70), which is, however, not accessible for 

mediating cysteine crosslinks (Figure 13)230. 
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Figure 13 Schematic representation of the IRE1 knock-in construct used in this study with highlighted 
functional domains and elements 

Depicted is the IRE1 knock-in construct used in this study. The length of each functional domain is annotated in 
the bottom right of each segment74. SS represents the signal sequence. The roman numerals represent the ER-
luminal section of the Ire1 protein with its known five subregions. Subregions II-IV form the core luminal domain 
(cLD) important for ER stress sensing. The TMD, transmembrane domain, is composed of an AH and a TMH which 
is followed by a flexible linker region. The cytosolic side of Ire1 encompasses further a kinase domain and a RNase 
domain. A flexible loop within the kinase domain allowed the introduction of an affinity 3xHA tag together with a 
fluorescent GFP tag at position H875. Additionally, all native cysteine residues are indicated. 

 

The functionality of cysteine-less Ire1p was tested by carrying out a MIC assay in YPD medium 

(Figure 14 A). Across all tested concentrations of DTT, the cysteine-less version of Ire1p did 

not differ in its resistance to DTT compared to the wildtype version. The ire1∆ strain served 

again as a positive control resembling the growth under prolonged ER-stress in an absence 

of a functional UPR characterized by its premature absolute growth inhibition marked at 2 mM 

DTT. A more direct readout of the functionality of cysteine-less Ire1p can be seen in Figure 14 

B, where the splicing of HAC1 mRNA was analyzed on an agarose gel. Cysteine-less Ire1p 

as well as its wildtype counterpart did not show any signs of spliced HAC1 in the absence of 

DTT compared to the significant increase of spliced HAC1 seen under ER stress. Both assays 

confirm the functionality of a cysteine-less Ire1p both on the cellular and on the molecular 

level. 
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Figure 14 Cysteine-less Ire1p is functionally indistinguishable from the native form 

In (A) the performance of the cysteine-less version of Ire1p is shown in comparison to an ire1∆ strain and the native 
form, here termed WT, in an ER-stress resistance assay. Stress resistance is measured in biomass formation after 
exposure to DTT at indicated concentrations for 19 h at 30 °C. Plotted are biological triplicates with technical 
duplicates with each datapoint representing the average ± SD. In (B) the splicing efficiencies of cysteine-less Ire1p 
and wildtype Ire1p are visualized on an agarose gel. For that the respective strains were grown to stationary phase 
overnight, and subsequently a main culture of SCD was inoculated to an OD600 of 0.2 and cells were grown to an 
OD600 of 0.7. The - conditions resembles cells that were left untreated, while the + indicates stressing with 2 mM 
DTT for 1 h respectively. The cDNA generated from the RNA of those samples was subjected to a PCR with primers 
that do not discriminate in their primer efficiency for the unspliced HAC1 or spliced HAC1 cDNA. Shown are the 
results of three independent experiments. Data is already published in 2. 
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4.2.2 Validating the functionality of cysteine-less Ire1p constructs with single 

cysteine substitutions in the TMD 

 

As the main goal of this study was to discover interface-forming residues within the TMD of 

Ire1p, all single cysteine mutants had to be tested for their functionality under the studied ER-

stress forms. The systematic screen of Ire’s TMD began with E540C and ended on the native 

C552, covering three helical turns. The functionality of these constructs was assessed on the 

molecular level by RT-qPCR. Notably, the RT-qPCR conditions for quantifying the degree of 

HAC1 mRNA splicing as the most immediate reporter for UPR activity were optimized yielding 

the protocol described in the material and method section. All single cysteine variants were 

evaluated under proteotoxic stress conditions after UPR induction using the proteotoxic 

stressor DTT by quantifying the level of spliced HAC1 mRNA (Figure 15). Furthermore, a 

subset of variants was tested under lipid bilayer stress conditions, induced by inositol depletion 

(Figure 16). In both figures the dotted line marks the level of spliced HAC1 mRNA from DTT 

stressed wildtype cells validating that the chosen stressing conditions provoke a similar strong 

UPR response and allows for a comparison of these two different stress forms. Both assays 

indicate that single cysteine variants of Ire1p are, when compared to the wildtype version of 

Ire1p, functional and responsive to ER-stress, which allowed us to proceed with the planned 

crosslinking experiments to study TMD dimer interface. 
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Figure 15 HAC1 mRNA splicing under proteotoxic stress for single-cysteine variants along the TMD of 
Ire1p 

Shown are relative quantifications of spliced HAC1 mRNA determined by RT-qPCR for the respective strains. Data 
was obtained by inoculating a main culture of SCD to an OD600 of 0.2 with a stationary preculture. Once the cells 
reached an OD600 of 0.7, the cells were either left untreated (no stress) or stressed with 2 mM DTT (DTT) for 1 
hour prior to cell harvesting. Data is normalized, as indicated by the dotted line, to the wildtype level of spliced 
HAC1 mRNA. Number of independent experiments with technical duplicates for +DTT condition: WT: n = 5; 
cysteine-less: n = 6; E540C: n = 6; T541C: n = 3; G542C: n = 6; V543C: n = 9; F544C: n = 9; L545C: n = 3; L546C: 
n = 9; L547C: n = 3; F548C: n = 3; L549C: n = 6; I550C: n = 3; F551C: n = 5; C552: n = 3. Number of experiments 
with technical duplicates for the unstressed, -DTT condition: WT: n = 6; cysteine-less: n = 5; E540C: n = 6; T541C: 
n = 3; G542C: n = 6; V543C: n = 9; F544C: n = 9; L545C: n = 3; L546C: n = 9; L547C: n = 3; F548C: n = 3; L549C: 
n = 6; I550C: n = 3; F551C: n = 6; C552: n = 3. Data is published in 2. 
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Figure 16: HAC1 mRNA splicing during lipid bilayer stress (inositol depletion) of single cysteine variants 

of the TMD of Ire1p 

Shown are the relative levels of spliced HAC1 mRNA determined by RT-qPCR for the respective strains. Data was 
obtained by taking a sample of exponentially growing cells in SCD as the unstressed condition (A), followed by two 
washing steps with inositol-free SCD and consequent grow of the cells in preheated 30°C inositol-free SCD medium 
(-INO) for 3 hours to induce lipid bilayer stress (B). Data is normalized, indicated by the dotted line, to the level of 
spliced HAC1 mRNA of the wildtype strain under proteotoxic stress by 2 mM DTT exposure. Bar graphs for inositol 
depletion (-INO) represent the average ± SD of three independent biological replicates, with technical duplicates. 

The WT 2 mM DTT was replotted from Figure 15. Data is published in 2. 
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4.2.3 Proteotoxic and lipid bilayer stress converge in a common signaling-

active architecture of Ire1p’s TMH region 

 

The data shown in this section were generated by my co-authors and are displayed for the 

purpose of giving the reader more context to follow the line of arguments presented in this 

thesis. To study the proximity of residues within the TMD in all single-cysteine variants, 

microsomes were prepared from ER-stressed cells that reconcile the protein and lipid 

composition of the native ER. Stressing of the cells lead to the formation of Ire1p-containing 

clusters allowing for the proximity based cross linking to occur. The crosslinking event was 

catalyzed by application of CuSO4 supporting the oxidation sulfhydryl groups from two 

adjacent cysteines leading to the formation of a covalent disulfide bond. The 3xHA tag present 

in each Ire1p variant enabled a densiometric determination of the fraction of cross linked Ire1p 

species after SDS-PAGE and subsequent immunoblotting. In Figure 17 A the quantification 

for all single cysteine mutants for each type of stress is depicted. Opposed to the RT-qPCR 

results that showed no significant differences between the single cysteine variants, the 

crosslinking revealed different efficiencies among all tested variants. For certain residues 

(G542C, L546C, L547C, F548C and F551C) no crosslinking could be observed while other 

residues had a moderate cross-linking efficiency (E540C, T541C, V543C, L549C and C552). 

Remarkable was the F544C variant, which displayed the greatest cross-linking efficiency 

irrespective of the form of ER-stress that was used to induce the oligomerization/clustering of 

Ire1p. Furthermore, an overarching pattern for all cross-linking efficiencies across all tested 

ER-stress forms could be observed, which implied that the structural organization of Ire1p, 

independent of the stress form at hand, resembles an X-shaped configuration as modeled and 

observed in molecular dynamics simulations performed by Dr. Roberto Covino (Figure 17 B). 

The details of the molecular dynamic simulation are explained to a greater extend in our 

publication (Väth et al., 2021)2. 
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Figure 17 A model for Ire1’s dimeric TMD architecture 

(A) shows the quantification of cysteine crosslinking in microsomes under the indicated ER-stress forms indicated 
in the top right of each panel. Crosslinking tendency is given in % of dimer for each single cysteine variant tested. 
Plotted is the mean ± SEM with an n>4. This data is published in Väth et al., 20212. (B) Shown is a snapshot of a 
atomistic molecular dynamics simulation of Ire1p’s TMD. Ire1p’s are shown as orange ribbons. F544 is shown as 
a stick model and coloured red, highlighting its position at the interface of both protomers. Water is indicated with 
a transparent surface representation. Purple spheres represent the phosphate atoms from glycerophospholipids. 
MD simulation and snapshot was kindly provided by Dr. Robert Covino. The crosslinking data were provided by 
Dr. Kristina Väth. The graphical representations are adapted from Väth et al., 20212.  

 

4.2.4 Does the unusual X-shaped conformation of Ire1p account for its lipid 

bilayer stress sensing potential? 

 

The previous section focused on evidence from biochemical experiments and molecular 

dynamic simulations that support the idea that Ire1p forms an X-shaped dimer independent of 

the type of ER-stress. This model is in harmony with the previously postulated idea that the 

TMD of Ire1p can be divided into an AH-helix (Ire1p526-543) and an adjacent partially 

overlapping TMH (Ire1p538-555) that stabilizes the entire TMD in a tilted and bend orientation in 

the lipid bilayer87. Via a hydrophobic mismatch-based mechanism, the TMD of Ire1p causes a 

local membrane deformation, which can be envisioned as a squeezing of the lipid bilayer. This 

“squeezing" comes with an energetic cost based on the present degree of lipid acyl chain 
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disordering and membrane thickness231,232. By this postulated mechanism, Ire1p would be 

more sensitive than other single pass membrane proteins to the general physicochemical 

properties of the surrounding bilayer opposed to proteins that lack this amphipathic helix, in 

that aberrant lipid compositions would penalize Ire1p to remain as a monomer in the lipid 

bilayer and would act as a driving force for the oligomerization of Ire1p. How the X-shaped 

model extends this concept is illustrated in Figure 18 A. In short, the unusual combination of 

the AH and the short TMH of Ire1p generates an ellipsoid “footprint”, causing a local 

compression of the membrane over a greater area. Other single pass membrane proteins that 

do not have an AH will leave a circular footprint on the ER membrane. If true, then there would 

be a greater benefit for Ire1p to dimerize as the ellipsoid shape allows to coalesce a greater 

area thereby minimizing energetic costs opposed to membrane proteins with circular 

footprints.  

As the previously described model for dimerization was derived from data obtained of acutely 

proteotoxically stressed cells by TM or DTT exposure, which was shown to not significantly 

disturb the cellular lipid composition1, the question arose what the exact contribution of the 

X-shaped conformation to the activation of Ire1p would be. Considering that the dimeric 

assembly propensity was identical irrespective of the nature of ER stress one might ask 

whether a membrane-based mechanism of activation, as envisioned here for the dimer of 

Ire1p, might become dominant under prolonged ER stress conditions. There is indeed 

pioneering work by Promlek et al. showing that the UPR can be equally strong evoked solely 

via a membrane-based mechanism56. A truncation mutant of Ire1p’s ER luminal domain, ∆III-

Ire1p, is de-sensitized to the accumulation of unfolded proteins in the ER lumen and will 

therefore not react as strongly to the acute ER-stress signal after exposure to DTT or TM56. 

However, the ∆III mutant is capable of mounting a fully blown UPR, just like wildtype Ire1p, 

after prolonged treatment with DTT56. The ∆III mutant further shows an identical activation 

profile as the wildtype Ire1p under inositol depletion56, a stress form that was shown to not 

cause a significant accumulation of misfolded proteins in the ER lumen233. To estimate the 

sole contribution of LBS impaired Ire1p mutants a set of interface mutants that specifically 

interfere with the formation of higher oligomeric states can be used. There are two prominent 

mutants that are used in the field, namely the interface-1 (IF1 – T226A & F247A) and the 

interface-2 (IF2 – W426A) mutant, both discovered through structural analysis of the ER-

luminal X-ray crystallography73. Both interfaces serve different purposes with the IF1 required 

for dimerization and the latter IF2 involved in the back-to-back association of already formed 

dimers to allow higher oligomeric assemblies234. To test whether a dimeric assembly of Ire1p 

through the TMD based sensing mechanism is sufficient under LBS, I decided to pair a subset 

of single cysteine variants with the IF2 mutant that was shown to still form dimers but is unable 
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to form higher oligomeric assemblies of Ire1p81.In Figure 18 B cells carrying the disruptive IF2 

mutant are more sensitive to prolonged DTT exposure than wildtype cells. The panel contains 

further three single cysteine variants in the IF2 background, two of which (E540C & IF2 and 

T541C & IF2) showed increased sensitivity under prolonged exposure to DTT compared to 

their standalone mutants published by Väth et al.2, presumably because the amphipathic 

character of the AH is compromised. The F544C & IF2 mutant, which harbors its cysteine at 

the crossing point of the X-shaped dimer, is less compromised in its sensitivity towards DTT 

presumably because the AH character of Ire1p’s AH helix is unchanged in this mutant. The 

prolonged stress assays in Figure 18 B demonstrate that a lack of oligomeric capacity of Ire1p 

mediated by mutating the IF2 unmasks the importance of a functional TMD of Ire1p, as both 

AH-mutants show a performance indistinguishable from ire1∆ cells while the F544C & IF2 

mutant, which leaves the AH helix intact, is less compromised. More interestingly the F544C 

& IF2 mutant improves the resistance to DTT compared to the stand alone IF2 mutant. The 

three single cysteine and IF2 mutants were further subjected to time course experiments after 

stressing the cells with either DTT (Figure 18 C) or by inositol depletion (Figure 18 D). To 

study the UPR dependent signaling output of the single-cysteine variants the level of spliced 

HAC1 mRNA was determined. The DTT time course experiment showed that the cysteine-

less Ire1p as well as the F544C & IF2 double mutant show an increase in their spliced HAC1 

mRNA levels over the 6-hour time course with spliced HAC1 mRNA levels peaking 4 hours 

after the treatment. The AH comprised IF2 mutants (E540C & IF2 and T541C & IF2), however, 

show no signs of UPR activation as measured by the level of the spliced HAC1 mRNA. The 

delayed increase in spliced HAC1 in case of the F544C & IF2 mutant opposed to the fully 

functional cysteine-less Ire1p under DTT exposure suggested that the slow increase is 

predominantly caused by lipid bilayer stress that slowly builds up. This activation profile is 

reminiscent of the previously discussed ∆III-Ire1p mutant DTT time course profile published 

by Promlek et al.56 as it is lacking the acute ER-stress response shortly after DTT drug 

administration. To test the hypothesis that lipid aberrancies are the underlying cause for the 

slow and steady increase of spliced HAC1, I repeated the time course experiment using 

inositol depletion as an ER-stress form. Under these conditions the F544C & IF2 double 

mutant was indistinguishable from cysteine-less Ire1p, and the two AH-compromised single 

cysteine double mutants (E540C & IF2 and T541C & IF2) are characterized by an almost fully 

compromised UPR response. These findings highlight the importance of a functional AH for 

Ire1p’s ability to sense lipid bilayer stress. 
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Figure 18 The conceived structural model of Ire1’s dimer interface and the consequences for prolonged 
ER-stress in the absence of higher oligomeric state 

(A) depicts the working model for Ire1p’s membrane sensitivity. The unusual TMD of Ire1p, with its AH next to its 
short TMH increases the “footprint” on the ER membrane, i.e. the area deformed by the presence of the protein 
itself. The upper section of the schematic shows that Ire1 would leave an ellipsoid footprint on the bilayer while 
other single-pass transmembrane proteins lacking an AH have a smaller circular footprint. Following that simple 
geometric assumption, Ire1p would benefit under aberrant membrane composition greater from a dimerization than 
membrane proteins lacking the AH as Ire1p can merge a greater area as it aligns itself in an X-shaped manner. 
The benefit of single-pass transmembrane proteins with circular footprints is neglectable therefore the contribution 
to form dimers under conditions of a stiffer membrane is not compelling. Figure taken from 65. In (B) a set of 
prolonged ER stress assays are shown in complex YPD medium. Exponentially growing cells were exposed to the 
indicated DTT concentrations for 18 hours at 30 °C without agitation prior to measuring the OD600 as a readout for 
formed biomass. In (C) the level of spliced HAC1 mRNA was determined via RT-qPCR after exposing the cells to 
2 mM DTT. The dotted line indicates that the data was normalized to the measured mRNA levels for the cysless 
Ire1p strain after 1 hour of DTT exposure. In (D) the level of spliced HAC1 mRNA was determined via RT-qPCR 
under lipid bilayer stress caused by inositol depletion of the medium. The dotted line represents the normalized 
level of the spliced HAC1 mRNA measured in the cysless strain shown in (C). All data plotted in this figure stem 
from three biological replicates, with technical duplicates. Shown is the average ± SD. Data is published in 65. 
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4.3 S. cerevisiae as a model for studying chronic diseases related 

to ER-stress 

 

S. cerevisiae is an excellent model organism for studying the physiology and pathophysiology 

of lipid metabolism. Most enzymes involved in lipid synthesis are conserved from yeast to 

man, and they have been cloned and characterized extensively235,236. Lipid metabolism in 

baker’s yeast is to a great extend regulated on the transcriptional level. The transcriptional 

regulator Mga2p for example regulates the abundance of the sole fatty acid desaturase in 

yeast, Ole1p186. This simplicity results in a rather restricted diversity in the acyl chain 

composition of glycerophospholipids and prompted me to establish growth conditions and 

experimental outlines that would allow me to study the effect of lipid bilayer stress through 

changes in the degree of saturation (Figure 19 A, B and C). After all, there is an increasing 

number of studies that have linked metabolic diseases to saturated fatty acids and in particular 

to ER-stress237–240.  

 

4.3.1 The phenotypes of the mga2∆ strain of S. cerevisiae 

 

Surma et al. previously reported that mga2∆ strains are characterized by increased levels of 

saturated lipids due to a reduced level of Ole1p compared to WT cells241. These findings could 

be replicated under my own experimental conditions as seen by an exert of the lipidomic data 

depicted in Figure 19 D. The mga2∆ strain shows elevated levels of fully saturated 

glycerophospholipids (49 mol% for mga2∆ compared to 15 mol% for WT) primarily at the 

expense of glycerophospholipids with a total of two double bonds, one in each of their acyl 

chains. The increased lipid saturation probably contributes to the lower growth rate (Figure 19 

B) and a reduced cell viability of mga2∆ cells by a yet unknown mechanism (Figure 19 C). 
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Figure 19 Phenotype of the mga2∆ strain of S. cerevisiae 

In (A) a growth curve in YPD is shown of a wildtype strain and the mga2∆ strain. Both strains were grown to the 
stationary phase at 30 °C before the main culture was inoculated to an OD600 of 0.1. The cells were then grown for 
the indicated time and their OD600 was measured to analyze the biomass formation. Plotted is the average ± SD of 
three biological replicates. In (B) a zoomed in version of the growth curve depicted in (A) is shown by plotting only 
a subset of the data to highlight the point of growth deviation indicated by the dotted line at an OD600 of 0.8. Panel 
(C) shows the cell viability determined by counting the number of colonies formed after 72 h. WT and mga2∆ cells 
were cultivated as described in (A) and as an OD600 of 0.8 was reached cells were adjusted to 103 mL-1 of which 
30 µL were plated out on YPD plates. The result is presented as a relative value compared to the WT given in %. 
Each bar represents the average ± SD of three biological replicates. In (D) an exert of the lipidome of the wildtype 
strains (WT) and the mga2∆ strain is depicted. Shown is total amount of double bonds (DB) in glycerophospholipids 
given as the sum of DB in both acyl chains. The abundance of either completely saturated lipids (0), 
monounsaturated (1) or polyunsaturated (2) is given in mol%. Bar charts represent the average ± SD of three 
biological replicates. 

 

Lipid saturation is a critical regulator of membrane fluidity and increased lipid saturation can 

cause the formation of non-fluid gel phases even in living cells176. Because lipid acyl chains 

are dramatically remodeled in response to changes in the cultivation temperature242, which 

may represent a homeoviscous adaptation100,182, I tested if and how the dramatically increased 

lipid saturation in mga2∆ cells affects the growth rate at different temperatures. WT and mga2∆ 

cells were cultivated at different temperatures between 20 °C and 40 °C (Figure 20 A). 

