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Summary
Yeasts have been used for decades as cellular platforms for various biotechnological applications.
They are “generally regarded as safe” (GRAS) unicellular eukaryotic microorganisms, which
undergo rapid and robust growth allowing straightforward handling and production of many
functional eukaryotic proteins. The pairing of simple genetic manipulation together with direct
functional screening assays furthermore provides versatile applications of yeast in metabolic and
protein engineering. The combination of selection and screening assays with randomly mutated
libraries furthermore offer the possibility of altering and probing the function of proteins of
interest.
This dissertation reports in five chapters applications of metabolic engineering in S. cerevisiae with
the goal of tailoring these yeast cells for biotechnological applications.
Chapter I reports the engineering of retinal-synthesis in a K+ uptake deficient trk1Δ/trk2Δ yeast
strain. This strain should be employed as a simple cellular platform for the functional expression
of rhodopsin-based channel proteins. Growth rescue experiments with this strain are possible,
since these yeasts cannot grow in standard low potassium medium, due to a deletion of the major
potassium uptake systems (Trkp1p and Trk2p). The data show that an entire metabolic pathway
for retinal synthesis can be introduced in this yeast strain. Growth assays in liquid medium reveal
the functionality of a channelrhodopsin-2 variant, a cation channel which requires retinal for its
function. Yeast growth is observed in a blue light-dependent manner in standard low potassium
medium, demonstrating that the cells express a blue light-dependent K+ conductance. In
complementary experiments also blue light-dependent growth inhibition was observed in a
medium with high NaCl concentrations, indicating that the blue light-activated channelrhodopsin
allows Na+ influx, which results in high intracellular Na+ accumulation and eventually in growth
inhibition.
Chapter II describes a system in which a K+ uptake deficient trk1Δ/trk2Δ yeast strain is used as a
platform to explore blue light-triggered expression of heterologous proteins. For this purpose a
CRY2-CIB1-based light-activated transcription system was used in order to trigger expression of
the small viral potassium channel KcvPBCV-1 in this K+ uptake deficient yeast. The data indicate that
this system is able to generate light-triggered K+ uptake, resulting in growth restoration of this
yeast strain in low potassium medium.
In combination with a microfluidic system it was possible to monitor the expression kinetics of the
channel after blue light stimulation. This kinetic analysis revealed that the channel protein
production in cells occurred already within 15-20 minutes after stimulation.
In Chapter III the same trk1Δ/trk2Δ yeast system and rescue experiments were used to test a
putative channel function of the envelope protein of SARS-CoV-2 (EpSARS-CoV-2). Growth assays show
that expression of EpSARS-CoV-2 is able to restore yeast growth in a low potassium medium.
These data, in combination with luminometric measurements, support the view that EpSARS-CoV-2
exhibits cation conductance, mainly for K+ and presumably also for Ca2+. The presented growth
assay can be used to screen for inhibitors of EpSARS-CoV-2.
Chapter IV describes the development of novel auto-selection systems, based on the use of
essential genes (OLE1 or CDC19) as selection markers. This strategy enables stable and robust
selection of transformed yeasts in complex media, such as YPD. The host strains (ole1Δ or cdc19Δ)
can be grown in complex medium supplemented with the low-cost compounds oleic acid (for
ole1Δ) or lactic acid (for cdc19Δ), thus allowing easy culturing and handling prior to
transformation. Upon transformation with DNA/plasmids containing the markers OLE1 or CDC19,
transformants can be stably selected and propagated in complex medium without
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supplementation. These auto-selection systems might be useful for high volume applications, since
this reduces expenses on medium and supplements such as antibiotics. A quantitative analysis
indicated a near 100% retention of OLE1- and CDC19-based plasmids in complex YPD or SD
medium.
In the last chapter, Chapter V, a yeast-based screen was developed for the identification of
potential inhibitors for Trypanosoma brucei and Trypanosoma cruzi stearoyl-CoA desaturases
(SCDs), which provide a promising drug target for treating Trypanosoma infections. The ole1Δ
yeast strain from the previous chapter cannot produce unsaturated fatty acids and can therefore
not grow without supplementation of oleic acid. Plasmid based expression of either the
endogenous S. cerevisiae SCD OLE1 or the Trypanosoma SCDs allows growth of the ole1Δ strain in
standard yeast medium (YPD or SD). Reduction of the activity of Ole1p or either of the
heterologously expressed SCDs, either by reduced expression or by inhibition of the proteins,
results in a decreased content of unsaturated fatty acids, which leads to flocculation and growth
inhibition of yeast. By testing three compounds, Cay 10566, SCD1 inhibitor A-939572 or
PluriSIn 1, that showed inhibition of human SCDs, the present yeast-based screen identified strong
differences in the potency of the potential inhibitors. Cay 10566, which has been shown to inhibit
human and mouse SCD1, had no effect on either of the SCDs, while SCD1 inhibitor A-939572 and
PluriSIn 1 showed strong inhibition of Ole1p and even stronger inhibition of the Trypanosoma
SCDs. Therefore, the yeast system can be used to screen for and identify selective inhibitors of the
Trypanosoma stearoyl-CoA desaturases, thus providing a basis for developing drugs for treatment
of trypanosomiasis.