Surprisingly, neither the optimal growth temperature no the higher or lower end of the 

temperature spectrum was shifted for the mga2∆ strain compared to the WT. The growth 
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defect of mga2∆ cells, which was observed over a broad range of temperatures, was corrected 

by supplementing the medium with the unsaturated fatty acids oleate or linoleate (Figure 20 B 

and C) but further aggravated by palmitate (Figure 20 D). The observable growth defect is 

consistent with alternative model systems that interfere with membrane fluidity by increasing 

globally the acyl chain saturation. De Smet et al. could show that the acyltransferase Sct1p 

competes with Ole1p for the activated C16:0-CoA substrate to be either directly used for lipid 

synthesis or desaturated by Ole1p243. By overexpressing Sct1p the degree of fatty acid 

desaturation could be manipulated towards more saturated fatty acyl chains resulting in a 

similar growth defect. Pineau et al. and others used the hem1∆ strain, a mutant deficient in 

the first step of heme biosynthesis, to interfere with fatty acid desaturation, which again 

resulted in a significant growth retardation244,245. Notably, studies by Pineau et al did further 

show that heme synthesis impairment is an inducer of ER-stress246. These data point towards 

a lipid-based origin of the observed growth defect.  
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Figure 20 The mga2∆ phenotypic consequences for growth can be rescued or worsened by supplying 
exogenous fatty acids 

In (A) the wildtype strain (WT) as well as the mga2∆ strain were grown at indicated temperatures without agitation 
for 19 hour prior to taking final OD600 measurements to validate the biomass formed. In (B-D) the assay was 
modified to the extent that a fatty acid was provided at the indicated concentration. As the supplementation of fatty 
acids into medium causes a clouding, which would interfere with OD600 measurements, the final cell suspension 
was spiked with 0,5 % SDS detergent. All graphs resemble the average ± SD of three biological replicates. 

 

As the ER is defined by its loosely packed membrane247,248, this organelle is likely to suffer the 

most from a global increase in saturated membrane lipids in the absence of the membrane 

property sensor Mga2p. Under my experimental conditions an aberrant morphological ER 

phenotype can be visualized via confocal microscopy by expressing an ER targeted sfGFP 

with a carboxy terminal HDEL retrieval sequence (Figure 21 A and B). 
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Figure 21 The mga2∆ causes aberrant ER formations 

The morphological phenotype of wildtype cells (A) and mga2∆ cells (B) is visualized by expressing in both shown 
strains sfGFP with a KAR2 signal sequence and a c-terminal ER retention signal in the form of an HDEL sequence. 
Indicated is the healthy ER morphology in the WT panel with the peripheral ER at the outer rim of a yeast cell and 
a second circuit structure close to the nucleus called the nuclear ER. In the mga2∆ panel one can see a change of 
that morphology in a mga2∆ background where the ER takes a straight angular shape. Scalebar represents 5 µm. 

 

A healthy ER morphology appears in the here presented confocal slices as two circular 

structures. Namely the nuclear ER having a close proximity to the nucleus and the peripheral 

ER that is tethered to the plasma membrane. The aberrant phenotype can be characterized 

by the loss of circularity of the ER taking on a straight angular shape. Within the lumen of the 

aberrant ER the sfGFP accumulates in a denser volume, which is reflected in the greater 

intensity values per pixel. To address the question whether the changed ER morphology is 

accompanied by a reduction in ER protein mobility, the FRAP (Fluorescent Recovery After 

Photobleaching) technique was applied (Figure 22). For this purpose, the ER membrane 

protein Sec63p was C-terminally tagged with mNeongreen in WT and mga2∆ strains. Then in 

brief, five prebleach frames were recorded to determine the initial fluorescence of the desired 

region of interest (ROI). Subsequently, a single bleach event was performed with sufficient 

laser power to reduce the fluorescence signal in the ROI to <20% of the initial value. The 

recovery of the fluorescent signal, reporting on the diffusion of non-bleached, mNeongreen-

tagged Sec63p diffusing into the ROI was followed by confocal microscopy every 150 ms for 

40 seconds in total. This information was later used to determine the rate of diffusion of the 

tagged protein, which is an indirect measure for the fluidity of the ER membrane. In Figure 22 

B the recovery times, here defined as the time it takes for the fluorescent signal intensity to 

reach 50 % of the originally determined value, are shown. For the WT nuclear ER an average 

recovery time of 1.17 s and for the aberrant ER found in mga2∆ strains an average recovery 

time of 1.5 s was determined (Figure 22 B).  
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Figure 22: FRAP experiments indicate impaired ER protein mobility in the aberrant ER structure opposed 
to the WT nuclear ER 

In (A) a representative image series is shown of the FRAP experiments. For each strain, WT and mga2∆, a 
prebleach image representing the state of signal intensity before the treatment, the postbleach image as the first 
image acquired after the bleach pulse (ROI is indicated with the magenta square) and two recovery images 
reporting on the indicated recovery states are shown. Timestamps are representative for the experimental time 
course with the exception of ½ recovery, which represents the determined average for each strain shown in (B). In 
(B) the recovery times i.e. how much time has passed to reach ½ of the initially measured intensity in the bleached 
ROI was achieved is plotted for the WT and mga2∆ strain. WT = n of 35; mga2∆ = n of 40.  

 

4.3.2 A systematic genome wide high throughput screen with mga2∆ to identify 

phenotype alleviating and aggrevating genetic interactions   

 

To identify cellular factors that affect the formation of the aberrant ER structures in the mga2∆ 

background, a microscopy-based, genome wide screen was performed. Dr. Harald Hofbauer 

constructed a mga2∆ strain that harbors two fluorescent markers in the form of an ER directed 

sfGFP protein with a C-terminal HDEL motive and a secondary fluorescent marker introduced 

by tagging the ER resident membrane protein Elo3p with mCherry (Figure 23 A). This mga2∆ 

strain served as the query strain to be crossed with the yeast knockout library249 and the DAmP 

library250.in the lab of Prof. Dr. Maya Schuldiner. Dr. Michael Gecht carried out the screen 

supervised in the lab of Prof. Dr. Maya Schuldiner. The newly formed library of double mutants 

allows one to study hypomorphic alleles and evaluate the fitness contribution of the secondary 

mutant to the observable phenotype of the query strain. The newly formed library was 

screened with an automated imaging system and the images were manually evaluated by 

three scientists, Dr. Michael Gecht, John Reinhard and myself. Based on the morphology of 

the ER, the mutants were sorted into three categories: “unchanged”, “rescue” and “worse”. 

The “rescue” strains exhibited in fewer cells an aberrant ER morphology compared to the 
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query strain. The “worse” strains exhibited a greater percentage of cells harboring an aberrant 

ER when compared to the sole query strain. 

 

Figure 23 Schematic representation of a genome-wide high throughput screening approach and its 
evaluation 

(A) The construction of the query strains foresaw the genetic integration of an ER luminal marker in the form of a 
fusion construct consisting of the KAR2 signal sequence, followed by sfGFP and an ER retention motive of the 
HDEL sequence. Secondly an ER membrane resident protein, Elo3p, was tagged c-terminally with mCherry. (B) 
In the second step of the screen the mga2∆ query strain was crossed against a yeast k.o. and DAmP library so 
that a library was created in which each strain harbors the mga2∆ with the fluorescent reporters next to their specific 
secondary mutation. The library generated in (B) was then imaged with an automated image acquisition system 
(C). (D) All the images taken in (C) were then manually inspected for their occurrence of the aberrant ER 
morphology of the mga2∆ strain. If the % of aberrant ER structures was greater than observed to their level in the 
query mga2∆ strain that mutant was assigned to the worse category. In case of a reduced occurrence of aberrant 

structures the mutant was assigned to the rescue category.  

 

A manual inspection is highly subjective as seen in the Venn diagram in Figure 24. The 

reviewer’s selections are represented by the differently shaded colors of red for the worse 

category and green for the rescue category. Due to the subjective nature of the aberrant ER 

phenotype assessment only common candidates seen by two or all three of us were used for 

further analysis. All candidates of both categories are listed in Table 14 

The common candidates were subjected to a gene set enrichment analysis, which is part of 

the ModeEnrichr toolkit251,252. This procedure determines to what extend the input gene set 

(our candidates) overlap with annotated gene sets that are predominantly based on empirical 

evidence and are linked to publications. This way it is possible to identify pathways and 
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processes that are most likely contributing to the observed phenotype. The list depicted in 

Figure 24 contains the results of the gene set enrichment analysis and was normalized after 

the GO terms were assessed by the p-value based Fisher’s exact test, which was adjusted by 

using the Benjamini-Hochberg method to account for multiple hypotheses testing253. The 

strongest hit for the “worse” category was assigned to the “mitochondrial genome 

maintenance” GO term, followed by “mitochondrial transport”, “petite”, “mitochondrial 

distribution” and ending with “respiratory growth” thereby pointing heavily towards a role of 

mitochondria in the aggravation of the aberrant ER phenotype. The “rescue” category on the 

other hand has three of the five hits leaning towards the process of mitosis with GO terms 

“size of nucleus”, “cell cycle progression in anaphase” and “cell cycle progression through the 

G2/M phase transition”. The “rescue” list further contains two GO terms associated with prions, 

namely “prion loss” and “prion formation”. While the “worse” category predominantly consists 

of candidates that are related to mitochondrial functions, the “rescue” category denotes an 

alleviating property of mutants involved in mitosis. Since not all of the 86 “worse” and 25 

“rescue” candidates can be followed up, I decided to reevaluate a subset of candidates 

regarding their ER phenotype distribution under my controlled growth conditions. The growth 

conditions for ER morphology assessment in YPD were as described in 3.1.3 and the cells 

were harvested at an OD600 of 0.8 prior to imaging.  

The mutant pair pet309∆mga2∆ and coa3∆mga2∆ are of the “worse” category and both of 

these genes are involved in the assembly pathway of the cytochrome oxidase, the terminal 

complex of the respiratory chain254. For the third candidate atg41∆mga2∆ it was shown that 

Atg41p has an influence on the rate of autophagosome formation and that Atg41p shows a 

peri-mitochondrial distribution within the cell255. These three candidates conclude the choices 

for the ”worse” category, and all three are linked to the mitochondrial theme found via the gene 

set enrichment analysis. For the “rescue” candidates the choice of candidates is more diverse 

and covers multiple biological pathways. With mal33∆mga2∆ I decided for a member of the 

MAL gene family, necessary for maltose utilization256. With ncs2∆mga2∆ I have decided for a 

candidate that plays a role in urmylation, an ubiquitin-like modifier that is involved in 

budding257. Further ncs2 is required for tRNA modifications in form of a thiolation of 5-

methoxycarbonylmethyl-2-thiouridines (mcm5S2U) of the wobble position of tRNALys UUU, 

tRNAGluUUC and tRNAGlnUUG258. With ubc4∆mga2∆ I have decided for a candidate lacking 

the most abundant E2 enzyme259 and as a member of the ubiquitin proteasome system (UPS) 

has an active role in selective proteolysis thereby contributing to protein homeostasis260. The 

last candidate gene for the “rescue” category is YCL001W-A∆, which is a gene of unknown 

function but recently it was discovered via a genetic interaction mapping screen that it has a 

putative function in RNA metabolism261. In that screen it was shown that a YCL001W-A 
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knockout is associated with synthetic sickness in combination with RRP46 and NOP56, two 

essential genes in RNA processing attenuated through DAmP modification261. 

Hence a total of seven candidates and the respective controls in the form of the isogenic WT 

and mga2∆ strains were evaluated for their ability to generate aberrant ER structures (Figure 

25 B). The mga2∆ query strain shows in 74 % of all cells an aberrant ER morphology, while 

the isogenic WT strain had no aberrant ER structures. All chosen candidates show an 

ER-phenotype distribution according to their assigned category, where the deletion of 

PET309, COA3 or ATG41 in the mga2∆ background all lead to elevated levels of aberrant ER 

structures (88 % for pet309∆mga2∆, 83 % for both coa3∆mga2∆ and atg41∆mga2∆). As 

expected, the opposite is true for the “rescue” category in that all four candidates have reduced 

tendencies to form aberrant ER structures (19 % for ncs2∆mga2∆, 26 % for ubc4∆mga2∆, 

33 % YCL001W-A∆mga2∆ and 49% for mal33∆mga2∆). Figure 25 C shows a representative 

image for each candidate and control strain. 

In summary, by using a limited set of strains from both categories, I could verify the findings 

of the initial screen. Having quantified the occurrence of the aberrant ER via microscopy, I 

next wanted to use lipidomics to see if the double mutations of both categories affect the 

degree of lipid saturation and thereby possible correlate the degree of saturation with the 

occurrence of the aberrant ER. 
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Figure 24 Genome-wide high throughput screening results 

The Venn diagrams depict the amount of identified candidates based on three independent inspections 
(represented by the shaded tones of red and green) for each category. The bar charts contain the results of a gene 
set enrichment analysis carried out with YeastEnrichr. This evaluation assigned GO terms to the identified 
screening hits (genes) and thereby allowed for the identification of their function in context of the biological 
processes involved.  
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Figure 25 A screening workflow illustration with quantitative and qualitative data for the worse and rescue 

categories 

(A) Experimental layout for the assessment of the aberrant ER structure distribution. Shown is schematic course 
of a batch cultivation growth curve. Cells were harvested at an OD600 of 0.8 (dashed line) and subsequently imaged. 
(B) The % aberrant ER morphology occurrence is plotted for control and candidates of the “worse” (red colour 
gradient) and “rescue” (green colour gradient) category. Plotted is the mean and ± SD. The abbreviation fov stands 
for “field of view” and represents how many images were evaluated next to the number of total cells that were 
counted within the given fields of view. WT (n=13 fov/500 cells); mga2∆ (n=12 fov/633 cells); pet309∆mga2∆ (n=10 
fov/1105 cells); coa3∆mga2∆ (n=10 fov/750 cells); atg41∆mga2∆ (n=10 fov/1160 cells); ncs2∆mga2∆ (n=10 
fov/1949 cells); ubc4∆mga2∆ (n= 10 fov/ 3585 cells); YCL001W-A∆mga2∆ (n= 12 fov/1816 cells); mal33∆mga2∆ 
(n= 15 fov/1603 cells). In (C) representative images series are shown for each category. Scalebar represents 5 µm 
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All candidates of both categories are listed in Table 14.  

 

 

Table 14 Complete list of all overlapping candidates from the mga2∆ phenotype screen 

Worse category 

Gene Function 

MSS116 Involved in splicing of mitochondrial transcripts, e.g. COX1 mRNA262 

CBS2 Mitochondrial translational activator, interacts with mitochondrial 

ribosomes263,264 

ATP22 Encodes the mitochondrial ATPase subunit 6-specific translation 

factor265 

SOM1 Part of the mitochondrial inner membrane protease (IMP), required for 

Cox2p processing266 

RSM18 Protein of the yeast mitoribosome267 

ARO2 Bifunctional chorismate synthase268 

VMA21 Integral membrane protein required for assembly of the V-ATPase269 

COA3 Regulator of mitochondrial COX1 translation270 

PET309 Translational activator of the COX1 mRNA271 

MRPL3 Protein of the yeast mitochondrial ribosomal protein of the large 

subunit272 

PEX12 Required for peroxisomal matrix protein import273 

YMR052C-A Dubious open reading frame, genetic linkage with FAR3 

FAR3 Core protein of the Far complex, involved in mitophagy with Atg32274 

ATP25 Protein that gets cleaved between N- and C-terminus during 

mitochondrial import275. N-terminal part interacts with mitoribosome276, 

C-terminal part stabilizes the mRNA of the ATP synthase subunit 

Atp9p277. 

YIM2 Dubious open reading frame. Overlaps with IMP1, which is like SOM1 

part of the mitochondrial inner membrane protease (IMP) complex. 

PPA2 Mitochondrial inorganic pyrophosphatase278, loss results in extended 

lifetime and reduced ATP level279. 

MSE1 Mitochondrial glutamyl-tRNA Synthetase280 

Table continues next page 
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SEC62 Essential gene, required for protein translocation into the ER281 

MRP51 Mitochondrial ribosomal protein of the small subunit267. Interacts with 

mutated 5’-untranslated leader sequences of COX2 and COX3 mRNA282 

COA2 Cytochrome oxidase assembly factor for Cox1p maturation283. 

YAR1 Chaperone that protects ribosomal Rps3p from aggregation during 

nuclear import284,285. 

ATG41 Affects the rate of autophagosome formation255 

YBL100C Dubious open reading frame, overlaps with ATP1 

COQ1 Hexaprenyl pyrophosphate synthetase involved in ubiquinone 

biosynthesis286 

SCO1 Involved in mitochondrial copper metabolism, important for cytochome c 

oxidase assembly287 

TRM7 Encodes for a 2'-O-ribose RNA methyltransferase288 

EXO5 EXOnuclease V involved in mitochondrial genome maintenance289 

FZO1 GTPase involved in mitochondrial outer membrane fusion290 

RIP1 Encodes the Rieske Iron-sulfur Protein 1 a component of the 

mitochondrial cytochrome bc1 complex291 

OXA1 Encodes a mitochondrial innter membane insertase required for 

cytochrome oxidase activity292 

GPP1 Encodes a glycerol-3-phosphate phosphatase required for glycerol 

biosynthesis293 

MRPL38 Encodes for a mitochondrial ribosomal protein of the large subunit294 

CBT1 Cbt1p is involved in cytochrome b mRNA processing295,296 

FRS2 Encodes a subunit of yeast phenylalanyl-tRNA synthetase296 

MTF2 Encodes a mitochondrial transcription factor297 

QRI7 Mitochondrial homolog of Kae1p a component of the KEOPS/EKC 

complex that is involved in tRNA modifications298 

MRPL11 Encodes for a mitochondrial ribosomal protein of the large subunit294 

PAA1 Encodes a polyamine acetyltransferase299 

PET100 Encodes a chaperone involved in the assembly of cytochome c 

oxidase300 

MTC5 Encodes a protein that contributes to the capping of telomeres301 

COQ4 Coq4p has a role in coenzyme Q biosynthesis302 

COX20 Cox20p plays a role in the assembly of cytochrome oxidase subunit 2303 

MRPL7 Encodes for a mitochondrial ribosomal protein of the large subunit294 

Table continues next page 
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OPI7 Dubious open reading frame, overlaps with EAF1 

QCR7 Encodes the seventh subunit of ubiquinol cytochrome c reductase304  

OLE1 Encodes the sole fatty acid desaturase in yeast305 

MRH4 Encodes mitochondrial DEAD box protein required for mtDNA 

maintenance306 

YGL069C Dubious open reading frame, overlaps to 92 % with the open reading 

frame of MNP1, which encodes a mitochondrial ribosomal protein of the 

large subunit 

MDM34 Mitochondrial component of the ERMES complex307 

COQ6 Encodes a flavin-dependent monooxygenase required for biosynthesis 

of coenzyme Q308 

PET130 Involved in the processing of mitochondrial tRNAs309 

QCR8 Encodes the eight subunit of ubiquinol cytochrome c reductase310 

COX12 Subunit of cytochrome c oxidase311 

YLR112W Encodes a protein of unknown function 

FAR10 Member of the Far complex involved in mitophagy312 

YLR255C Encodes a protein of unknown function 

MRPL15 Encodes for a mitochondrial ribosomal protein of the large subunit294 

ELO3 Elo3p plays a role in fatty acid elongation and sphingolipid formation313 

NAM2 Encodes a mitochondrial leucyl-tRNA synthetase314 

COQ5 Encodes a 2-hexaprenyl-6-methoxy-1,4-benzoquinone 

methyltransferase and is involved in coenzyme Q biosynthesis315 

RSF1 Encodes a protein required for respiratory growth316 

SOV1 Encodes a mitochondrial protein of unknown function317 

IMP1 Encodes the catalytic subunit of the mitochondrial inner membrane 

peptidase complex318 

FMP42 Part of the mitochondrial proteome319 

MTF1 Encodes a mitochondrial transcription factor297 

MRP7 Encodes for a mitochondrial ribosomal protein of the large subunit294 

MSK1 Encodes a mitochondrial lysine-tRNA synthetase320 

SWS2 Component of the mitochondrial ribosomomal small subunit321 

EAF7 Encodes a member of a NuA4 subcomplex the only essential lysine 

acetyltransferase complex of S. cerevisiae322 

YNL198C Dubious open reading frame unlikely to encode a functional protein.  

GCR2 Encodes a transcriptional activator for glycolytic genes323 

Table continues next page 
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MRPS12 Component of the mitochondrial ribosomomal small subunit321 

RSM19 Ribosomal Small subunit of Mitochondria321 

BRE5 Encodes Bre5p, a cofactor for Ubp3p role in the de-ubiquitination of 

Sec23p324 

MDM12 Mitochondrial component of the ERMES complex307 

MRX11 Encodes a protein that associates with mitochondrial ribosomes325 

YPL062W Putative protein of unknown function, null mutants shows reduced levels 

of terpenoids326 

RTT10 Encodes a protein involved in post-transcriptional tRNA anticodon 

modification327 

ALG5 Encodes a transmembrane protein that enzymatically confers the 

transfer of glucose from UDP-glucose to dolichyl phosphate.328 

RRG8 Rrg8p has a role in mitochondrial tRNA processing309 

RIM11 Encodes a protein involved in the expression of meiotic genes329 

COX19 Encodes a protein required for cytochrome c oxidase expression330 

YHR050W-A Protein of unknown function, in direct vicinity to COX6 

Rescue category 

Gene Function 

UBC4 Encodes for the most abundant ubiquitin-conjugating enzyme (E2)259 

SWD3 Subunit protein of the COMPASS complex, involved in telomeric 

transcriptional silencing331. 

MAL33 Member of the MAL gene family. All MAL loci are in the telomeric 

region.256 

YCL001W-A Gene of unknown function, putative role in RNA metabolism261. 

MSN5 Karyopherin involved in Swi5p mediated cell cycle progression332. 

CIN8 Kinesin involved in bipolar mitotic spindle assembly333. 

STE20 Cdc42p-activated signal transducing kinase; involved in pheromone 

response, pseudohyphal/invasive growth334. 

MET18 Part of the cytosolic Fe-S protein assembly (CIA) machinery. Maturation 

of cytosolic and nuclear iron-sulfur (Fe-S) proteins335. 

IES3 Subunit of the INO80 chromatin remodeling complex336. 

BER1 Confers microtubule stability (BEnomyl Resistant 1)337. 

RPS17A Ribosomal protein 51 of the small subunit. Associated with slow 

growth338. 

Table continues next page 
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NST1 Negatively affects Salt Tolerance 1. Interacts physically and genetically 

with MSL1339. 

NCS2 Role in tRNA modification and urmylation257,258 

MSB4 Cdc42p bud site and bud tip localization. MSB3 and MSB4 deletion 

cause defects in secretion and actin organization340.  

CKA2 Catalytic unit of the Casein kinase II involved in flocculation, cell polariy, 

cell cycle progression and ion homeostasis341. 

SNF8 Sucrose Non Fermenting 8. Growth defect on glycerol342. 

PIN4 Encodes a protein involved in G2/M transition of mitotic cell cyle343 

RPS0A Encodes the ribosomal 40S subunit protein S0A344 

RPL16B Encodes the ribosomal 60S subunit protein L16B344 

RPL33A Encodes the ribosomal 60S subunit protein L33A344 

SDH2 Encodes an iron-sulfur protein of the succinate dehydrogenase345 

NHP10 INO80 chromatin remodeling complex subunit346 

SAP30 Component of a histone deacetylase complex347 

ATG10 Atg10p shows E2-like activity and is essential for autophagy348 

SOH1 Component of the Soh1/TRAP18 mediator complex349 

 

 

4.3.3 The degree of lipidome saturation correlates with the emergence of 

aberrant ER morphologies 

 

As the genome-wide screen brought forward two distinct categories that broadened the 

observable occurrence of aberrant ER morphologies, the question arose whether one can 

quantitatively assess a link between the degree of saturation in these candidates and the 

frequency of aberrant ER morphology manifestation. For that I acquired for both control 

strains, the WT and the mga2∆ strain, as well as for all of the seven chosen candidates whole 

cell lipidomics data. 

To see whether the frequencies of aberrant ER morphology formation are rooted in mga2∆ 

lack of unsaturated lipids, all seven candidates were analyzed for their degree of lipid 

saturation in glycerophospholipid (Figure 26 A for “rescue” candidates, Figure 26 B for “worse” 

candidates). “Rescue” candidates have a reduced share of fully saturated 

glycerophospholipids compared to the mga2∆ query strain, opposed to the “worse” candidates 

that show elevated levels of fully saturated glycerophospholipids, with the exception of 

atg41∆mga2∆, which had fewer fully saturated glycerophospholipids than the mga2∆ strain 
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(48.9 % for mga2∆ compared to 43.8 % for atg41∆mga2∆). When the occurrence of aberrant 

ER morphologies is plotted against the mol% of fully saturated glycerophospholipids a 

correlation can be seen (Figure 26 C). The only candidate, as previously mentioned that does 

not follow this trend is atg41∆mga2∆, as its acyl chain composition does deviate from those of 

the other examples from the worse category, leaning more towards those seen in the rescue 

category. 

 

Figure 26 Aberrant ER structure emergence correlates with saturation of lipidome 

(A and B) show the amount of double bonds (DB) in glycerophospholipids as the sum of DB in both fatty acid 
chains for the rescue and worse candidates. Abundance is given in mol% of the sample, in which 0 describes 
completely saturated, 1 monosaturated and 2 polysaturated glycerophospholipids. Plotted is the average ± SD of 
three independent biological replicates. In (C) the combination of the datasets of Figure 25 (B) and Figure 26 (A 
and B) is shown in which the % aberrant ER morphology is plotted against the total mol% of saturated 
glycerophospholipids (GPL) found for each sample. To improve legibility for all double knockouts the information 
that MGA2 is deleted was omitted. Plotted are the average values. Data was fitted with a sigmoidal 4PL fit (dashed 
line) in GraphPad prism with an R2 of 0.88. 

 

Next, I wanted to see whether there are significant differences in the lipid class composition 

between the WT and mga2∆ strain. In Figure 27 I plotted for a direct comparison the lipid 

composition of both control strains given in mol% of the sample. The lipid class composition 

of both strains varies, in that ceramide levels of mga2∆ are elevated, while for more complex 

sphingolipids (IPC; MIPC; M(IP)2C) lower levels are measured. Further, one sees increased 

levels of PA and DAG in mga2∆ (11.8 mol% increase in PA and 6.6 mol% increase in DAG 
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compared to the WT). Similar to the more complex sphingolipids, levels of the most abundant 

glycerophospholipid PI, are also reduced in mga2∆ (7.2 mol% reduction compared to the WT), 

although not statistically significant.  

 

Figure 27 The lipid class composition of wildtype cells and mga2∆ cells grown in YPD medium 

Shown is the lipid class composition in mol% of the sample. The strains were grown in YPD medium until they 
reached an OD600 of 0.8 prior to harvesting them. Abbreviations translate to Erg = ergosterol; Cer = ceramide; IPC 
= inositolphosphorylceramide; MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; CL = cardiolipin; PA = 
phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = phosphatidylinositol; PS = 
phosphatidylserine; DAG = diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-PI; LPS = lyso-PS; TAG = 
triacylglycerol; EE = ergosteryl ester. Plotted are biological triplicates, their average and ± SD. 

 

In Figure 28 the lipid composition for the seven chosen candidates is depicted. To allow for a 

side-by-side comparison, the data from both control strains are replotted. For both the “rescue” 

and “worse” category the differences in the lipid composition between the WT and the mga2∆ 

strain become more pronounced. The “rescue” candidates depicted in Figure 28 B tend to 

show lower levels of PA and DAG while the level of PI increases making their lipid class 

composition more comparable to that found in the WT. The “worse” candidates on the other 

hand (Figure 28 A) surpass the lipidome changes of the sole mga2∆ strain in terms of PA and 

DAG accumulation, while showing a greater reduction in the PI levels. The latter holds true 

with the exception of mga2∆atg41∆. In case of pet309∆mga2∆ and coa3∆mga2∆, the 

increased PA level and simultaneously decreased PI level are remarkable in that for the first 

time the PI to PA ratio is reversed and PI is no longer the major constituent of 

glycerophospholipids (20.5 mol% PA to 17.5 mol% PI for pet309∆mga2∆; 19.1 mol% PA to 

18.1 mol% PI for coa3∆mga2∆). 
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Figure 28 lipid class composition of all candidates from the genome-wide high throughput screen in 
comparison to that of the query strains 

Shown are in (A) the lipid class compositions of the rescue candidates in comparison to those of the query strains. 
Strains were grown in YPD medium, starting at an OD600 of 0.1 and were harvested at an OD600 of 0.8. In (B) the 
lipid class composition is shown for the worse candidates. The cells have been cultivated identically. The WT and 
mga2∆ graphs are replotted from Figure 27 to allow for a better comparison. Abbreviations translate to Erg = 
ergosterol; Cer = ceramide; IPC = inositolphosphorylceramide; MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; 
CL = cardiolipin; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = 
phosphatidylinositol; PS = phosphatidylserine; DAG = diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-
PI; LPS = lyso-PS; TAG = triacylglycerol; EE = ergosteryl ester. Plotted are biological triplicates, their average and 
± SD. Statistical analysis was done with an unpaired two-tailed t-test, assuming Gaussian distribution. 
Benjamini,Krieger and Yekutieli method was used to correct for false discovery rate (Q=5%). 

 

To validate whether the observed changes in the lipid class composition are based on positive 

or negative genetic interactions within the double knockout candidates, mutants carrying each 

single candidate mutation were generated within the WT strain background and their lipidome 

was determined (Figure 29). The lipidomes of all single mutants show no significantly elevated 

levels of fully saturated glycerophospholipids (data not shown). Further the levels of PA and 

DAG that were shown to be highly elevated in mga2∆, are not significantly altered for all single 

knockout strains (Figure 29). Furthermore, all of them show increased levels of PI compared 

to the mga2∆ query strain. Only the pet309∆ mutant shows significantly increased levels of 
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the storage lipids TAG and EE (Figure 29 A). Noteworthy is the uniform increase in cardiolipin 

(CL) compared to the WT control strain seen in the single rescue knockout group (Figure 29 

B).  

 

In summary, the degree of lipid saturation correlates positively with the occurrence of the 

aberrant ER. For the lipid class composition, the increased levels of PA and DAG can be seen 

as a signature deviation introduced by the knockout of MGA2. This deviation in the mga2∆ 

strain compared to the WT control strain is less pronounced in strains of the “rescue” category 

and more pronounced in strains of the “worse” category, with the exception of atg41∆mga2∆. 

The single mutants of each category, do not show elevated levels for PA or DAG, neither do 

they show aberrant ER structures or have significantly increased levels of fully saturated 

glycerophospholipids (data not shown). Therefore, the observed changes in aberrant ER 

morphology, degree of lipid saturation and disturbed PA and DAG levels are not the result of 

positive and negative genetic interactions. The single knockouts do not cause any of these 

phenotypes on their own. Their alleviating or aggravating tendencies are rather masked in 

presence of MGA2 and only come through in the mga2∆ background. 



Results 

114 
 

 

Figure 29 lipid class composition of all candidates from the genome-wide high throughput screen in 

comparison to that of the query strains 

Shown are in (A) the lipid class compositions of the rescue candidates in comparison to those of the query strains. 
Strains were grown in YPD medium, starting at an OD600 of 0.1 and were harvested at an OD600 of 0.8. In (B) the 
lipid class composition is shown for the worse candidates. The cells have been cultivated identically. The WT and 
mga2∆ graphs are replotted from Figure 27 to allow for a better comparison. Abbreviations translate to Erg = 
ergosterol; Cer = ceramide; IPC = inositolphosphorylceramide; MIPC = mannosy-IPC; M(IP)2C = mannosyl-di-IPC; 
CL = cardiolipin; PA = phosphatidic acid; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PI = 
phosphatidylinositol; PS = phosphatidylserine; DAG = diacylglycerol; LPC = lyso-PC; LPE = lyso-PE; LPI = lyso-
PI; LPS = lyso-PS; TAG = triacylglycerol; EE = ergosteryl ester. Plotted are biological triplicates, their average and 
± SD. Statistical analysis was done with an unpaired two-tailed t-test, assuming Gaussian distribution. 
Benjamini,Krieger and Yekutieli method was used to correct for false discovery rate (Q=5%).  
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4.3.4 Finding the missing link between the UPR and aberrant ER morphology 

in mga2∆ 

 

Because unsaturated fatty acids can be limiting to maintain organelle architectures350, I 

wanted to explore if the production of unsaturated fatty acids becomes even more limiting 

upon increased membrane biogenesis. The goal was to determine if ER membrane 

expansion, which is induced by the UPR, can become harmful in the mga2∆ strain. Since 

membrane expansion is regulated during the cell cycle351,352, this would also provide a link to 

better understand the alleviating effects of the “rescue” category, which is associated with the 

process of mitosis. 

To manipulate the de novo synthesis and mimic membrane expansion, as seen during cell 

growth or as a consequence of UPR signaling, I generated strains that harbor an inducible ER 

membrane expansion system. This system is based on the heterodimeric master regulator of 

membrane biogenesis Ino2p and Ino4p353,354. The Ino2p/Ino4p complex is inhibited by the 

transcriptional regulator Opi1p, which binds to Ino2p and thereby negatively regulates the 

expression of Ino2p/Ino4p target genes355,356. Notably, UPR signaling leads to an induction of 

lipid synthesis genes that are under the control of the Ino2p/Ino4p complex357. Schuck et al. 

and Heyken et al. could further show that transcriptional control of phospholipid synthesizing 

genes can be bypassed by either deleting OPI1, or by providing a mutant ino2(L119A) that 

can no longer be bound by Opi1p thereby leading to a constitutive expression of genes 

involved in lipid biosynthesis357,358. To study the effects of de novo lipid biosynthesis on 

aberrant ER formation in mga2∆ a published inducible promoter system was employed that 

allows for a controlled membrane expansion by introducing the ino2(L119A) gene under the 

control of the metabolically inert β-estradiol expression system (Figure 30)207,359. Hence the 

here employed system for constitutive membrane synthesis relies on the displacement of 

wildtype Ino2p with the Opi1p non-repressive Ino2p(L119A) mutant. 
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Figure 30 Schematic overview of an inducible ER membrane biogenesis system 

The illustration depicts genetic manipulations carried out for an ER membrane expanding system. In brief, a 
chimeric transcription factor Gal4-ER-Msn2 (GEM) is under the control of the adh1 promotor (Padh1) and cyc1 
terminator (Tcyc1) and gets constitutively expressed. The transcription factor is composed of the Gal4 DNA binding 
domain, the ER ligand binding domain of the human estrogen receptor (EstR, in short ER) and a transcription 
activation domain derived from Msn2. The addition of β-estradiol will stimulate the expression of any gene under 
the control of the GAL promoter (Pgal). The non-expander strain and the expander strain created differ only in the 
gene that is under control of the inducible GAL promoter. The expander strain will under β-estradiol 
supplementation express INO2(L119A), here named INO2* , which encodes for a mutant that can no longer bind 
Opi1p and will there for no longer be repressed, leading to a constant expression of genes under the control of the 
Ino4p-Ino2p heteromeric transcription factor. The expression of genes under the control of the Ino4p-Ino2p complex 

will cause an ER-membrane expansion, and thereby mimic a part of the UPR response. 

 

Papagiannidis et al. could show that this system induces membrane expansion independent 

of UPR activation thereby allowing me to study the effect of membrane biogenesis uncoupled 

from UPR signaling in mga2∆207. I generated two strains, termed “non-expander” and 

“expander” to investigate the impact of membrane expansion on aberrant ER formation in the 

mga2∆ background. Only the expander strain will express under β-estradiol supplementation 

the Ino2p(L119A) mutant, while the non-expander strain served as a control as it contains the 

identical expression system but lacks the ino2(L119A) gene for ER membrane biogenesis. 

The changes in occurrence of % aberrant ER structures for the non-expander and expander 

strains with and without β-estradiol supplementation are shown in Figure 31 A. The non-

expander strain shows under the given growth conditions the lowest percentage of cells with 

aberrant ER structures with 48 %. The addition of β-estradiol causes an increase of observable 

aberrant ER morphology to 65 %. For the expander strain this increase is more pronounced. 



Results 

117 
 

The expander strain shows in SCD medium already a 69 % proportion of aberrant to healthy 

ER morphology, which increases upon β-estradiol supplementation to 91 %. The increased 

number of cells with an aberrant ER morphology in absence of β-estradiol seen for the 

expander strain opposed to the non-expander strain can be explained by a leakiness of the 

promotor system and a consequent unwanted expression of Ino2p(L119A). However, the 

reason for the observed increase in case of the non-expander strain under β-estradiol 

supplementation remained elusive. To learn why there is a striking increase in aberrant ER 

morphology occurrence in case of the non-expander strain when β-estradiol is added the PCR 

cycler growth assay was used to identify possible off target effects (Figure 31 B). The graph 

reveals that β-estradiol does not have a noticeable impact on the growth of the WT strain. For 

the mga2∆ strain however, a growth inhibiting effect can be seen, comparable to that when 

palmitate is fed to the cells (Figure 20 D). Taken together these results show that the 

β-estradiol inducible system is not optimal to test the hypothesis if increased membrane 

biogenesis aggravates the formation aberrant ER structures. 

 

Figure 31 Membrane synthesis as a cause for aberrant ER morphology in mga2∆ 

Panel (A) shows the results for the ER phenotype distribution for mga2∆ + non-expander and mga2∆ + expander 
strains. On the Y-axis the ER phenotype is given as % of totally evaluated ER phenotypes. The legend below the 
graph reports on the respective treatment, that the cells were given in which a - resembles that the treatment was 
omitted. Cells were grown in SCD medium for this experiment. Lastly β-estradiol is the compound that induces the 
expression of a gene under the control of the GAL promoter and it was supplemented at a final concentration of 
800 nM. Plotted is the mean ± SD of the following data: non-expander SCD (n=3 fov/238 cells); non-expander SCD 
+ β-estradiol (n=3 fov/299 cells); expander SCD (n= 3 fov/ 158 cells); expander SCD + β-estradiol (n=3 fov/ 105 
cells). The abbreviation fov stands for “field of view” and represents how many images were evaluated next to the 
number of total cells that were counted within the given fields of view. In (B) wildtype strain (WT) and mga2∆ strain 
were grown at indicated temperatures without agitation with and without β-estradiol supplementation at 800 nM. 
After 19 h a final OD600 measurement was carried out to validate the biomass formed. Plotted is the mean ± SD of 

three biological replicates. 
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Based on the promising trends of the β-estradiol system, multiple alternative inducible 

expression systems were analyzed and tested for their suitability to verify membrane 

biogenesis-driven aberrant ER formation in the mga2∆ background. Considering the interplay 

of membrane biogenesis by growth and growth independent membrane synthesis, the widely 

used galactose-inducible system360 was disqualified as it would require the exchange of 

carbon source. Another reason for rejecting the galactose-inducible promotor was that it 

cannot be titrated. As this requirement is important when optimizing a system, I decided for 

two alternative systems, namely the copper inducible CUP1 promotor, and the cyanamide 

inducible DDI2 promotor, both derived from S. cerevisiae361,362. As the strategy for constitutive 

membrane synthesis relies on the displacement of the wildtype Ino2p by the Opi1p non-

repressive Ino2p(L119A) mutant, a system of minimal promotor leakage is mandatory. This 

requirement dismissed the PCUP1 based inducible system as it showed unwanted expression 

of the Ino2p(L119A) mutant prior to copper sulfate administration (data not shown). The PDDI2 

based system (Figure 32 A) remained and was optimized for the applicable concentration as 

cyanamide shows mild toxicity. At an empirically determined concentration of 1 mM cyanamide 

did not impede the growth of WT or mga2∆ strains and therefore was subsequently used to to 

induce the expression of ino2(L119A). Further I verified that cyanamide did not lead to an 

unwanted activation of the UPR within the time course of drug administration via RT qPCR of 

HAC1 mRNA (Figure 32 B). When the cyanamide inducible system is induced in mga2∆ cells, 

the fraction of cells harboring an aberrant ER increased more than threefold (Figure 32 C). 
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Figure 32 UPR independent ER membrane synthesis is sufficient to promote aberrant ER formation in 
mga2∆ 

In (A) the genetic background of the cyanamide inducible strain for ER membrane synthesis is depicted. The gene 
INO2*, encoding for the INO2(L119A) mutant, was put under control of DDI2’s cyanamide inducible promotor and 
the terminator of CYC1. In case of cyanamide administration, this will lead to the expression of INO2*, causing a 
displacement of wildtype Ino2p in the heteromeric Ino4p-Ino2p transcription factor dimer, which will ultimately 
circumvent Opi1p repression, giving rise to ER membrane synthesis. In (B) this system was employed in a wildtype 
strain background and its effects on UPR activation during a time course was determined via measurement of 
spliced HAC1 mRNA levels. Cells exposed to tunicamycin served as a reference treatment and normalization 
sample. Data is given as the average ± SD of three independent biological replicates, with technical duplicates. (C) 
depicts ER phenotype distributions, given in percent, for the cyanamide expander system employed in the mga2∆ 
background. Depicted are the results in absence and presence of 1 mM cyanamide 3h after its administration. 
Cyanamide - (n= 3 fov/248 cells), cyanamide + ( n= 3 / 201 cells). The abbreviation fov stands for “field of view” 
and represents how many images were evaluated next to the number of total cells that were counted within the 
given fields of view 
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4.3.5 The aberrant ER phenotype in mga2∆ shows a cell cycle dependent 

dynamic 

 

Previous data indicated that membrane expansion contributes to the formation of the aberrant 

ER phenotype in mga2∆ cells, hence I wondered whether mutants that differ in their speed of 

completing the cell cycle and thereby indirectly differ in their rate of lipid synthesis due to 

growth (Figure 33 A), would also display elevated or reduced levels of aberrant ER 

structures363,364. To answer this question, I wanted to overexpress genes that interfere with 

cell cycle progression identified by Niu et al364 and genes that cause constitutively elevated 

levels of intracellular membranes. Since the occurrence of the aberrant ER varies between 

single cells within an isogenic culture, I wanted to establish an expression system that 

introduces the lowest possible variance in cell-to-cell expression to not further introduce 

expression artefacts that contribute in an unspecific manner to the phenotypic heterogeneity. 