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Zusammenfassung
Hefen gehören zur Abteilung der Ascomycota und werden seit Jahrzehnten als zelluläre
Plattformen für verschiedene biotechnologische Anwendungen genutzt. Sie sind einzellige
eukaryotische Mikroorganismen, die schnell und robust wachsen und eine unkomplizierte
Handhabung und Produktion vieler funktioneller eukaryotischer Proteine ermöglichen. Die
Kombination von einfacher genetischer Manipulation mit direkten funktionellen Screening-Assays
ermöglicht darüber hinaus vielseitige Anwendungen von Hefe im Metabolic- und Protein
Engineering. Die Kombination von Selektions- und Screening-Assays mit zufällig mutierten Protein
Bibliotheken bietet darüber hinaus die Möglichkeit, die Funktion von gewünschten Proteinen zu
verändern und zu untersuchen.
Diese Dissertation beschreibt in fünf Kapiteln Anwendungen des Metabolic Engineering in
S. cerevisiae mit dem Ziel, diese Hefezellen für biotechnologische Anwendungen zu manipulieren
und anzupassen.
Kapitel I beschreibt die Entwicklung eines Retinal synthetisierenden Hefestamms, der eine
Defizienz in den K+-Aufnahmesystemen aufweist (trk1Δ/trk2Δ). Dieser Stamm soll als einfache
zelluläre Plattform für die funktionelle Expression von Rhodopsin-basierten Kanalproteinen
verwendet werden. Wachstumsversuche mit diesem Stamm sind möglich, da diese Hefen aufgrund
einer Deletion der wichtigsten Kaliumaufnahmesysteme (Trkp1p und Trk2p) nicht in kaliumarmen
Standardmedien wachsen können. Die Daten zeigen, dass ein vollständiger Stoffwechselweg für
die Retinal-Synthese erfolgreich in diesen Hefestamm integriert werden kann. Wachstumsversuche
in flüssigem Medium zeigen die Funktionalität einer Channelrhodopsin-2-Variante, einem
Kationenkanal, der Retinal für seine Funktionalität benötigt. In kaliumarmem Standardmedium
wird ein Hefewachstum in Abhängigkeit von blauem Licht beobachtet. Dies zeigt, dass die Zellen
eine blaulicht-abhängige K+-Leitfähigkeit exprimieren. Ergänzende Experimente zeigen auch eine
blaulicht-abhängige Wachstumshemmung in einem Medium mit hohen NaCl-Konzentrationen.
Dies deutet darauf hin, dass die durch Blaulicht aktivierte Channelrhodopsin-2-Variante einen Na+Einstrom ermöglicht, der zu einer hohen intrazellulären Na+-Akkumulation und schließlich zur
Wachstumshemmung führt.
In Kapitel II wird ein System beschrieben, bei dem ein trk1Δ/trk2Δ-Hefestamm als Plattform für
die Untersuchung einer durch Blaulicht aktivierten Expression heterologer Proteine verwendet
wird. Zu diesem Zweck wurde ein CRY2-CIB1-basiertes Transkriptionssystem verwendet, um die
Expression des kleinen viralen Kaliumkanals KcvPBCV-1 durch Blaulicht zu induzieren. Dieses System
ist in der Lage, eine durch Licht induzierte K+-Aufnahme zu erzeugen, was zu einer
Wiederherstellung des Wachstums dieses Hefestamms in kaliumarmem Medium führt.
In Kombination mit einem mikrofluidischen System war es möglich, die Expressionskinetik des
Kanals nach Blaulichtstimulation zu verfolgen. Diese kinetische Analyse ergab, dass die Produktion
des Kanalproteins in den Zellen bereits innerhalb von 15 bis 20 Minuten nach der Stimulation
einsetzte.
Das gleiche trk1Δ/trk2Δ-Hefesystem wurde in Kapitel III verwendet, um eine mutmaßliche
Kanalfunktion des Hüllproteins von SARS-CoV-2 (EpSARS-CoV-2) durch Wachstumsversuche zu testen.