One major source of variance in the degree of protein expression is plasmid copy number 

differences365. Therefore, I created a system based on findings by Baganz et al.366, which 

allows the stable integration of any gene of interest into the genome at the HO locus as the 

chosen neutral gene insertion site. The genes in my expression system are under the control 

of the strong TDH3 promotor and CYC1 terminator together with a kanMX cassette for 

selection. In Figure 33 B the percentage of cells with an aberrant ER morphology is plotted for 

the small overexpression screen. For a comparison the data of the control strains from Figure 

25 B are replotted. The small overexpression screening approach results in two new “rescue” 

candidates with SWI5 and MSN5, and five additional “worse” candidates in DOC1, ROF1, 

IES3, NIP100 and the cell cycle progression unrelated but membrane synthesis related gene 

ICE2207. Interestingly, SWI5 expression was a plasmid borne rescue in a temperature sensitive 

screen of a mga2∆ and spt23-ts strain that basically mimics the knockout of the essential 

OLE1 gene, made by Zhang et al199. Among the seven newly identified candidates is the 

strongest rescue, MSN5 (11.8 % aberrant ER morphology), and the strongest worse candidate 

in ICE2 (91.9 % aberrant ER morphology). ICE2 overexpression inhibits the lipid phosphatase 

complex and thereby causes massive ER membrane biogenesis. Hence, ICE2 increases 

membrane biogenesis without a need for an inducer such as β-estradiol or cyanamide. 
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Figure 33 Manipulation of cell cycle progression affects aberrant ER formation 

In (A) a schematic representation of the cell cycle with the five cell cycle phases, G0, G1, S, G2 and M phase is 
shown. The M phase is further divided into five mitotic substages, prophase, prometaphase, metaphase, anaphase 
and telophase. The cell cycle progression is illustrated with schematic representation of the observable 
morphological changes associated in yeast during the respective sections. In (B) the results for a gene 
overexpression study within the mga2∆ strain are shown. All genes annotated with the exception of ICE2 are 
reported to manipulate upon overexpression the cell cycle progression. The data for WT and mga2∆ are replotted 
from Figure 25 (B). For all new mutants the mean and ± SD are plotted. SWI5 (n=3 fov/200 cells); MSN5 (n=3 
fov/238 cells); DOC1 (n=4 fov /294 cells); ROF1 (n=4 fov/266 cells); IES3 (n=4 fov/563 cells); NIP100 (n=4 fov/487 
cells); NEM1 (n=4 fov/279 cells); ICE2 (n=4 fov/ 506 cells). The abbreviation fov stands for “field of view” and 
represents how many images were evaluated next to the number of total cells that were counted within the given 
fields of view 
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Motivated by these results and newly gained insights during the observation of various mga2∆ 

strains during their growth dependent aberrant ER formation via live-time microscopy studies, 

I adapted information of a descriptive study by Delobel et al.367. Delobel et al. shows that in 

different growth phases of a batch cultivation, the corresponding cells are grouped in different 

phases of the cell cycle. I have taken advantage of this observation in order to identify a critical 

cell cycle stage for mga2∆ dependent aberrant ER formation. For that I combined their 

determined growth phase specific cell cycle stage population distribution with my growth 

curves for the WT and mga2∆ control strains (Figure 34 A). To track the impact of changes in 

cell cycle stages, I expanded my protocol for assessing the percentage of cells that show an 

aberrant ER beyond my established timepoint that corresponds to an OD600 of 0.8 that marks 

a timepoint at which the proportion of cells harboring an aberrant ER peak. Out of simplicity I 

compared the dynamics of aberrant ER formation by taking samples as the OD600 doubled 

during a batch cultivation and analyzed the occurrence of the aberrant ER formation via 

confocal microscopy (Figure 34 B). It becomes evident that the cells that harbor the aberrant 

ER tend to cluster i.e., are in direct vicinity to one another (e.g. Figure 34 B – OD600 0.8 in the 

mga2∆ panel). This could imply that a recent mitotic division happened in which these 

structures emerge and are passed on to the daughter cell. The link between the process of 

mitosis is in line with the GO terms of the “rescue” category and corresponds well with the 

data obtained from the overexpression screen, which brought forward strong candidates in 

relation to cell cycle progression. Another observation is that over time the fraction of cells with 

an aberrant ER can get lost. In fact, there are practically no cells with an aberrant ER at an 

OD600 of 6.4 visible (Figure 34 B). Intriguingly, this coincided with the time at which the growth 

rate of mga2∆ strain increases substantially (Figure 34 A and B).  

Intrigued by the possible impact of the cell cycle and the possible inheritance of aberrant ER 

structures to daughter cells, I turned my interest to genes that are cell cycle dependent 

upregulated. I found two independent studies that show a cell cycle dependent upregulation 

of OLE1 in the early G1 phase368,369. To verify these findings indirectly, I carried out a qPCR 

with OLE1 primers for WT and mga2∆ cells before (OD600 of 0.4) during (OD600 of 0.8) and 

after (OD600 of 3.2) the time, where the highest fraction of cells exhibit an aberrant ER (Figure 

34 C). Expectedly, the OLE1 mRNA level is lower in mga2∆ compared to WT cells in all tested 

growth stages (Figure 34 C). For the WT the level of the OLE1 mRNA declines over time, 

which would coincide with the fractional decline in growth phase specific G1-state occupying 

cells, as described by Delobel et al.367. In the mga2∆ cells on the other hand the initially already 

lowered levels of OLE1 mRNA do not significantly change over the entire course of cultivation. 

Noteworthy is that the reduction of growth rate for mga2∆ cells does not take effect at an OD600 

of 0.4 (see Figure 19 B for a better resolution), which could mean that the cell phase specific 
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upregulation of OLE1 mRNA present in WT cells is Mga2p dependent. In support of this notion, 

I see at the earliest timepoint i.e. OD600 of 0.4, a more than 6 fold relative difference in OLE1 

mRNA level between the WT and mga2∆ strain, shortly before the amount of aberrant ER 

structures peak (OD600 of 0.8). Next to the OLE1 mRNA levels I looked at the spliced HAC1 

mRNA levels to check for a potential additional burden from a UPR-dependent membrane 

expansion that the mga2∆ strain would have to face next to the diminished OLE1 levels (Figure 

34 D). Consistent with previous reports56,241,370, the UPR is highly active in mga2∆ cells. In 

fact, the UPR is active at all chosen timepoints and strikingly the greatest amount of spliced 

HAC1 mRNA is found at an OD600 of 0.4, shortly before the aberrant ER phenotype manifests 

the strongest at OD600 of 0.8. This finding supports the notion that membrane expansion – 

either through growth or UPR dependent – could be detrimental to the mga2∆ strain, as Surma 

et al. could show that the mga2∆hac1∆ strain with a non-functional UPR shows fewer aberrant 

ER structures compared to the sole mga2∆ strain241.  
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Figure 34 The emergence of the aberrant ER phenotype is dynamic and potentially linked to cell cycle 
progression during batch cultivation 

In (A) the cell cycle progression distribution during a WT batch cultivation is schematically indicated by data adapted 
from Delobel et al367. Below the schematic a long-time growth curve of a YPD batch cultivation for WT and mga2∆ 
is shown. The dashed lines within the graph are aligned with the growth stages depicted in Delobel et al (2014) 
and the orange shaded data points mark the OD600 values depicted in (B). Plotted is the mean ± SD of n=3 for 
each strain. In (B) representative confocal microscopy images of the respective strains are shown at the indicated 
OD600 values. The scalebars represents 5 µm. In (C) the results for a RT-qPCR measurement of OLE1 cDNA levels 
are plotted at the indicated OD600 values. Plotted is the mean ± SD of biological triplicates. Data was normalized to 
WT at OD600 of O.8.In (D) the RT-qPCR measurement results for spliced HAC1 cDNA are plotted for the indicated 

OD600 values. Plotted is the mean ± SD of biological triplicates. Data was normalized to mga2∆ at OD600 of O.8. 
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4.3.6 Probing the origin of the aberrant ER with a set of distinct localizing 

subdomain ER-marker proteins 

 

Next, I wanted to further characterize these aberrant ER structures by exploiting the fact that 

not all ER membrane proteins show an equal distribution between the nuclear and peripheral 

ER domain. For my characterization I chose Sec63p, a protein that shows no preference for 

the nuclear or peripheral ER and two additional candidates, Rtn1p as a peripheral ER 

dominant membrane protein371 and Elo3p for a mainly in the nuclear ER situated protein372. 

All three of these proteins where endogenously tagged with mNeongreen in WT and mga2∆ 

strains and served as marker proteins to study the origin and formation of the aberrant ER. To 

learn more about the three-dimensional orientation of the aberrant ER representative Z-stack 

images were recorded (Figure 35). In order to preserve the z-information a color-based depth 

code was applied in each column, starting at the top and ending with the maximum intensity 

projection of each stack at the bottom. Comparing the intensity for all three marker proteins in 

the WT background, it becomes evident that Sec63-mNeongreen is distributed equally 

between the nuclear and the peripheral ER, while Rtn1-mNeongreen is predominantly 

localizing to the peripheral ER and Elo3-mNeongreen shows a preference for the nuclear ER. 

Notably, for Rtn1-mNeongreen a patterned distribution was observed, which differs from the 

“continuous” signal observed for Sec63-mNeongreen and Elo3-mNeongreen. The distribution 

for the different marker proteins for the nuclear and peripheral ER described for the WT carries 

over to the aberrant ER seen in mga2∆ cells. While the Rtn1-mNeongreen protein clearly has 

a preference for the peripheral ER, it does still to a degree reside in the nuclear ER and this 

faint but yet detectable presence is best documented in the green Rtn1-mNeongreen z-plane 

for the mga2∆ strain (Figure 35). It is further true that Sec63-mNeongreen and Elo3-

mNeongreen show a stronger partitioning to the aberrant ER than Rtn1-mNeongreen. The 

applied approach of using ER-membrane proteins with a distinct preference for the nuclear 

and peripheral ER thereby adds evidence to the idea that the aberrant ER is related to the 

nuclear ER subdomain. This potentially hints at a mechanism that is related to the mitotic cell 

division, as this process is associated with massive nuclear envelope expansion373, which 

might be problematic in cells with a disturbed membrane fluidity. 
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Figure 35 Z-stacks reveal complex 3D orientation of aberrant ER and hint at its nuclear envelope origin 

In each column six different z-planes images of a representative z-stack for the indicated strains are shown. The 
first column is a schematic representation of the origin for each z-plane. The last image in each column represents 
the maximum intensity projection of each z-plane in its original color to preserve the z-information. The image 
series in each column was generated with the Z code Stack plugin for FIJI. Scalebar represents 5 µm. 
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I wanted to find supporting evidence for the assumption that the ER membrane subdomain 

origin hypothesis is valid. To this end, I introduced a secondary fluorescent ER-luminal marker 

in the form of a soluble dsRED protein into the existing mNeongreen mga2∆ strains by 

targeting it to the ER lumen via a Kar2p signal sequence and retaining it there by equipping it 

with an HDEL retrieval sequence. I studied the colocalization of the ER-luminal marker with 

the Rtn1-mNeongreen, Sec63-mNeongreen and Elo3-mNengreen. I reasoned that the 

fluorescent signal of the ER luminal marker should be independent of any ER membrane 

subdomain and therefore a colocalization between the ER luminal signal and the respective 

ER-membrane protein should unambiguously reveal if the aberrant ER is derived from a 

specific subdomain of the ER. In Figure 36 the colocalization data are presented visually in 

form of an image series for each fluorophore and the respective superimposed image. Further 

the colocalization was quantitatively determined for three independent cells using the Pearson 

correlation coefficient. Both approaches imply that the Rtn1-mNeongreen tagged ER resident 

protein occupies less frequently the aberrant ER structure than Sec63-mNeongreen or Elo3-

mNeongreen. Consistent with my findings are the reports made by Zhang et al.199, albeit they 

published ultrastructures of a temperature sensitive mga2∆ and spt23-ts mutant, which 

showed even greater aberrant ER deformations of nuclear origin. 
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Figure 36 A visual and quantitative colocalization study with a set of distinct localizing ER membrane 
proteins in mga2∆ cells 

Each row depicts a representative selection of a focal plane for both fluorophores, the mNeongreen (mNeo) tagged 
membrane protein and the dsRED-HDEL based ER-luminal marker. Next to the image series are the results of a 
pearson correlation coefficient determination plotted for three independent focal planes. Images were prepared 
with FIJI and co-localization was determined with the JACoP (Just Another Colocalization Plugin). Scalebar 

represents 5 µm. 
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With the conducted image collection at hand further information can be drawn in terms of how 

the aberrant structures emerge and whether the formation of the aberrant ER will impose a 

shift in the shared ER subdomains of the affected cell (Figure 37). In the upper panels it is 

shown that the aberrant ER originates from the nucleus (Figure 37 A) extending from a mother 

to a daughter cell (Figure 37 B). In the lower panels it can be seen that the Rtn1-mNeongreen 

clusters decorate the end of the aberrant ER structures (Figure 37 C and D). It will be 

interesting to learn more about the ultrastructure of the ER in mga2∆ cells, the relative 

abundance of ER tubes and ER sheets and how they are positioned relative to each other. 

Based on the presented data it is tempting to speculate that the reason for the increased size 

of Rtn1-mNeongreen clusters (Figure 35 and Figure 37) is a shift in the subdomain prevalence 

in aberrant ER harboring cells. It will be interesting to see how such a shift in subdomains 

might affect the oligomerization tendency globally for different ER membrane proteins. 

 

 

Figure 37 3D rendering of z-stack images of aberrant ER structures reveals the step of inheritance of these 
structures and gives clues to changes in ER subdomain distribution 

The upper panel shows how the aberrant ER originates from the top of the nuclear ER (A) and is passed on to the 
daughter cell during a mitotic division (B). In the lower panel (C) and the zoomed in image (D) show how Rtn1 was 
tagged with the fluorophore mNeongreen to label the tubular subdomains of the ER in cells with aberrant structures. 
Both images show that Rtn1-mNeon is mostly found at the ends of the aberrant ER structures and strongly clusters 
there, which could in turn allow for the sharp angular changes in direction of the aberrant ER and hint at a change 
in ER subdomain distribution. All images were subjected to theoretical point spread function processing calculated 
via the PSF Generator plugin of FIJI. The Born & Wolf 3D optical model was used and supplied with the necessary 
metadata from the microscopic images. The generated PSF was then used for a deconvolution of the images using 
the Richardson-Lucy algorithm with 10 iterations (Deconvolution Lab2 plugin in FIJI). All deconvoluted images were 
subsequently rendered with 3D script in FIJI. Scalebars represent 5 µm.     
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4.3.7 A putative role for ROS in promoting the formation of aberrant ER 

structures 

While the microscopy approach was useful to gain insights on when the aberrant structures 

appear I wanted to further characterize why they appear in the first place. Increased lipid 

saturation has been implicated with mitochondrial aberrances and ROS production374,375.To 

validate if ROS might contribute to the impaired growth observed in mga2∆ cells I carried out 

a growth based third mini screen to identify possibly interesting additives or genetic 

interactions that promote or prevent the emergence of aberrant structures. The initial screen 

was carried out in 96-well plates and used the OD600 formed over time as a readout for 

interesting candidates. An exert of the screening data is shown in Figure 38. I plotted the 

growth curve for the WT, mga2∆ and two interesting biologically opposed data sets namely 

mga2∆ with vitamin C supplementation as a radical scavenger and the mga2∆ strain combined 

with the overexpression of the HAP4 gene, a transcription factor that stimulates mitochondrial 

biogenesis and whose overexpression triggers ROS production376. 

 

 

Figure 38 A 96-well plate screening identifies compounds and conditions that promote and inhibit the 
growth of mga2∆ hinting at ROS production as one of the driving forces 

Plotted are growth curves measured in a 96-well plate of cells grown for 25 h at 30°C in SCD without shaking. 
Shown is a selection of conditions that promote (30 mM supplementation of vitamin C) or impede (overexpression 
of HAP4) the growth of mga2∆ opposed to the sole mga2∆ strain. The WT query strain served as a positive control 

to score for fully redeeming conditions. Data shown n=1.  
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To verify if the improved cell growth observed for mga2∆ cells supplemented with vitamin C I 

adapted the screening findings and added an alternative additive in the form of reduced GSH 

to test the idea whether one can prevent the emergence of aberrant ER structures by providing 

chemicals that serve as antioxidants. In Figure 39 one can see that by adding vitamin C or 

reduced GSH to the medium one can prevent the emergence of aberrant ER structures. 

 

 

Figure 39 Supplementation of antioxidants to the growth medium prevent the emergence of aberrant ER 
structures 

Depcited are representative microscopic images of the WT and mga2∆ query strains grown in YPD with the addition 
or omission of antioxidant additives in the form of vitamin C or reduced GSH. Scalebar represents 5 µm. 
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To follow up on the HAP4 overexpression results I revisited the lipidomic dataset for 

genome-wide double knockout screening candidates. To gain new insights from my whole cell 

lipidomic datasets, I focused on cardiolipin species found within these datasets as this could 

help to identify patterns related to an organelle specific lipid that might help explain the 

mitochondria related phenotypes (Figure 40 and Figure 41). When plotting all CL species 

based on their length and degree of saturation one finds that within the mga2∆ background 

no fully saturated CL species are to be found. This is interesting as the whole cell lipidome for 

the GPL showed an increase of full saturated lipids on the cost of the completely unsaturated 

GPL (Figure 19 D). Despite the lack of fully saturated CL species, the overall degree of 

saturation for CL species is elevated for mga2∆ and the double knockouts. This data is in 

agreement with data published by Surma et al., which also did not report on the existence of 

fully saturated CL species in mga2∆ cells241. Since ROS scavengers prevent the buildup of 

the aberrant ER phenotype in mga2∆ cells and given CL important role in stabilizing 

respiratory chain complexes377 and mitochondrial cristae formation378 it is surprising that the 

genes TAZ1 and CLD1 that encode for the two most important CL remodeling enzymes did 

not show up as hits in the genome-wide screen379.  
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Figure 40 CL species distribution of all worse candidates from the genome wide screen in comparison to 

those of the WT and mga2∆ query strains 

Plotted is the abundance (%) of all CL species having 0-4 double bonds (saturation) according to their total amount 
of carbon atoms (length). Plotted data is taken out of the whole cell lipidomics dataset for each depicted strain and 

represents that of biological triplicates. Data is shown as the average ± SD.  
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Figure 41 CL species distribution of all rescue candidates from the genome wide screen in comparison the 
mga2∆ query strain 

Plotted is the abundance (%) of all CL species having 0-4 double bonds (saturation) according to their total amount 
of carbon atoms (length). Plotted data is taken out of the whole cell lipidomics dataset for each depicted strain and 
represents that of biological triplicates. Data is shown as the average ± SD. 
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5 Discussion 

5.1  The UPR has little to no effect on remodeling of the lipidome 

within one hour of acute ER-stress 

 

The ER is most known for its role as the protein-folding organelle of the cell. It further houses 

most enzymes involved in lipid synthesis and acts as the central regulator for the de novo 

synthesis of lipids135. To ensure the functionality of this vital organelle, a series of sensors 

have evolved that monitor different perturbations that could infringe the homeostasis of lipid 

and protein synthesis47. So called ER-stress will invoke a highly conserved pathway, termed 

the UPR, which in yeast is solely induced by Ire1p, the most conserved UPR sensor among 

eukaryotes380. In the first section, I established experimental conditions to study this stress 

response under defined conditions that allow to differentiate between a protein- or lipid-based 

cause for the activation of the UPR. This pathway has often been studied by exposing cells to 

drugs that interfere with the folding of proteins. DTT and TM are prominent drugs that differ in 

their molecular mechanism of action and their impact on the lipidome has never been 

systematically studied before. 

 

5.1.1 The impact of DTT and TM on the cellular growth of S. cerevisiae 

 

To best compare the effect of these drugs, I searched for concentrations that would cause a 

similar degree of growth inhibition (Figure 7). Interestingly, the dose-response-curves of DTT 

and TM varied dependent on the medium. Why the cellular resistance to DTT is higher in YPD 

than in SCD is not clear. DTT is prone to oxidization and it is possible that the complex YPD 

medium is more effective in oxidizing DTT. Hence, it would be interesting to study the 

“effective” dose of DTT delivery to the ER by applying a recently published ER-DTT probe that 

reports on the presence of DTT within the ER381. Intriguingly, cells are more resistant to TM in 

SCD medium than in YPD medium. Other than DTT, TM is not readily inhibited by the medium 

and it efficiently blocks the N-linked glycosylation machinery for a period of at least eight hours 

after application as shown by Chawla et al.86. The impairment of cellular growth by both drugs 

becomes apparent 1 hour after drug application. This growth arrest is however more 

pronounced for DTT than for TM under all tested concentrations and media (Figure 8 and 

Figure 9). The fact that DTT caused an increase in unfolded proteins by interfering with 

disulfide bond formation within the ER lumen of newly and already existing proteins, might 

render it more potent. It was further shown that DTT interferes with cellular processes outside 
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of the ER, e.g. mitochondrial protein import382 and protein palmitoylation383. TM, on the other 

hand, interferes only with the N-linked glycosylation of newly synthesized proteins. which 

would explain why the growth arrest takes longer to take effect. One also has to consider the 

different doubling times in each medium (86 min in YPD; and 107 min in SCD) to explain the 

differences in drug potencies in relation to the cultivation medium used. This would help to 

understand why lower doses of TM are sufficient when cells are grown in YPD as their demand 

for protein synthesis is greater than during growth in SCD medium. 

 

5.1.2 Impact of the medium on the lipid composition under ER-stress 

 

Unexpectedly, unstressed WT and ire1∆ cells do not show any significant changes in their 

lipidomes for both types of media tested (Figure 10 and Figure 11). This implies that basal 

UPR signaling does not alter the cellular lipid composition in unstressed conditions384–386. It is 

, however, noteworthy that PI is far more abundant in cells grown in YPD compared to cells 

grown in SCD. This difference is relevant for studying the UPR as IRE1 was identified to 

encode the inositol-requiring enzyme222. It was further shown that the UPR can be evoked by 

inositol-depletion56 hence special precautions should be taken when working with SCD as 

inositol availability in the standard SCD media formulation is a limiting factor for the BY4741 

series as reported by Hanscho et al221. Next to the PI difference, the PC-to-PE ratio was found 

to be unbalanced for cells grown in YPD (Figure 12), which is actively discussed as a cause 

and hallmark of UPR activation in multiple organisms including yeast223–225. A deficiency of PC 

is known to cause the UPR and is commonly studied by cultivating cho2∆ or opi3∆ cells in 

choline free medium that can no longer sequentially methylate PE to form PC or synthesize 

PC via the Kennedy pathway387. The increased PC-to-PE ratio is controversially discussed in 

the field and Ishiwata-Kimata brought forward convincing data, which suggests that the 

increased PC-to-PE ratio in it of itself is not the driving force but the accumulation of a lipotoxic 

intermediate namely phosphatidylmonomethylethanolamine (PMME) as a precursor for PC 

synthesis388. In their study they could show that in presence of extracellularly supplemented 

choline only the opi3∆ mutant but not the cho2∆ or cho2∆opi3∆ double mutant showed an 

activation of the UPR. Given that the UPR was compromised by the introduction of the cho2∆ 

into opi3∆ cells, and based on the finding that CHO2 overexpression induced the UPR, 

Ishiwata-Kimata et al. argue that PMME is per se a UPR inducing metabolite. Hence, they 

propose that the UPR stress associated with the PC biosynthesis pathway is either rooted in 

a PC deficiency, the accumulation of PMME or both but not via an increased PC-to-PE ratio388. 

This data is further supported by findings from Reinhard et al. that could show that an 
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increased PC-to-PE ratio achieved by supplementing choline to the medium did not trigger the 

UPR by itself108. Most importantly, I could show that DTT and TM at growth-inhibitory 

concentrations have only neglectable effects on the cellular lipidome within 1 hour of 

cultivation in SCD medium (Figure 11). Together with the fact that the determined 8 mM 

concentration of DTT in YPD had the most profound impact on remodeling the lipidome of the 

yeast cell (Figure 10), I propose to use TM at the here tested concentrations for 1 hour in SCD 

to achieve a purely proteotoxic based UPR induction. The here presented experimental 

outlines highlight the importance of carefully controlling the medium composition and drug 

concentration to dissect the contribution of unfolded protein and membrane aberrancies in 

UPR activation. Since the UPR can be activated by folding aberrancies and lipid bilayer stress, 

it is important to not ignore the contribution of each of these contributing factors to 

unambiguously differentiate between cause and effect of the underlying ER-stress. 
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5.2 Consequences of a maintained TMD architecture of Ire1p dimer 

under proteotoxic and lipid bilayer stress 

 

The UPR has central functions in adjusting the protein folding capacity but it also has an 

important role in upregulating de novo lipid biosynthesis47. More recently, it became also 

apparent that the UPR is not only activated by unfolded proteins or signals from the protein 

folding machinery, but also from the membrane through LBS87,88,241,389. While the beginnings 

of UPR research were embossed by a binary view on activation via protein folding aberrancies 

and signaling outputs to resolve said aberrancies, the field has adjusted and accepts the 

interplay between the constant physiological demands towards the ER to maintain 

proteostasis and lipid homeostasis390. The second section of this thesis aimed to shed light on 

the structural organization of the transmembrane region of Ire1p in a signaling-active state. 

 

5.2.1 Single-cysteine crosslinking and its potential on completing insights into 

the structural organization of single-spanning transmembrane proteins 

 

Previous structural work dedicated to understand the architectural arrangement in signaling -

active states of Ire1p were based on X-ray crystallography studies of the ER-luminal 

domains73, i.e. the sensory domain governing homeostasis in the ER lumen, and the cytosolic 

effector domain that bears the enzymatic activity necessary to relay the signal from the ER to 

the nucleus74. While these X-ray crystallography-based studies revealed information about the 

three-dimensional structure of Ire1p, these data came with limitations. For one, both structures 

do not pass the near-atomic resolution criteria, with their respective resolution of 3.0 Å for the 

ER-luminal domain73 and 3.2 Å for the cytosolic oligomeric domains74. Secondly the structures 

are afflicted with uncertainties as they mirror the structure of a crystalline protein sample and 

therefore do not reflect the dynamic nature of Ire1p conformational states391. This limitation 

becomes apparent in light of the discrepancy between the predicted direct peptide binding 

capacity of yeast and human Ire1p ER-luminal domain. The crystal structure of the yeast ER-

luminal domain revealed a peptide-binding groove that extends across the dimer, which 

resembled the peptide-binding groove of the major histocompatibility complex73. This finding 

was supported by in vivo data and in vitro binding studies conducted with carboxypeptidase 

Y*, a mutant model for a misfolded protein81,392. The direct binding model could not be 

extended to the human Ire1p ER-luminal domain, as its corresponding peptide-binding groove 

revealed through its crystal structure was considered to be too narrow to accommodate the 
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binding of peptides79. Karagöz et al. argued that the crystal structure of the human Ire1p ER-

luminal domain represents the “closed” form of the protein and that in vivo the human Ire1p 

ER-luminal domain oscillates between an inactive “closed” and an active “open” form which 

would allow for a direct peptide binding393. To validate this assumption, an NMR based 

method, called methyl transverse relaxation optimized spectroscopy was employed to show 

that the structure of the human Ire1p ER-luminal domain is indeed dynamic. They followed up 

with peptide tiling array experiments that demonstrated that the human ER-luminal domain of 

Ire1p could indeed bind peptides enriched in cysteine, tryptophan, tyrosine and arginine393. 

Consequently, the peptide binding would induce a conformational change that can promote 

oligomerization and subsequently promote trans-autophosphorylation of the cytosolic domains 

to initiate the activation of the RNase domain. To add to the structural image of Ire1p, a single-

cysteine crosslinking strategy was employed that has been used successfully in the past to 

study the transmembrane helix orientation of the human growth receptor JAK2394. The study 

conducted by Brooks et al. derived a parallel helix pair orientation for the dimer in its inactive 

form based on a helical periodicity of the crosslinks394. In a series of follow-up experiments 

that included molecular dynamic simulations the authors were able to show that the 

transmembrane helices will take on a left-handed crossover arrangement after ligand-induced 

activation of the JAK2 receptor394. The inferred model of the JAK2 receptor thereby 

demonstrates the potential of single-cysteine crosslinking studies within the TMD of single-

pass transmembrane proteins to gain insights into subdomain rearrangements for distinct 

signaling states. The crosslinking data for Ire1p under ER-stress disfavors a parallel 

association of its TMHs as the highest degree of crosslinking occurred predominantly at 

position F544. Instead, the dominant single residue crosslinking pattern suggests, aided by 

molecular dynamics simulations that neighboring TMHs in clusters of Ire1p take on an X-

shaped active signaling conformation (Figure 17). The derived model of this transmembrane 

organization supports the previously postulated molecular mechanism of Ire1’s unusual TMD 

in sensing bulk membrane properties via a hydrophobic mismatch-based mechanism87. The 

positively charged residues situated at the cytosolic end of the TMH and the previously 

identified AH of Ire1p will jointly contribute to the local membrane deformation. This 

compression comes with an energetic cost due to lipid acyl chain disordering and the present 

membrane thickness231,232. The increased energetic costs would therefore act as a driving 

force for monomeric Ire1p to coalesce its compressed region and thereby promote Ire1p 

dimerization. Noteworthy for the following discussion is that while the F544 residue is at the 

intersection of two neighboring TMHs where the membrane deformation is most severe, it 

does not contribute to maximizing the interaction interface to confer protein-protein stability, 

as shown by a disruptive mutation by Väth et al2.Instead, stabilization of the signaling-active 

state is conferred by the overall transmembrane architecture with the membrane-embedded 
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AH and not by specific residues of the TMH. Hence, the single-cysteine crosslinking approach 

proved to be vital to substantiate the previously theoretical hydrophobic mismatch model, 

which was restricted to the monomeric TMD of Ire1p, with structural data in context of 

dimerization. 

 

5.2.2 Attempting to understand the membrane-based source of ER-stress 

under prolonged ER-stress inducing conditions 

 

The study of the UPR under proteotoxic or LBS based conditions play out on different time 

scales. ER-stress from misfolded proteins, either induced by DTT or TM peaks within 30 min 

to 1 h after application56,87,395. LBS on the other hand takes more time to manifest itself and 

usually takes 3 h, in case of inositol depletion, or longer (~12 h) as demonstrated for ER-stress 

related to the PC biosynthesis pathway to fully establish a comparable level of ER-

stress56,88,206,396. Interestingly, work by Promlek et al.397 and the time course qPCR 

experiments in Figure 18 demonstrate that proteotoxic stress comes in two forms, an 

immediate stress in der ER lumen through accumulation of unfolded proteins and a secondary 

phase of UPR activation from a build-up of a membrane-based stress. It is argued that the 

secondary phase of UPR activation under DTT exposure happens in absence of misfolded 

proteins and originates from the membrane as a mutant impaired in the sensing of unfolded 

proteins, called ∆III-Ire1p, shows an identical activation profile under inositol depletion and for 

the secondary phase of DTT exposure while it does not react to the acute stress within the 

first hour of DTT application56. The molecular underpinnings of the secondary peak in UPR 

activation under prolonged proteotoxic stress remain to this day elusive. In a recently 

published review article Radanović et al. lists a number of potential causes that could trigger 

the UPR via a membrane-based mechanism as a consequence of prolonged ER-stress47.  

I want to point out three possible scenarios mentioned in this review as they are relevant for 

the findings made in this thesis. Firstly, an increase in the degree of lipid saturation in 

membrane lipids is indicated by multiple studies to be a driver of UPR activation55,241,370,398. It 

was further shown that sterols act synergistically with saturated fatty acids in promoting UPR 

activation55. Elevated sterol levels, an increased degree of lipid saturation or a combination of 

both directly influence membrane stiffness and as a consequence interfere with 

transmembrane insertion demonstrated by in vitro studies with artificial liposomes or 

microsomes of the mammalian ER399–401. The increased levels of saturated lipids for instance 

will promote van-der-Waals interactions between the fully saturated acyl chains and can 

thereby interfere with the structural integrity of the ER by inducing phase transitions402,403. 
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Shen et al. reported that palmitate feedings can induce solid-like domains within the ER 

membrane403. Solid like domains are generally thicker and more ordered due to the previously 

mentioned arrangement of membrane glycerophospholipids and this change in thickness and 

increased packing density might be especially harmful to the ER, as it is under physiological 

conditions a “soft” membrane, highly enriched in unsaturated fatty acyl chains108. The benefit 

of a “soft” and deformable ER membrane would be that such a lipid environment could 

accommodate the broad spectrum of transmembrane client proteins of the secretory pathway, 

as these membrane proteins differ substantially in their mean hydrophobic length of their 

respective transmembrane domains depending on their final subcellular destination. For ER 

transmembrane helices Radanovic et al. predict an average length of ~21 hydrophobic 

residues, while transmembrane proteins with an annotated plasma membrane localization 

have on average a length of ~27 hydrophobic residues47. An accumulation of plasma 

membrane proteins in the ER would therefore contribute to a thickness increase of the ER 

membrane. Further, a growing number of translocase studies point towards the biological 

necessity of the ER to regulate its membrane thickness404. The Hrd1 complex for instance, 

responsible for the retro-translocation of misfolded proteins from the ER lumen into the cytosol, 

requires next to luminal and cytosolic hydrophilic cavities a locally thinned and distorted 

membrane environment to mediate efficient retro-translocation405.  

The second scenario for UPR activation that might synergistically contribute to the stiffening 

and thickening of the membrane is an elevated protein-to-lipid ratio within the ER 

membrane406–408. Protein trafficking between the ER and the Golgi apparatus is mediated via 

components of coat protein complex I (COPI) and coat protein complex II (COPII) coated 

vesicles409. The export (anterograde transport) of ER membrane proteins from the ER to the 

Golgi apparatus is facilitated by recruiting COPII proteins with the respective cargo to 

specialized regions called ER exit sites (ERES), while proteins that travel back to the ER 

(retrograde transport) are shuttled in COPI coated vesicles and arrive at ER arrival sites 

(ERAS)409. It has been shown that the collapse of either transport route - either by deletion of 

genes that encode for crucial components of the COPI or COPII system or by pharmacological 

interference- will cause an activation of the UPR370,410,411. Amodio et al. could show that 

treating cells with thapsigargin (TG), a non-competitive inhibitor of the sarco/endoplasmic 

reticulum Ca2+ ATPase involved in maintaining calcium homeostasis of the ER, will decrease 

the number of ERES, hinting at a compromised anterograde trafficking411. In a second study, 

Amodio et al. demonstrated that both TG and DTT lead to a decrease in COPII components 

(Sar1a/b, Sec31a, and Sec23a) associated with intracellular membranes and, consequently, 

to decreased COPII vesicle formation410. In yeast, the anterograde transport of proteins has 

been shown to be disturbed in the erv14∆ strain, a mutant that causes a delay in the transport 
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of membrane proteins with long TMDs from the ER to the Golgi, which concomitantly evoked 

the UPR370,412,413. Likewise, interfering with the retrograde transport by blocking COPI vesicle 

formation through Brefeldin A will result in the disassembly of the Golgi apparatus414, prevent 

secretion and trigger the UPR415. These studies imply that an overcrowding of the ER 

membrane is sufficient to mount a UPR. Noteworthy would be that an increase in the protein-

to-lipid ratio under restraint vesicular trafficking conditions would be exacerbated by the fact 

that proteins require a functional anterograde transport to leave the ER while lipids can leave 

the ER via alternative routes e.g. through lipid transport proteins416. However, it is still a matter 

of active debate whether the UPR will contribute to a shift in the protein-to-lipid ratio and per 

se cause a retention of proteins in the ER or whether the observed reduced numbers of ERES 

are a side effect of the stress-inducing agents used to trigger the UPR in the first place. The 

results in the study by Amodio et al. relied on UPR activation via TG, a drug known to cause 

the depletion of ER luminal calcium, a state which was per se shown to inhibit ER-to-Golgi 

transport without the activation of the UPR417. In a study by Kitai et al. it was shown that ER-

to-Golgi trafficking is not disturbed in HeLa cells when the UPR is triggered via palmitic acid 

treatment or SCD1 knockdown418. Kitai et al. used the temperature-sensitive vesicular 

stomatitis viral G protein mutant tagged with GFP to monitor ER-to-Golgi trafficking. At 39 °C 

the protein is misfolded and retained within the ER, but can be readily released into the 

juxtanuclear Golgi complex in a COPII dependent way by applying a temperature shift to 32 

°C419,420. The UPR may even enhance the ER-to-Golgi transport, as suggested in a study by 

Farhan et al. It was shown that under conditions of chronic cargo overload, an Ire1p-mediated 

UPR is essential for the formation of new ERES 421. A study by Spear and Ng showed that 

overexpression of misfolded carboxypeptidase Y induced ER-stress and the UPR but did not 

interfere with the ER-to-Golgi transport of various cargo proteins422. Interestingly, 

overexpression of carboxypeptidase Y was in relation to the expression level lethal in ire1∆ 

cells and caused a severe inhibition of the anterograde transport under none lethal conditions, 

which implies that a functional UPR is essential to support the ER-to-Golgi trafficking in times 

of greater demand for a secretory capacity. Given the fact that professional secretory cells, 

such as plasma cells or β-cells, exhibit a constitutively active UPR to maintain their 

upregulated protein processing machinery in support of the constant synthesis and secretion 

of larger protein amounts, it is reasonable to assume that under physiological conditions the 

UPR contributes positively to the ER-to-Golgi trafficking423. This is in line with upregulated 

UPR target genes associated with vesicular trafficking in both directions57. A study by 

Reinhard et al. reports a general block of secretion for cells exposed to DTT or TM for 4 h, but 

since it relies on a pharmacologically induction of the UPR it makes it difficult to unambiguously 

tell if the UPR per se is causing the retention of proteins in the ER or if the inhibitory effects 
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are due to the stress-inducing agents as they might specifically impair the generation of 

transport-competent-proteins inside of the ER. 

The third scenario deals with a decrease in anionic lipids as a driver of UPR activation. The 

depletion of inositol marks the first treatment of a lipid metabolite related UPR activation222. It 

apparently does so without causing a significant increase in the amount of unfolded proteins 

in the lumen of the ER56,233. This was demonstrated indirectly by FRAP studies that monitored 

the diffusion of the fluorescently labeled ER-luminal chaperone Kar2p under inositol-depleting 

conditions and proteotoxic ER-stress233. The study showed that only under proteotoxic forms 

of ER-stress the mobility of the GFP tagged Kar2p is slowed down due to interactions with 

unfolded proteins, while its mobility remained unaffected under inositol-depletion233.Inositol 

serves as a building block for PI but is also necessary for the de novo synthesis of yeast-

specific complex sphingolipids91. All inositol-depletion based protocols that measure the UPR, 

involve the immediate removal of inositol in the medium of fast-growing cells in the exponential 

growth phase by thoroughly washing the cells with inositol free medium56,88,206,233. Interestingly, 

the existence of a lateral diffusion barrier is described for S. cerevisiae that involves the 

arrangement of sphingolipid containing domains, protein ring assemblies and morphological 

changes during cell division in the anaphase between the nuclear lobes of the mother and 

daughter cells424,425. One biological function of this diffusion barrier is to confine misfolded 

proteins of the ER in the mother cell, thereby shielding the daughter cell from potentially 

harmful misfolded proteins. Interestingly, inositol depletion does not result in a significant 

decrease in complex sphingolipids of the ER, as reported by Reinhard et al.108thereby allowing 

cells to continue with the formation of the diffusion barrier during mitosis, which is in line with 

the previously reported absence of misfolded proteins under inositol-depleting conditions. 

Reinhard et al. isolated the ER membrane of unstressed, inositol-depleted and DTT or TM 

stressed cells and used the highly purified isolates for quantitative proteomics and lipidomics 

analysis108. Their data shows for the lipid composition that all forms of ER-stress, either 

triggered by inositol depletion or via the accumulation of unfolded proteins by DTT or TM 

exposure, will result in an increased degree of lipid saturation and a decrease in anionic lipids. 

Further, the proteome of the ER-stressed cells differs greatly from that of unstressed cells in 

that an ER-stressed proteome shows an accumulation of proteins involved in various 

biological pathways and function such as ER-luminal chaperones and UPR target proteins 

(e.g. Kar2p), lipid metabolic enzymes (e.g. Ino1p), components involved in membrane 

trafficking (e.g. Emp46p) and proteins involved in cell wall synthesis (e.g. Exg1p)108. The study 

thereby supports how the previously described scenarios i.e. an increase in lipid saturation, 

an overcrowding of the ER and a reduced level of anionic lipids and thereby a potentially 
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lowered negative surface charge density of the ER membrane might jointly contribute to a 

membrane-based activation of the UPR under conditions of prolonged ER-stress.  

 

5.2.3 Utilizing interface mutants to investigate the contribution of Ire1p’s X-

shaped signaling-active configuration under acute and prolonged 

scenarios of ER-stress  

 

Given that the X-shaped configuration of Ire1p’s TMHs showed irrespective of the applied form 

of ER-stress I wanted to study how the X-shaped configuration might contribute to UPR 

signaling under acute and prolonged scenarios of ER-stress. Answering this question could 

help to understand how different causes of ER-stress may establish different UPR associated 

transcriptional programs as recently reported in a study by Ho et al.88. A possible explanation 

for the customization of the UPR program may lay in the temporal activation and distribution 

of dimeric and oligomeric signaling assemblies under the respective forms of ER-stress. The 

state of oligomerization of Ire1p can be assessed in yeast and mammalian cells by measuring 

how a fraction of fluorescently tagged Ire1p transitions from its reticulated distribution within 

the ER in absence of ER-stress into discrete foci or cluster under various forms of 

ER-stress81,204,426. These clusters are highly dynamic and are subjected to change in form and 

size over the time course of ER-stress427–429. Tran et al. could show that under proteotoxic 

stress clusters of mammalian Ire1p are formed and maintained by two distinct populations of 

Ire1p: A small fraction of Ire1p that is dispersed in the ER membrane and a larger fraction 

found in high-oligomeric assemblies429. The latter fraction is found in a specialized ER 

subdomains whose morphological organization contributes to diffusional constrains of Ire1p 

found in the core of the clusters428. The subdomains that are enriched in Ire1p appear as a 

network of narrow (~ 28 nm diameter), anastomosing ER tubes devoid of ribosomes. These 

subdomains are still in contact with the surrounding ER, which allows for an exchange of Ire1p 

molecules situated at the peripheries of the subdomains where they merge with the remaining 

ER, while Ire1p molecules that are positioned further from the subdomain periphery maintain 

“entrapped” until the clusters are resolved. The authors of this study propose that the 

confinement of Ire1p in the subdomain will contribute to UPR signaling. For one the subdomain 

membrane topology will cause an increase in the effective concentration of misfolded proteins 

in the locally reduced volume of the ER-lumen. Ire1p would thus over time become enriched 

in these structures by stabilizing the dimer and higher oligomeric state through direct binding 

of misfolded proteins via the peptide-binding groove. Once locked in the activated state, the 

helical assembly of higher oligomers and the complex subdomain membrane topology will 
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reduce the diffusional freedom and therefore contribute to higher oligomeric state 

stabilization429. A common conception based on the numerous studies on UPR signaling is 

that the monomer-to-dimer transition serves as the main regulatory activation step for Ire1p 

and naturally precedes the formation of higher-oligomeric assemblies that exhibit the greatest 

enzymatic activity74,430. This view is supported by extensive mutagenesis studies of interfaces 

that facilitate dimer and higher oligomeric states of Ire1p that, when interrupted, were shown 

to impair UPR signaling, causing cells to become more susceptible to ER-stress 87,393,430,431. A 

recent study by Belyy et al. proposes that Ire1p naturally exists to a certain degree as a dimer 

in the inactive state and that even small oligomers are sufficient for UPR signaling432. How 

come it is then well-established that clustering of Ire1p i.e. the formation of higher oligomers 

occurs after ER stressing events?87,88,397. Belyy et al. developed and used a single-molecule 

tracking approach to dissect the state of oligomerization. Given that single molecules, dimers 

and smaller oligomers can not be resolved with conventional microscopy techniques such as 

confocal microscopy even when combined with subsequent deconvolution, the assumption 

that the monomer-to-dimer formation might be the main regulatory step in UPR signaling may 

be misguided. Most conditions of LBS show reduced levels of oligomerization of Ire1p, for the 

mammalian as well as for the yeast model system, despite showing similar levels of 

XBP1/HAC1 mRNA splicing compared to the acute stress phase caused via an accumulation 

of unfolded proteins in the ER lumen2,88,418,433. Kitai et al. demonstrated that an increase in 

membrane lipid saturation in HeLa cells leads to an equally strong activation of the UPR, as 

measured by the amount of spliced XBP1 mRNA formed, compared to cells treated with TM 

but without facilitating the clustering of the mammalian Ire1p, which only occurred under the 

proteotoxic form of ER-stress induced by TM418. Kitai et al. postulate that the mammalian Ire1p 

can be activated by LBS without the formation of larger Ire1p clusters and that the dimer 

conformation is sufficient to promote RNase activity. How can this discrepancy be explained? 

Most studies in the field of the UPR relied on the poorly controllable exogenous 

overexpression of fluorescently-labeled Ire1p, which given the oligomerization-based 

mechanism of activation might have introduced a bias since the physiological copy numbers 

of Ire1p are considered low (~259 molecules/cell based on YeastGFP database). Indeed, a 

study by Belyy et al. showed that the mammalian Ire1p, when expressed at endogenous 

levels, is activated by reversible assembly of inactive dimers into smaller oligomeric states 

that no longer show as clusters under proteotoxic stress432. Their model for Ire1p activation 

proposes that in absence of ER-stress Ire1p is pre-assembled in an inactive unphosphorylated 

state via the IF1 of the ER-luminal domain. Such a conformation would establish the peptide 

binding groove in the ER-lumen and align the kinase domains of the dimer in a back-to-back 

orientation, preventing auto-phosphorylation234. Under ER-stress short lived reversible 

assemblies of two dimers via the ER-luminal IF2 would place the adjacent dimers in a face-
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to-face orientation and promote partial trans-autophosphorylation of one of the dimers. By 

repeating this cycle of dimer-dimer interactions a fully phosphorylated Ire1p dimer can emerge 

with a fully active RNase activity without the need of forming assemblies larger than tetramers 

i.e. dimers of dimers, which would help to explain why some studies have observed equally 

high levels of splicing in absence of clusters (most studies used basic confocal microscopy – 

they thereby can not resolve the monomeric, dimeric or tetrameric assembly states and only 

visualize larger oligomers). Given that the dimer-dimer interaction can happen also 

simultaneously i.e. multiple dimers are assembled into higher oligomers, for instance in the 

specific ER subdomain reported by Tran et al.429, this model would help to understand the 

discrepancies between present studies on Ire1p’s tendency to form clusters. This work and 

previous work by Promlek et al.56 did show that when Ire1p is carrying ER-luminal domain 

mutations that prevent it from forming higher oligomers (IF2 mutation) or impair it in its ability 

to bind unfolded proteins (∆III mutant), will still allow it to mount a full-blown UPR under forms 

of prolonged ER-stress. I could verify comparable levels of spliced HAC1 mRNA for the 

cysteine-less Ire1p and the cysteine-less Ire1p-F544C mutant that carries the IF2 

mutation (Figure 18  C  and D), which abrogates the formation of oligomers but conserves 

Ire1ps ability to form dimers under LBS and prolonged ER-stress after exposure to DTT. As 

expected, Ire1p carrying the IF2 mutation does no longer form clusters under acute proteotoxic 

forms of ER-stress and LBS by inositol-depletion2 concomitant with its strongly impaired 

responds to the initial acute ER-stress, demonstrated by the absence of spliced HAC1 mRNA 

in the first hour of exposure (Figure 18 C and D). Given that the IF2 mutation prevents 

tetrameric assemblies for trans-autophosphorylation I wondered whether under LBS the AH 

of Ire1p could overcome the need of a functional ER-luminal domain for a lipid-induced UPR. 

I wondered whether a disruption of the AH, necessary for the hydrophobic mismatch-based 

sensing mechanism of Ire1p, would compromise the signaling of Ire1p in context of a scenario 

that relies solely on dimer-dimer formations. Indeed two mutants (cysteine-less Ire1p E540C 

& IF2 and cysteine-less Ire1p T541C & IF2) that disrupt the AH character of Ire1p TMD can 

no longer respond to both prolonged membrane-based forms of ER-stress when paired with 

the IF2 mutation(Figure 18 C and D). The cysteine-less Ire1p-F544C & IF2 mutant that 

maintains the functional AH of Ire1p, shows a functional response for both prolonged forms of 

membrane-based ER stress while lacking the initial acute phase of UPR signaling due to the 

ER-luminal IF2 mutation. The UPR activity, or the lack thereof, measured by the level of 

spliced HAC1 mRNA correlates with the growth data obtained for each strain in a DTT stress 

resistance assay that measures the growth after 19 h of exposure to various concentration of 

DTT (Figure 18 B). Here, both AH compromising mutants show a growth comparable to that 

of the ire1∆ strain, while the cysteine-less Ire1p-F544C & IF2 mutant, grows better than the 

single IF2 mutant but less well than the cysteine-less Ire1p. It is not surprising that a single 
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point mutation within the TMD of Ire1p has a substantial impact on the ER stress resistance, 

as it was shown by Ho et al. that the Ire1p-R537Q mutant is completely insensitive for LBS88. 

The importance of a functional TMD for sensing lipid-induced ER stress becomes apparent 

since it was shown for the mammalian and the yeast system that Ire1p remains responsive to 

LBS when the entire ER-luminal domain is removed88,434. This raises the question whether 

higher oligomers are needed for UPR signaling in case of LBS. Because as it stands now, the 

equal amounts of HAC1 splicing in the background of a IF2 mutant suggests that a functional 

TMD can in a context of increasing membrane aberrancies overcome the need for a functional 

IF2 ER-luminal domain. Interestingly, Ishiwata-Kimata et al. could elegantly show the C-

terminal tagging of Ire1p will prevent dimerization and only allow for higher oligomeric 

assemblies. Combing the IF2 mutant that prevents higher oligomeric assemblies with the C-

terminal tagging strategy leads to a complete inhibition of UPR activity under LBS in form of 

inositol-depletion435. The assumption that proteotoxic stress and LBS have a different impact 

on the transcriptome88 could be rooted in the fact that Ire1p acts in the dimeric or oligomeric 

form under the respective applied forms of ER-Stress. One possible scenario that could 

contribute to modifying the transcriptional response, would be a change in the composition of 

the “UPRosome", a scaffolding complex composed of multiple-proteins that is actively 

regulated by Ire1p, potentially with respect to its oligomeric assembly status, and thereby 

changes the crosstalk between the UPR and other pathways436. 

  



Discussion 

148 
 

5.3 Establishing an experimental framework to study lipid-induced 

ER-stress in eukaryotic cells by genetically manipulating the 

OLE pathway of S. cerevisiae 

 

5.3.1 Phenotypes associated with a reduced membrane fluidity in mga2∆ 

 

S. cerevisiae serves as a model system to study LBS because of its powerful genetics that 

facilitated the investigations of its lipid metabolism122. Since the lipid class composition for 

each organism and organelle differ greatly, I focused on the impact of the chemical diversity 

found in the acyl chains of glycerophospholipids as a driving force of LBS. Numerous papers 

have shown the UPR evoking potential of saturated fatty acids in liver or pancreatic 

β-cells437,438. The role of saturated lipids was also investigated in the nematode C. elegans, 

where a disturbance of fatty acid desaturation culminates in a constitutively active UPR439. By 

feeding palmitic acid to mammalian cells lacking the ER stress sensing ER-luminal domains 

of IRE1α or PERK, Volmer et al. showed that the TMD of both sensors is sufficient to respond 

to lipid perturbations434. These findings strengthen the case for a direct effect of membrane 

saturation on UPR activation.  

To evoke a UPR through an increase in lipid saturation MGA2 was knocked out, which is the 

transcriptional regulator of the sole desaturase of S. cerevisiae, encoded by OLE1 (Figure 34 

C). Consistent with previous findings by Surma et al. the increased lipid saturation (Figure 19 

D) triggered a robust UPR241 (Figure 34 D) and further had direct consequences for the cell 

vitality and cell viability (Figure 19 A and C). Concomitant with an increase lipid saturation and 

impaired growth, an aberrant ER morphology manifests in mga2∆ cells (Figure 21 B)241. Two 

independent studies on temperature-sensitive mutants of the OLE pathway have already 

described similar aberrant ER structures, with Zhang et al. being the first to observe 

them199,440. All published ultrastructure studies link these aberrant structures to deformations 

of the nuclear envelope (NE). The NE is a common structure of all eukaryotes and encases 

the chromosomes during interphase441 whereas it undergoes different cell cycle-dependent 

reorganization during mitosis in lower and higher eukaryotes. Using live cell imaging supported 

by the Airyscan© technology, I could show that the aberrant ER structures emerge at one 

specific side of the nucleus during mitosis (Figure 33). Interestingly, Witkin et al. demonstrated 

that a specific region of the NE adjacent to the nucleolus serves as a membrane sink during 

mitotic delay442 (Figure 19 B) and thus could represent the potential site of origin for the 

aberrant ER. To put their findings into perspective, a brief explanation of mitotic NE dynamics 
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follows441. Cells of most metazoans will undergo an “open” mitosis in which the NE breaks 

down and its components are dispersed during each mitotic event to allow the mitotic spindle 

to access the chromosomes to initiate segregation. Naturally, this strategy will necessitate the 

reassembly of the nuclear envelope in both daughter cells once the segregation is completed 

to re-establish the nuclear compartment. In contrast many fungi, including S. cerevisiae, 

undergo a “closed” form of mitosis i.e. their NE remains intact throughout mitosis441. The yeast 

centrosome equivalent, termed spindle pole body, is embedded in the NE and the spindle 

microtubules can access the chromosomes without NE breakdown. The closed form of mitosis 

therefore requires a NE expansion to accommodate for chromosome movement during 

segregation. So how exactly does my observation that the aberrant ER arises on one side of 

the nucleus tie in with the described “flares” of excess membrane observed by Witkin et al. 

and others442,443? Witkin et al. could show that phospholipid synthesis continues442 during 

mitotic delay. I have shown that cell cycle-dependent upregulation of OLE1 mRNA is disturbed 

in mga2∆ (Figure 34 C), so that more saturated lipids accumulate with each successful cell 

division because Ole1p levels remain low and, in the absence of Mga2p, no adjustment of 

Ole1p levels can occur in the interphase of the cell cycle before the next mitosis. 

Consequently, as growth is impaired by the accumulation of too many saturated lipids a 

fraction of newly synthesized fully saturated lipids will be sequestered into the NE subdomain 

associated with the nucleolus. Such a locally confined accumulation could create a highly 

ordered membrane domain that is possibly prone to cause NE rupture during mitosis, which 

could explain loss in cell viability (Figure 19 C). One reason for the confined addition of 

membrane to the region adjacent to the nucleolus could be to preserve the highly organized 

inter-chromosomal interactions444 in the remaining nucleoplasm opposed to the scenario in 

which the nucleus as a whole would expand isometrically. Further, for reasons unknown as of 

now, yeast cells show a constant nuclear to cell volume ratio445–447, which might be easier to 

maintain when excess membrane material is confined at a single location rather than 

distributed throughout the entire nuclear surface. The yeast polo kinase Cdc5p, is involved in 

regulating the shape of the mitotic nucleus and its inactivation will enforce an isometric nuclear 

envelope expansion448. Intriguingly, the double mutant of mga2∆ and the hypomorph CDC5 

allele did not surface as a potential “rescue” candidate in the screen and grew worse when 

compared to the single hypomorph CDC5 mutant. A fluorescent co-localization study could 

help to establish whether the side of aberrant ER formation coincides with the crescent-shaped 

nucleolar structure within the nucleus449. Next, given that the dynamics of aberrant ER 

formation are reminiscent in form and duration of the microtubule dynamics during anaphase 

of mitosis (~ 5 min)450, I conducted a co-localization study using fluorescently labeled α-tubulin 

Tub1p and an ER-luminal marker to investigate the cell-cycle dependent formation of the 

aberrant ER in context of mga2∆ (Figure 45 – Supplementary Information)209. While the Tub1p 
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signal dynamics did align with the ER-marker signal during anaphase, the loss of Tub1p signal 

in the telophase due to spindle collapse suggests that the aberrant ER is not stabilized by 

Tub1p. However, given that Tub1p signal extension coincided with the aberrant ER formation 

more supportive evidence for the NE expansion model could be found. Based on the Tub1p 

signal loss it is likely that both mother and daughter cells seem to reach the G1 state after 

cytokinesis in mga2∆ cells. Noteworthy, the genome-wide screen showed a sever growth 

defect for the mga2∆ and hypomorph TUB1 mutant compared to the single TUB1 hypomorph 

mutant. Consequently, no reliable microscopic evaluation of aberrant ER formation could be 

carried out. 

By following markers for different subdomains of the ER, it was possible to identify their relative 

positions in respect to the aberrant ER domains, visualized by an ER-luminal marker. The 

Rtn1p-marker concentrated in punctate structures outside the aberrant ER structure (Figure 

37). In a WT background Rtn1p was shown to be dominantly associated with the reticular ER 

present at the cell cortex and involved in the formation of the tubules that connect said cortical 

ER to the NE while being less abundant in the NE itself371. Interestingly, the oligomerization 

tendency of Rtn1p was increased in the mga2∆ background (Figure 35). Further, the UPR 

inducer Ire1p was also not found in the aberrant ER but instead formed large clusters in the 

non-aberrant ER subdomains (Figure 46 – Supplementary Information). Although in this study 

no co-localization of Rtn1p clusters and Ire1p clusters was carried out, it would be interesting 

to see how the different TMH of both proteins could contribute to such a co-localization. It was 

shown that the reticulon homology domain (RHD) of Rtn1p is sufficient for its membrane 

shaping activities451,452. FAM134B, a protein that also contains an RHD, was shown to induce 

a local thinning of the ER-membrane451. Given Ire1p hydrophobic mismatch sensing 

mechanism it is conceivable that Ire1p would “evade” in subdomains that have a thinner ER, 

which would cause Ire1p to be concentrated with Rtn1p in the non-aberrant ER regions in 

mga2∆ cells2,47,87. Such a change in subdomain distribution could results in a perpetuation of 

the UPR activity by promoting Ire1p clustering and exacerbate an ER-stress condition by UPR 

dependent membrane expansion in the context of mga2∆. Another contributing but yet not 

investigated aspect is that ATP depletion leads to a reduction of Rtn1p mobility due to higher 

oligomeric states as a consequence of ATP-dependent cluster disassembly453. Further, an 

increase of the cytoplasmic ADP/ATP ratio, has been linked to UPR activation454. Therefore, 

ATP depletion might synergistically contribute to the remodeling of ER subdomain distribution 

associated with mga2∆ cells.  
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5.3.2 FRAP experiments show that membrane fluidity is maintained in the 

aberrant ER  

 

Because lipid saturation is a key regulator of membrane fluidity176,180,184,203 and because 

saturated lipids accumulate in cells lacking MGA2, the question arose whether the reduced 

cellular fitness is a consequence of low membrane fluidity. Membrane fluidity in the ER of live 

cells was measured indirectly via FRAP of a fluorescently tagged, ER-resident membrane 

protein (Figure 22). The signal recovery time for the aberrant ER was significantly slower 

compared to the recovery time determined in the nuclear ER of WT cells. This result would 

suggest that there is indeed a significant change in the biophysical properties of the aberrant 

ER as the recovery time is dependent on the mobility of the respective transmembrane protein. 

By using an equation published by Kang et al. that is similar to the Soumpasis equation used 

to derive diffusion coefficients from confocal FRAP data I obtained for the WT nuclear ER a 

diffusion coefficient of 0.058 µm2s-1 and for the aberrant ER a value of 0.045 µm2s-1 455. Given 

that gel-phases have a diffusion coefficient of ~10-3 µm2s-1 I would reject the assumption that 

the increase in saturated lipids causes the entire ER membrane to transition from its liquid-

ordered into a solid-ordered state163. Furthermore, the difference between the two diffusion 

coefficients obtained, although significant, is not close to an order of magnitude when 

compared to differences observed in other in vivo model systems. To put my diffusion 

coefficients into perspective, in the paper of Ghorbandt et al., which used a prokaryotic model 

system with E. coli to study the restricted diffusion in the plasma membrane, an up to 9-fold 

difference in diffusion coefficients could be achieved with 0.045 µm2s-1 for the control condition 

and 0.0053 µm2s-1 under UFA depleted conditions176. The FRAP results must be viewed 

cautiously as data comes with uncertainties. For one, both structures that got compared to 

one another differ significantly in their geometry (Figure 35). The aberrant ER seemingly 

presents itself in multiplane recordings as “compressed” thin planar strips of membranes 

compared to the spherical appearing nuclear ER (Figure 35 and Figure 37). During the 

bleaching process, the energy is always applied three-dimensionally to the focal plane as well 

as – decreasingly, of course – to the planes above and below it. Since the complex three-

dimensional shape was not accounted for, and given that the aberrant ER and nuclear ER 

may differ in their occupied bleached and nonbleached volumes one should exercise caution 

regarding the obtained recovery times especially if the corona effect of the FRAP technique is 

considered. The corona effect describes the observation that during the process of irreversible 

bleaching of fluorophores in the defined ROI, unbleached molecules will enter the ROI from 

the rim and in this process become bleached as well456. This inevitably leads to the formation 

of a “corona” of unbleached particles that encompass the original defined region of interest 
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thereby affecting the subsequently measured recovery time. This inherent “error” of the FRAP 

technique could introduce an error depending on the previously mentioned three-dimensional 

orientation of the organelle and fluorophore concentration per volume, indicated by higher 

intensity values per pixel for the aberrant ER. And lastly there is another consideration to be 

made due to the putative origin of the aberrant ER when compared to the WT nuclear ER 

control. If my assumption that the aberrant ER arises during a closed mitotic process is correct, 

and given that several groups have shown that a nuclear diffusion barrier is formed during 

anaphase, one should also carry out FRAP experiments of WT cell during anaphase to 

compare the recovery rates425,457. I would further suggest to the extension of FRAP 

experiments a data set that is devoted to a comparison of recovery times for an ER-luminal 

marker between the aberrant and healthy ER to more precisely pinpoint that the source for 

the observed longer recovery times in the aberrant ER is indeed membrane-based. As of now 

the data does not allow statements whether the FRAP recoveries are solely due to a reduced 

diffusion rate as a result of a disturbed lipid composition or due to transient protein-protein 

binding interactions as a result of the unique membrane environment associated with the NE 

during mitosis. 

5.3.3 Homeoviscous adaptation in context of mga2∆ 

 

Lipid saturation is one of the key regulated features, which is adapted upon cultivating cells at 

different temperatures100,182. Because mga2∆ cells feature a lipidome, which is dramatically 

enriched for tightly packing, saturated lipids it was interesting to study how mga2∆ cells grow 

at different temperatures compared to WT cells. The concept of homeoviscous adaptation 

would suggest that cells with an overly saturated lipidome have severe problems at low 

temperatures of cultivation, but they may be more resistant when exposed to higher 

temperatures. Surprisingly, cells lacking Mga2p showed compared to WT cells a reduced 

growth at the optimal growth temperature (Figure 20). The reduced levels of growth where 

further present under both extreme ends of the tested temperature conditions giving mga2∆ 

cells no apparent advantage compared to WT cells when cultivated under higher 

temperatures. The supplementation of unsaturated fatty acids restored growth at all tested 

temperatures but it did not significantly affect the growth at the lowest and highest tested 

temperatures. The aforementioned reduction in cellular growth is seemingly nullified when 

mga2∆ strains are provided with fluidity promoting fatty acids in form of oleate and linoleate 

(Figure 20 B and C). On the contrary, the supplementation with palmitate deteriorates the 

performance for each tested temperature (Figure 20 D). The experiments further emphasize 

the importance of acyl chain remodeling, as in this simplified model organism the drawbacks 

introduced by a paucity of unsaturated acyl chains could not be actively counteracted through 
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modulation of the lipid class composition (Figure 27). Combined, the data highlights the 

importance of temperature as a physical parameter in determining cellular growth and that 

homeoviscous adaptation, facilitated by Ole1p activity in this model system, has a modulating 

effect only when sufficient amounts of UFA are available to maintain physiologically crucial 

processes. This experiment underscores the challenges eukaryotic organisms face in meeting 

the specific membrane fluidity requirements of individual subcellular membrane under widely 

varying temperatures. The requirements for balancing membrane fluidity are best 

demonstrated by looking at the different needs of energy-transferring membranes compared 

to the plasma membrane. Membrane lipids that lower membrane fluidity such as sterols and 

sphingolipids are generally less abundant in energy-transducing membranes163. This 

evolutionary trait is likely a consequence to allow higher diffusion rates, as the electron 

transport chain has many diffusion-coupled reactions between the embedded respiratory 

enzymes and electron carriers that ultimately determine the efficiency of cellular respiration174. 

The plasma membrane, on the other hand, is enriched in saturated lipids, sterols and 

sphingolipids probably because its function as a permeability barrier is paramount over high 

translational diffusion, which is required to maximize metabolic activity163. This may be the 

reason that the plasma membrane has been liberated of its role in energy production for 

evolutionary reasons and the entire process has been shifted to intracellular membranes of 

the mitochondria to allow the various cell membranes to maximize their functional potential. 

 

5.3.4 High throughput genomic screen uncovers cell cycle and mitochondrial 

processes to be involved in alleviating or aggravating the aberrant ER 

phenotype 

 

To identify potential modulators of the aberrant ER morphology in mga2∆ cells a genome-wide 

microscopy-based screen was carried out. The screen identified modulators that either 

reduced the fraction of cells showing the aberrant ER (“rescue” candidates) or increased the 

fraction of cells showing the aberrant ER morphology (“worse” candidates) (Table 14). For the 

“rescue” category the overly represented biological functions are associated with cell cycle 

progression, whereas for the “worse” category mitochondrial functions are the central focus 

(Figure 24). 
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5.3.4.1 The ”worse” category – a closer inspection 

 

A number of “worse” candidates were associated with the assembly of the cytochrome c 

oxidase (Table 14). Given that OLE1 and MGA2 are upregulated by hypoxia458, I wondered 

whether the impairment of the oxygen depositing enzyme complex or the lack of oxygen as 

the terminal acceptor might contribute to the development of the aberrant ER through elevated 

levels of ROS. A study by Kwast et al. suggests that oxygen availability in S. cerevisiae may 

be monitored by a redox-sensitive hemoprotein191. Their study presents evidence that 

cytochrome c oxidase is likely to be this sensor as its functionality and that of the respiratory 

chain is involved in the transcriptional regulation of a subset of hypoxic genes, including 

OLE1191. Although the authors do not solve the signaling pathway, I want to discuss two 

scenarios that they propose as I find them interesting in light of my own data. One signaling 

scenario by which the membrane protein cytochrome c oxidase could mitigate the information 

from the mitochondria to the nucleus to regulate gene expression would be that an interaction 

partner of cytochrome c oxidase, potentially cytochrome c, could be released from the 

mitochondria and initiate a cytosolic signaling cascade. Cytochrome c is an interesting 

candidate given that it is immediately upstream of cytochrome c oxidase and its release from 

mitochondria and involvement in signaling is well established e.g. for apoptosis in higher 

eukaryotes459. A recent study attributed CL-bound cytochrome c a peroxidase activity, which 

might be involved in mitigating the burden of mitochondrial originated ROS460,461. It was further 

shown that oxidized CL has a reduced affinity for cytochrome c leading to its dissociating from 

the IMM and subsequent enrichment in the intermembrane space462. Given that mga2∆ strains 

have more saturated CL species compared to the WT (Figure 40 and Figure 41) such an 

increase of the soluble fraction of cytochrome c, which usually takes on the task as an electron 

carrier, while decreasing the immobile fraction responsible for carrying out peroxidase activity 

might pose a precondition for the release of cytochrome c under pro apoptotic conditions or 

for alternative signaling pathways. To validate the involvement of cytochrome c in signal 

transduction when released from mitochondria, it would be interesting to use a fluorescent 

fusion protein of cytochrome c that localizes to the mitochondria and functions there as an 

electron carrier between complex III and complex IV but has been shown to be unable to enter 

the cytosol when the proapoptotic molecule Bax is co-expressed463.The second proposed 

model of signal transduction would be rooted in elevated levels of ROS as in mammalian cells 

it was shown that the Vmax of cytochrome c oxidase is decreased under hypoxia464 and that 

this decrease alters the redox state of mitochondrial electron carriers upstream of cytochrome 

c oxidase leading to higher levels of ROS465. These ROS could be involved in initiating the 

crosstalk between the mitochondria and the nucleus. That ROS might play a role in the 
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formation of the aberrant ER and lower the fitness of mga2∆ cells is supported by the 

observation that vitamin c rescues the growth defect of mga2∆ cells while overexpression of 

HAP4, which leads to an increased production of ROS in mitochondria376, impairs growth 

(Figure 38). Furthermore, supplementation of vitamin c or reduced GSH to the medium 

prevents the formation of the aberrant ER in mga2∆ cells (Figure 39). Interestingly, cyanamide, 

the compound used in my DDI2 promotor-based membrane expansion experiment, was 

shown to lead to oxidative stress by inhibiting the catalase activity in grapevine buds466. Since 

I had no system available to measure intracellular ROS levels at the time when I carried out 

these experiments I would predict, that if cyanamide affects catalase activity in S. cerevisiae 

at the here used none-growth inhibiting concentrations, it might contribute to the aberrant ER 

formation in absence of an membrane-expanding system, which would further support an 

active role of ROS in the formation of the aberrant ER. In light of the previously mentioned 

aspects, it is also tempting to speculate how an increased degree of saturation combined with 

a disturbed assembly of the respiratory chain contributes to the aggravation of the aberrant 

ER phenotype. Aside from the ER, the lack of unsaturated lipids in mga2∆ cells could pose a 

problem for mitochondrial membranes. After all, the inner mitochondrial membranes (IMM) 

protein-to-lipid ratio is one the highest of any subcellular membrane467 and lipid-based 

destabilizing effects for the super-complexes of the respiratory chain have been reported for 

both reduced levels of cardiolipin and reduced remodeling of the cardiolipin acyl chains468,469. 

These effects are best studied in the taz1∆ strain, which was previously found to have reduced 

coupling and increased levels of super-complex destabilization130,470, which are both 

associated with an increase in mitochondrial ROS levels as reported by Barros et al.471. In a 

study by Chen et al, it was found that oleic acid supplementation may contribute to the 

reduction of oxidative stress in the taz1∆ background, which has reduced CL levels and an 

aberrant fatty acid composition of CL species472. Interestingly, only oleic acid (C18:1) 

supplementation had a beneficial effect, while supplementation with either palmitic acid (16:0), 

palmitoleic acid (16:1) or stearic acid (C18:0) did not, suggesting that oleic acid may be 

particularly important for maintaining mitochondrial functionality472. The impact of membrane 

fluidity, determined through modulation of lipid acyl chain composition, on cellular growth and 

energy production was further elegantly showcased in a study by Budin et al174. Using 

genetically engineered strains of E. coli and S. cerevisiae the authors of this study could show 

that the rate of collisional interaction between electron carriers and the enzymatic components 

of the oxidative phosphorylation system are crucial for cellular growth and aerobic respiration. 

Both biological aspects where increased when membrane fluidity was high and decreased 

when membrane fluidity was low due to a lack of UFA in phospholipids. Interestingly, they 

observed that the growth rate was subject to a biphasic dependency on the degree of lipid 

saturation. There was a sharp primary requirement for cellular growth that began at UFA levels 
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of 15-20% and led to higher growth rates with higher UFA concentrations174. A secondary 

constraint on growth rate was imposed by limiting ATP generation during aerobic growth, 

which was also a function of UFA content, implying that the rate of respiration is also 

dependent on membrane fluidity174,473. Although the growth dependency was assessed for E. 

coli in the study by Budin et al., my data show a similar effect for S. cerevisiae mga2∆ in that 

there is a sharp decrease in growth rate (Figure 19 A and B) when cells experience a globally 

lowered UFA content in glycerophospholipids (~ 30 % UFA content for mga2∆ S. cerevisiae 

opposed to 60 % UFA content for WT, Figure 19 D). This decreased growth rate was 

accompanied by an increase in the proportion of cells harboring the aberrant ER phenotype, 

and interestingly, the growth rate increased significantly as the overall proportion of cells 

harboring an aberrant ER decrease as time progresses during a batch cultivation (Figure 34 

A and B). Budin et al. and the works of other groups favor that coenzyme Q or ubiquinone 

influences the respiratory flux of electrons in a membrane fluidity-dependent manner174,474,475. 

However, for ubiquinone to be the rate-limiting molecule, the highly controversial substrate 

channel theory, i.e. the sequestration of local ubiquinone by super-complexes to gain a kinetic 

advantage by preventing any exchange with ubiquinone competing pathways, would not have 

to be valid476. Given the proximity of individual components of the respiratory chain within 

super-complexes, an entrapped quinone pool within these assemblies would basically 

eliminate any lipid barrier during electron transfer, hence no possibility for ubiquinone to be 

the dominant molecule to explain the observed differences under various degrees of 

membrane saturation. Given that the components of the oxidative phosphorylation system are 

embedded in the plasma membrane of prokaryotes while they were evolutionarily relocated to 

the IMM in eukaryotes, the study by Budin et al. underscores the importance of using 

biologically different yet evolutionarily related systems to identify fundamentally relevant 

aspects involved in biological processes such as cellular respiration. It is tempting to speculate 

whether an increased degree of saturated lipids in the IMM would lead to an increase of 

reactive oxygen species (ROS) due to super-complex disassembly followed by an increase of 

the cytoplasmic ADP/ATP ratio, both of which have been linked to UPR activation205,454. 

Although there are no studies dedicated to morphological or functional changes of 

mitochondria in mga2∆ S. cerevisiae strains, there is data from a study conducted with 

Kluyveromyces lactis that reports on collapsed mitochondrial structures374. In a follow up study 

with mga2∆ K. lactis the Bianchi lab could demonstrate that Mga2p of K. lactis is involved in a 

light stress response and is associated with the expression of ROS protective enzymes375. 

Their data implies that Mga2p in K. lactis could act as a mediator for the oxidative stress 

response thereby adding another layer of biological regulation next to the already established 

role in fatty acid biosynthesis. Data that reports on altered mitochondrial functions in S. 

cerevisiae exist for a temperature sensitive variant of Ole1p. In fact, MDM2 is a gene name 
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alias of OLE1, which stands for mitochondrial distribution and morphology, as under the non-

permissive temperature the increased degree of saturation interfered with the movement and 

inheritance of mitochondria linking potential aspects of mitochondrial activity and organelle 

distribution to cell cycle progression477. 

5.3.4.2 The “rescue” category – a closer inspection 

 

Although the hits in the “rescue” category cover somewhat more diverse biological functions 

than the hits in the “worse” category, which primarily suggested a mitochondrial cause for the 

increased aberrant ER phenotype, an overarching theme of cell cycle progression emerges 

for the “rescue” category. One reason for this diversity may be that the screen worked better 

for mutants that showed a higher percentage of cells with an aberrant ER opposed to 

mutations with an alleviating effect compared to the percentages of aberrant ER found in the 

single mga2∆ strain. An accumulation of false positive candidates would make the 

identification of genuine causes for preventing or resolving the aberrant ER more difficult. At 

the time of implementation, the dynamics of the aberrant ER phenotype were not precisely 

known, which is reflected in the nonoptimal screening conditions. The query strain for the 

aberrant ER used in the genome-wide screen showed on average in 7 % of the cells an 

aberrant ER (data not shown). Hence, the point of reference is far from the optimal value of 

50 % to more confidently assign the candidates into the “worse” or “rescue” category. The 

none optimal average query strain reference value of 7 % is thereby especially punishing 

towards the “rescue” category making identified candidates here more prone to be false 

positives. Considering that the image acquisition of the genome wide screen for one 384 well 

plate takes roughly 3 hours from start to finish, and given that the mga2∆ query strain showed 

under the used screening conditions more aberrant structures when it is imaged later in the 

process of acquisition, the screen has an additional inherent temporal bias. This bias is difficult 

to correct for because space for additional wells that could help in monitoring the dynamics of 

the aberrant ER phenotype are limited and would not help to correct for growth-dependent 

variations that are bound to occur during a genome-wide screen. Having said that, one could 

argue that the screen in combination with a subsequent manual analysis of the identified 

candidates under my optimized culturing conditions was key to identify positive or negative 

genetic interactions more accurately. 

With UBC4 a “rescue” candidate that encodes for the most abundant E2 enzyme representing 

a member of the ubiquitin proteasome system (UPS)259 was chosen. Ubc4p is a promiscuous 

E2 ubiquitin-conjugating enzyme that shows a greater overlap with E3 enzyme targets than 

all other E2 enzymes, emphasizing the notion that the E3 enzymes confer the target specificity 
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and ultimately decide which proteins are ubiquitinated259. Ubc4p has a paralog in Ubc5p, with 

a mere difference of 11 residues478. An in silico analysis of the physical binding partners of 

both E2 enzymes revealed a distinct interactome (Figure 42). 

 

Figure 42 Physical interaction partners of Ubc4p and Ubc5p 

The values within each pie chart represent the number of known physical interaction partners of each E2 enzyme. 
For Ubc4p an excerpt of the unique interaction partners is listed that are related to the process of mitosis as well 
as a partner related to the OLE pathway. For Ubc5p, all known unique interaction partners are listed together with 
the common partners shared between both E2 enzymes. The data that went into this illustration was taken from 
the supplementary materials of Raimalani et al. (2020)478.  

 

Raimalani et al. speculate that each protein caters to cell stage specific needs, as Ubc4p is 

expressed during the exponential growth phase, while Ubc5p in the stationary phase and 

under stress conditions478,479. It was indeed shown that Ubc4p is involved in the transition from 

metaphase to anaphase in conjunction with the E3 ligase referred to as anaphase-promoting 

complex (APC), as the APC is responsible (together with its E2 enzyme Ubc1p) for the 

ubiquitination of proteins involved in cell-cycle progression480. Out of the 58 unique physical 

interactions, nine are related to the process of mitosis, e.g. Cdh1p is an activator of the APC 

and targets the complex to proteins such as Cin8p 481. Another interesting unique interaction 

partner of Ubc4p is Ufd2p, a E4 ubiquitin ligase that was shown to be involved in the 

multiubiquitylation of the active p90 fragment of Spt23p, the homolog of Mga2p482. This could 

imply that the rescue effect is due to a stabilized p90 fragment, which would result in increased 

Ole1p levels that partially rescue the absence of Mga2p. Further, two additional examples 

from the “rescue“ category have been linked to APC-dependent cell cycle progression namely 

the previously mentioned CIN8483, encoding for a kinesin motor protein484, and MSN5 a 

karyopherin that controls the subcellular localization of Swi5p485, a transcription factor involved 

in cyclin kinase expression486. I later could show that the overexpression of MSN5 and SWI5 
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will both rescue the aberrant ER phenotype with MSN5 overexpression representing the 

strongest mutant in terms of alleviating the aberrant ER phenotype as of yet (Figure 33).  

With MALL33 I have decided for a member of the MAL multigene family. Each of the five 

unlinked loci of this multigene family in yeast is sufficient to allow maltose utilization487. The 

typical locus of the MAL family contains three functional genes, MALS, a structural maltase 

gene, MALT encoding for a transporter i.e. the permease and MALR as the regulatory subunit 

for the expression487. The “rescue” candidate MAL33 encodes for the regulatory subunit of the 

MAL3 locus. Interestingly, not all yeast strains carry all MAL genes at all five loci487. To my 

surprise mal33∆mga2∆ was the only hit of the MAL family and deviates from the GO terms of 

the “rescue” category that predominantly shows GO terms related to mitosis (Figure 24). The 

absence of all other MAL genes on the “rescue” hitlist prompted me to check for possible “off 

target” effects that fit the proposed role of mitosis related genes in alleviating the aberrant ER 

phenotype. Interestingly, I only find at the MAL33 locus a putative operon-based mechanism 

that could explain the mal33∆mga2∆ rescue. In direct vicinity of MAL33 on the opposite strand 

TYC1 can be found, which encodes for Tyc1p, an inhibitor of the anaphase-promoting 

complex/cyclosome (APC/C)488. It could be possible that TYC1 mRNA level are disturbed as 

a consequence of kanMX cassette insertion at the MAL33 locus and thereby the cell-cycle 

progression is disturbed in a way that benefits the mga2∆ strain in preventing the formation of 

the aberrant ER. With NCS2 a “rescue” candidate of the ubiquitin-related modifier URM1 

pathway was chosen that is involved in the thiolation of uridine at the wobble position of 

lysine(UUU) and glutamate(UUC) tRNAs489. Interestingly, it was shown that disturbed 

thiolation causes ribosomal pausing and thereby changes the rate of translation resulting in 

the aggregation of unfolded proteins in vivo490. It was demonstrated that disturbed tRNA 

anticodon loop modifications do not result in UPR induction but rather relieve endogenous ER 

stress489. Bruch et al. postulate that the increased resistance to UPR inducing drugs in tRNA 

modification mutants is, as observed with mutants lacking ribosomal proteins491, a 

consequence of the reduced translational efficiency, reflected in a slower growth and reduced 

load of secretory pathway trafficking489. The protein species that are prone to aggregation 

under uridine modification defects imposed by ncs2∆ are predominantly of cytosolic nature as 

shown by similar profiles of the ncs2∆elp6∆ mutant compared to that of the ssb1∆ssb2∆ 

mutant, which is impaired in co-translational folding490. Hence no induction of ER-stress will 

occur in yeast as a consequence of thiolation deficient cells. Interestingly, elp6∆ was a putative 

“rescue” candidate identified by only one of the three scientist that evaluated the original 

screening dataset (Figure 24). In line with the theme of cell cycle progression, it was shown in 

a study by Greenland et al. that Ncs2p and with that the urmylation pathway is involved in 

regulation the size of the spindle pole body during a mitotic cell cycle arrest492. An interesting 
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finding of their study is that Ubc4p, but not Ubc5p, is involved in maintaining the size of the 

spindle pole body during cell cycle, which is in line with our presented screening data. These 

findings strengthen the case that cell cycle progression is a crucial aspect for the development 

of the aberrant ER as two pathways, urmylation and ubiquitination are both involved in the 

remodeling of the spindle pole body492. 

5.3.5 De novo lipid synthesis – either regulated during the cell cycle or UPR 

dependent – could be detrimental in context of an impaired OLE pathway 

 

In order for eukaryotic cells to grow and divide cells must tightly coordinate the amount, 

composition and localization of proteins and lipids in a cell cycle dependent manner493. Apart 

from the sudden increase of the outer cell surface, each subcellular membrane is experiencing 

a greater demand for lipid building blocks during growth while maintaining their specific lipid 

composition to stay functional. In order to transition between the different cell cycle phases or 

under ER-stress, the demand for synthesizing the appropriate lipids can increase dramatically 

within short time periods. Proliferation of the ER membrane after DTT exposure was shown to 

be rapid, doubling in size 40 minutes after cells experiencing ER-stress494. S. cerevisiae 

undergoes a closed form of mitosis, keeping the nuclear envelope intact, hence the nuclear 

envelope is subjected to dramatic rearrangements during cytokinesis as there is a massive 

expansion within ~20 minutes during anaphase/cytokinesis495.  

So far multiple lines of evidence point in a direction that increased and rapid membrane 

expansion contributes to the formation of the aberrant ER. 

 

1) The “rescue” category contains hits that are associated with a disturbed cell cycle 

progression (Table 14 and Figure 24) 

2) Using the adapted SCD medium formulation proposed by Hanscho et al.221, which 

improves the growth rate of the BY series opposed to the standard SCD medium 

formulation, leads to the formation of more aberrant ER structures (Figure 43 – 

supplementary information). 

3) Enforcing ER membrane expansion with various alterations of an inducible system for 

ER membrane biogenesis leads to an increase of cells harboring the aberrant ER. This 

approach was chosen to mimic the UPR driven ER-membrane expansion under ER-

stress (Figure 31 and Figure 32). 
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4) A secondary overexpression-based screen, based on mutants that differ in their speed 

of completing the cell cycle identified in a study by Niu et al.364, lead to increased or 

reduced levels of the aberrant ER in the mga2∆ background (Figure 33). 

5) Overexpression of ICE2 in mga2∆, which promotes ER membrane biogenesis by 

inhibiting the lipin phosphatase complex207, has caused the as of yet greatest increase 

in the fraction of cells showing an aberrant ER phenotype opposed to the single mga2∆ 

strain under my experimental conditions (Figure 33). 

 

Although the ICE2 overexpression-based results where impressive, the data presented so far 

would benefit from a follow up experiment in which DGK1 is overexpressed within the mga2∆ 

background. Dgk1p is a diacylglycerol kinase that was shown to be involved in regulating the 

phospholipid synthesis for NE expansion and interestingly, its overexpression results in a 

confined proliferation of nuclear membrane without affecting the cortical ER in the process496.  

While searching for a possible explanation as to why cellular growth might be a contributing 

factor to the emergence of the aberrant ER structures, I came across two independent studies 

that report on a cell cycle dependent upregulation of OLE1368,369. I could replicate their findings 

indirectly (Figure 34 C) and along with some of the here described observations a link between 

lipid metabolism and cell cycle progression emerges. It is for instance imaginable, that the cell 

cycle specific OLE1 upregulation is Mga2p dependent, and the absence of this regulatory 

protein causes the cells to “hit a wall” in terms of cell cycle progression, which is illustrated by 

the break-in of the growth rate seen in Figure 34 A. With the lower mRNA level of OLE1, the 

mga2∆ strain might remain in a G0/1 state until sufficient Ole1p is translated to fix the overly 

saturated lipidome after an aberrant ER has formed. The reason why the cells do not run into 

a problem from the beginning might be the result of a “tug of war” like principle, in that the 

rapid cell division thin out the Ole1p pools of mga2∆ cells since the G1 specific upregulation 

is missing. It is therefore possible to imagine that the enzymatic activity of Ole1p must be 

sufficiently high to meet the cells commitment to de novo membrane synthesis for the cell 

cycle to progress properly. 

The mga2∆ dependent lipid perturbations in the form of an increase in the degree of lipid 

saturation are conserved among S. cerevisiae, K. lactis and S. pombe241,497,498. To my 

knowledge, the aberrant ER phenotype has only been so far described for S. cerevisiae, and 

always in the form of mutants that are disturbed in their OLE pathway199,241,440. Of course, there 

are a variety of reasons why an increased degree of lipid saturation does not necessarily have 

to manifest itself in the form of an aberrant ER, but given the evidence presented in this thesis 

with respect to cell cycle progression in relation to aberrant ER formation, a key difference 
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may lie in aspects of yeast cytokinesis. For instance, the fission yeast S. pombe is 

characterized by a symmetrical cell division, whereas S. cerevisiae multiplies asymmetrically, 

with the smaller daughter cell budding from the mother cell. In a study carried out in the Nurse 

lab the knockout of MGA2 in S. pombe was the strongest hit to introduce cell size variability 

during division and a subsequent impairment to correct the cell size deviations in the following 

cell cycle499. A particularly interesting finding of that study is that the synchrony of nuclear 

division was disturbed, leading to the emergence of multinucleated cells. They argue that in 

the absence of MGA2 the nuclear membrane composition changes causing a disturbance of 

the nuclear-cytoplasmic transport of cyclin-dependent kinase regulators as a cause for the 

observed variations in cell size499. I find this proposal very interesting in light of the observed 

growth defect in S. cerevisiae mga2∆ that occurs concomitant with an increase in lipid 

saturation as overexpression of two cell cycle regulators in the form of MSN5 and SWI5 

partially rescued the occurrence of the aberrant ER (Figure 33). Another difference between 

these strains in terms of de novo lipid synthesis is found in their respective UPR pathways. 

While S. cerevisiae and K. lactis respond to ER stress on the transcriptional level through 

targeted upregulation via Ire1p-dependent processing of the transcription factor encoding 

HAC1 mRNA, this is not possible in S. pombe, since it does not encode any HAC1. Here, 

Ire1p reduces the protein load via a selective decay of ER-targeted mRNAs referred to as 

regulated Ire1p dependent decay (RIDD)500,501. One reason for the absence of the aberrant 

ER phenotype in S. pombe mga2∆ might be that the UPR of S. pombe does not include the 

membrane expanding program associated with the upregulation of lipid synthesizing genes57. 

This assumption however raises the question why neither HAC1 nor IRE1 were identified as 

“rescue” candidates in the genome wide screen. One reason, why two genes that are essential 

to a functional UPR could have not shown up in the screen might have been the previously 

described limitations of dynamic growth-dependent phenotypes in a genome wide high 

throughput screen in combination with non-optimal screening conditions (see 5.3.4.2). Both 

candidates, hac1∆mga2∆ and ire1∆mga2∆, showed a growth defect opposed to the single 

hac1∆ and ire1∆ mutants (data not shown). Given that Surma et al. observed in hac1∆mga2∆ 

no whorled ER structures241, which represent another form of membrane aberrancies, while 

being abundant in mga2∆ strains, I would highly suggest to investigate the aberrant ER 

phenotype occurrence in the mga2∆ background for both UPR mutants with my established 

cultivation protocol. Alternatively, a possible explanation for this discrepancy could be that the 

greatest absolute difference in cell vitality between mga2∆ and WT occurs as the cells 

approach their growth temperature optimum (Figure 20)502. Together with the observation that 

a higher percentage of cells develop aberrant ER structures when grown in growth-promoting 

medium (Figure 43 – Supplementary information) I believe that the de novo membrane 

synthesis is one major aspect for aberrant ER development. It is plausible that the contribution 
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of membrane synthesis during cell growth outweighs the burden of an additional UPR-

dependent membrane expansion, causing us to overlook the beneficial effects of an absent 

UPR in S. cerevisiae mga2∆. Hence, the absence of a UPR-dependent membrane expansion 

in S. pombe together with the slower growth rate of S. pombe may contribute to the lack of an 

aberrant ER morphology503,504. 

 

5.3.6 The Aberrant ER is related to the lipid composition 

 

In order to find commonalities between the functionally distinct hits from the genome-wide 

screen on the molecular level, the whole-cell lipidome of each “rescue” and “worse” candidate 

was determined, next to those of the WT and single mga2∆ strain (Figure 28). The lipidomes 

revealed the following most prominent changes between the WT and the mga2∆ strain. Firstly, 

ceramides are increased in mga2∆ compared to the WT cells, accompanied by reduced levels 

of all remaining sphingolipids. Secondly, the level of PA shows a 3-fold increase for mga2∆ 

cells compared to WT cells. Thirdly, DAG levels are elevated by a factor of two in mga2∆. And 

lastly, PI levels are reduced in mga2∆. Noteworthy is that these changes were alleviated or 

aggravated for the “rescue” and “worse” strains, with the “rescue” strains tending to be more 

similar to the WT and the “worse” strains tending to exacerbate the deviations found in the 

sole mga2∆ lipidome. The most striking observation is the accumulation of PA and DAG in 

mga2∆ cells. The elevated DAG level in mga2∆ might originate from the increased PA levels 

as both of these lipid classes show a similar profile in terms of acyl chain distribution (Figure 

44 – supplementary information). PA can serve as a precursor for all major 

glycerophospholipids but PC, PE and PS levels remain unchanged while PI levels are even 

lowered, implying that PA is not channeled into glycerophospholipid synthesis. It is surprising 

that the accumulation of PA does not promote the expression of phospholipid synthesis genes 

as it was shown that PA can tether the soluble transcriptional repressor of lipid synthesizing 

genes, Opi1p, to the ER membrane through an amphipathic helix motiv505,506. By sequestering 

Opi1p to the ER membrane Opi1p can no longer prevent expression of phospholipid synthesis 

genes through the dimeric Ino2p/Ino4p transcription factor353. Given that all levels of major 

glycerophospholipids remain stable, and only PI levels are further reduced in mga2∆ cells, this 

could either imply that the activity of Pis1p - the enzyme responsible for phosphatidylinositol 

synthesis - is reduced, as its activity was shown to be dependent on the lipid environment507 

or that the drop in PI levels is the result of a shortage of inositol, which would help to explain 

why the elevated ceramide levels are not converted into more complex sphingolipids. It is 

striking that both lipids, PA and DAG, are not channeled into TAGs. One reason for that might 
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be that Dga1p, the enzyme responsible for TAG generation, has an oleoyl-CoA substrate 

preference, which is presumably scarce in the mga2∆ background due to reduced Ole1p 

enzyme activity508. Another explanation for the observed differences in lipid class composition 

might be a disturbed exchange of metabolites between different organelles given the 

interwoven lipid synthesis network (Figure 5). A possible reason for the lack of TAGs might be 

that the terminal enzyme for TAG formation, Dga1p, which predominantly localizes to lipid 

droplets509, can no longer interact with its substrate DAG due to impaired physical contact 

sites. It was further shown via coarse-grained molecular dynamics simulations that DAGs are 

prone to undergo phase-separation from lamellar lipids when they accumulate within 

membranes510. The consequent formation of DAG-only blisters within the core of the 

membrane would effectively lower the available pool of DAG molecules to peripheral enzymes 

such as Dag1p and thereby prevent the synthesis of TAG molecules in combination with acyl-

CoA510. Given that PA and DAG can both serve as precursors for membrane lipid synthesis, 

it is interesting to speculate whether an inaccessibility of DAG could contribute to the aberrant 

ER formation given a recent study by Foo et al373. This study demonstrates that in S. pombe 

the conversion of DAG into PA by Dgk1p and the glycerophospholipid synthesis from DAG 

itself follows a cell-cycle dependent regulation to support NE expansion373. It would therefore 

be interesting to understand why both substrates, PA and DAG, accumulate in S. cerevisiae 

mga2∆ and to what extend a failure to convert them into glycerophospholipids to meet the 

imminent demand for lipids during NE expansion might contribute to the formation of the 

aberrant ER. Lastly, a putative mitochondrial cause for the development of the aberrant ER 

calls for a close examination of the cardiolipin composition for all candidates (Figure 40 and 

Figure 41). Since cardiolipin is a signature lipid of mitochondria, the composition of this class 

allows inferences about organelle-specific changes despite the nature of the whole-cell lipid 

data set. Interestingly, no fully saturated CL species appear in the mga2∆ strain and the class 

of fully desaturated CL species is the most abundant class. This is in stark contrast to the 

trends observed for the whole-cell glycerophospholipid lipidomes, which showed an increase 

in fully saturated lipids at the expense of fully unsaturated lipids (Figure 19 D). However, the 

CL species acyl chain composition is in line with reports found in the literature by Surma et al. 

for mga2∆ strains241. The absence of fully saturated CL species is supported by the fact that 

PG species, which serve as precursors for CL synthesis, show remarkably the lowest degree 

of saturated acyl chains in the mga2∆ background (Figure 44 – supplementary information), 

followed by PE. In fact, it has been shown that in yeast PE species with two monounsaturated 

acyl chain moieties are synthesized from di-unsaturated PS precursors by Psd1p located in 

the mitochondrial membrane511. Interfering with the ER-to-mitochondria lipid transport e.g. 

through disruption of the ERMES complex resulted in an accumulation of PE species with 

saturated fatty acid chains and contribute to global increase of SFA containing lipid species511. 
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Interestingly, components of the ERMES complex (Table 14) are found in the “worse” category 

and previously it was shown that growth phenotypes of ERMES mutants can be partially 

rescued by overexpression of OLE1512. 

The outlined and discussed effects of the measured diversity in lipid class composition are 

complemented by the finding that the degree of lipid saturation found in all 

glycerophospholipids correlates with the emergence of aberrant ER structures (Figure 26). 

5.3.7 A preliminary model for the aberrant ER phenotype 

As of now the data presented in the third section of this thesis has led to the following 

preliminary model for the emergence of the aberrant ER: 

 

1) Insufficient amounts of the ∆9 fatty acid desaturase Ole1p in absence of its regulator 

Mga2p results in an overly saturated lipidome 

2) An overly saturated lipidome is the prerequisite for the formation of the aberrant ER 

3) Ole1p itself is regulated in a cell cycle-dependent manner 

4) The aberrant ER forms in a cell cycle dependent manner, presumably during the M-

phase of the cell cycle 

5) The abundance of cells harboring an aberrant ER correlates with the degree of 

saturated glycerophospholipids 

6) An overly saturated lipidome causes UPR activation and thereby upregulates lipid 

biosynthesis 

7) Increased rate of lipid synthesis – either by growth or UPR-dependent ER membrane 

expansion - leads to the production of even more saturated lipids in the mga2∆ 

background, presumably causing a perpetuation of the UPR indicated by the formation 

of large Ire1p cluster concomitant with aberrant ER formation 

8) Lack of unsaturated lipids affects organelles beyond the ER as indicated by the 

increased proportion of the saturated mitochondrial signature CL species and 

demonstrated by the works on mitochondrial distribution by Stewart et al.477 

9) ROS play an important role in the formation or the stabilization of the aberrant ER, 

because addition of vitamin c or reduced GSH to the medium can rescue WT-like ER 

morphologies in mga2∆ cells. 
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5.3.8 Outlook 

 

The formation of the aberrant ER is a dynamic process and growth dependent. To better 

understand the physiological and pathophysiological effects that drive the formation of these 

aberrant ER structures it is necessary to account for the dynamic nature of the phenotype. For 

that long-term observations of live cells can be performed with a microfluidic system. To 

determine the cell cycle-dependent formation of the aberrant ER an approach published by 

Garmendia-Torres et al. would allow to determine individual cell phases during cell cycle 

progression with high accuracy by fluorescently labeling the HTB2 histone495. Combining this 

approach with the highly photostable StayGold green fluorescent protein would enable to 

monitor several rounds of successive cell division513. Given the heterogeneity of the aberrant 

ER phenotype, the microfluidic powered live cell imaging would also open up the possibility to 

monitor the level of important metabolites using various biosensors during aberrant ER 

formation. For example, it would be possible to follow the H2O2 levels via the established Prx- 

and OxyR-based sensors to study if ROS are indeed involved in the formation of the aberrant 

ER514. In support of the H2O2 assessment, and given the short half-lives of ROS, a 

determination of lipid degradation byproducts in form of thiobarbituric acid reactive substances 

(TBARS) would be interesting as this would help to understand whether ROS are only involved 

in signaling or have an adverse effect in form of lipid peroxidation. Although saturated fatty 

acids are less vulnerable to lipid peroxidation than their mono- and polyunsaturated 

counterparts515, a study on oxidative stress induced by heavy metals could assess significant 

differences by applying a TBAR assay in relation to SOD activity516. Although S. cerevisiae 

was used as a model organism, which is defined by its limited fatty acid pool of mostly C16:1, 

C18:1 and their respective saturated counterparts the authors could still apply the TBARS 

assay to determine oxidative stress516. Carbonyl groups can serve as markers for protein 

oxidation, hence an alternative approach to verify whether ROS cause increased oxidative 

stress in mga2∆ cells would be to monitor protein carbonylation517. To better understand the 

contribution of an aberrant energy metabolism that might contribute to the formation of the 

aberrant ER it would be interesting to determine the NAD+/NADH and NADP+/NADPH levels 

and the cellular ATP/ADP levels518–521. NAD+/NADH and NADP+/NADPH ratios can be traced 

with iNap probes, which have a high sensitivity and pH stability519. If redox-biology indeed 

plays an important role in the formation of aberrant ER structures, it would be tempting to 

manipulate and drive this phenotype using a compartment-specific expression of the soluble 

transhydrogenase EcSTH from E. coli to perturb redox metabolism522. 



Discussion 

167 
 

I would further suggest to continue co-localization studies with cytoskeleton components and 

an appropriate ER marker. The characteristic shape of the aberrant ER might help identifying 

new connections between the ER and the cytoskeleton. 

Observations made in baker’s yeast may be transferrable to a large extent also to mammalian 

cells. A recent unpublished study shows the emergence of aberrant ER-like structures in 

mouse embryonic fibroblasts in an AdipoR1/2 knock-out cell line523. There aberrant ER-like 

structures appear as straight thin lines and, just like in yeast, their long side faces the nucleus. 

AdipoR1/R2 are lipid hydrolases that catalyze the hydrolysis of ceramides524 and were further 

shown to regulate the expression of the ∆9 desaturase stearoyl-CoA desaturase 1 (SCD1) in 

mammals to maintain membrane fluidity523,525. Volkmar et al. demonstrated that, similar to the 

OLE1 pathway, the mammalian system requires ERAD components to control membrane 

homeostasis525. In an unbiased proteomic approach, they identify a regulatory pathway 

consisting of the ER-resident E3 ligase RNF145 and AdipoR2. The current model states that 

RNF145 is the sensory unit of this sense and response mechanism, as it promotes 

ubiquitination and subsequent degradation of AdipoR2 in unsaturated lipid membranes, 

whereas in the presence of an overly saturated ER membrane it exhibits auto ubiquitination 

that causes its own degradation. The degradation of the E3 ligase AdipoR2, which either 

directly counteracts membrane stiffening by catalyzing the hydrolysis of ceramides or 

indirectly by initiating the generation of sphingosine 1-phosphate (S1P) as a signaling 

molecule to upregulate S1PR3-SREPB and PPARγ transcription factors, ultimately leading to 

the upregulation of SCD1523. Since the work by Ruiz et al. does not address the molecular 

mechanism that causes the mammalian version of the aberrant ER523, it would be interesting 

to use the powerful genetics of yeast to pursue the ROS theory and validate whether ROS 

can contribute to the mammalian version of the aberrant ER. This seems interesting since the 

mammalian acyl chain composition is far more complex than that of yeast and the presence 

of PUFAS makes them more susceptible to lipid peroxidation. 

Taken together, the third part of my thesis demonstrates that the simple eukaryotic model 

system S. cerevisiae allows one to study how the UPR could contribute to disease 

development, progression and chronification thereof by perpetuating a stress-inducing 

conditions as indicated by the clustering of Ire1p concomitant with the manifestation of 

aberrant ER structures (Figure 46 – supplementary information). The mga2∆ strain is an 

excellent system to study the molecular events that switch the UPR from a beneficial, 

homeostatic response to a detrimental, cell death inducing program under LBS.  
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7 Supplementary Information 

 

Figure 43 Membrane synthesis – by growth or ER membrane expansion - promotes aberrant ER formation 
in mga2∆ 

Shown is the ER phenotype distributions, given in percent, for the β-estradiol expander system employed in the 
mga2∆ background. Depicted are the results for cells cultivated in SCD or SCD V, a medium formulation adapted 
from Hanscho et al221. Plotted is the mean ± SD of the following data: non-expander SCD (n=3 fov/299 cells); non-
expander SCD V (n= 6 fov/ 106 cells); expander SCD (n=3 fov/ 105 cells); expander SCD V (n=6 fov/ 119 cells) 
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Figure 44 The mga2∆ strain accumulates in all glycerophospholipids saturated acyl chains – albeit to 
various degrees compared to the WT. 

Plotted is the mol % for each glycerophospholipid class as the mean ± SD from three biological replicates for the 
WT and mga2∆ strain. PA = phosphatidic acid; DAG = diacylglycerol; PC = phosphatidylcholine; PS = 
phosphatidylserine; PI = phosphatidylinositol; PG = phosphatidylglycerol. DB = double bond  

 

Figure 45 Visual co-localization of aberrant ER and microtubules (Tub1-mWasabi) 

Shown are representative images for a visual co-localization of the aberrant ER and the microtubule Tub1p. While 
the extension of tubulin might be reminiscent of the form and shape of the aberrant ER these two elements do not 
co-localize once the aberrant ER has formed and the microtubules disassembly in telophase. Scalebars represent 
the indicated 2 µm. 
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Figure 46 The aberrant ER might be involved in perpetuating the UPR by entrapping Ire1p in subdomains 
thereby promoting the clustering of Ire1p 

Shown is the clustering behavior of Ire1p in a steady state i.e. cells that do not have formed an aberrant ER 
compared to the clustering behavior for cells harboring the aberrant ER. The number and size of clusters is 
increased in the aberrant ER cell state and further the aberrant ER seemingly excludes Ire1p. Scalebar represents 

4 µm for both images. 
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