Diese zeigen, dass die Expression von EpSARS-CoV-2 das Zellwachstum von trk1Δ/trk2Δ Hefen in
kaliumarmem Standardmedium wiederherstellen kann.
In Kombination mit luminometrischen Messungen, unterstützen diese Daten die These, dass
EpSARS-CoV-2 eine K+- und vermutlich auch eine Ca2+- Leitfähigkeit aufweist. Das vorgestellte
Wachstumsassay kann für ein Screening nach Inhibitoren für EpSARS-CoV-2 verwendet werden.
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Kapitel IV beschreibt die Entwicklung neuartiger automatischer Selektionssysteme, die auf der
Verwendung essentieller Gene (OLE1 oder CDC19) als Selektionsmarker beruhen. Diese Strategie
ermöglicht eine stabile und robuste Selektion von transformierten Hefen in komplexen Medien
wie YPD. Die Wirtsstämme (ole1Δ oder cdc19Δ) können in einem komplexen Medium kultiviert
werden, das mit den kostengünstigen Verbindungen Ölsäure (für ole1Δ) oder Milchsäure (für
cdc19Δ) angereichert ist, was eine einfache Kultivierung und Handhabung der Zellen vor der
Transformation ermöglicht. Nach der Transformation mit DNA/Plasmiden, die die Marker OLE1
oder CDC19 enthalten, können die Transformanten stabil selektiert und in komplexem Medium
ohne weitere Zusätze vermehrt werden. Diese automatischen Selektionssysteme könnten sich für
industrielle Anwendungen als nützlich erweisen, da sie die Kosten für Medium und Zusatzstoffe
wie Antibiotika reduzieren. Eine quantitative Analyse ergab eine nahezu 100%ige Retention der
OLE1- oder CDC19-basierten Plasmide in komplexem YPD- oder SD-Medium.
Im letzten Kapitel, Kapitel V, wurde ein Screening auf Hefebasis entwickelt, um potenzielle
Inhibitoren für Stearoyl-CoA-Desaturasen (SCDs) von Trypanosoma brucei und Trypanosoma cruzi
zu identifizieren, die ein vielversprechendes Ziel für die Behandlung von Trypanosoma-Infektionen
darstellen. Der ole1Δ-Hefestamm aus dem vorangegangenen Kapitel kann keine ungesättigten
Fettsäuren produzieren und kann daher ohne eine Supplementierung von Ölsäure nicht wachsen.
Die plasmidbasierte Expression entweder des endogenen S. cerevisiae SCD OLE1 oder der
Trypanosoma SCDs ermöglicht das Wachstum des ole1Δ-Stammes in Standard-Hefemedium (YPD
oder SD). Eine Einschränkung der Aktivität von Ole1p oder einer der heterolog exprimierten SCDs,
entweder durch reduzierte Expression oder durch Hemmung der Proteine, führt zu einem
verringerten Gehalt an ungesättigten Fettsäuren. Dies resultiert in einer Ausflockung und
Wachstumshemmung der Hefen. Beim Testen von drei Verbindungen, Cay 10566, SCD1 Inhibitor
A-939572, oder PluriSIn 1, die eine Inhibition humaner SCDs zeigten, wurden bei dem
vorliegenden Screening auf Hefebasis starke Unterschiede in der Wirksamkeit der potenziellen
Hemmstoffe festgestellt. Cay 10566, das nachweislich die Humane und Murine-SCD1 hemmt,
hatte keine Wirkung auf einen der SCDs, während SCD1 Inhibitor A-939572 und PluriSIn 1 eine
starke Hemmung von Ole1p und eine noch stärkere Hemmung der Trypanosoma-SCDs zeigten.
Daher kann das Hefesystem zum Screening und zur Identifizierung selektiver Inhibitoren der
Stearoyl-CoA-Desaturasen von Trypanosoma verwendet werden und bietet somit eine Grundlage
für die Entwicklung von Medikamenten zur Behandlung von Trypanosomiasis.
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1 Chapter I:
Functional expression of rhodopsins
in Saccharomyces cerevisiae using
channelrhodopsin-2 as an
exemplary model
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1.1 Introduction
Almost 40 years ago, the Nobel laureate Francis A. Crick anticipated the selective manipulation of
specific neurons in the brain as one of the greatest challenges in neuroscience (Crick 1979). 20
years later, he published his idea that the ideal tool for such a task could be (infrared) light and
that it would be the challenge for molecular biologists to develop suitable sensory modules for this
purpose (Crick 1999). Just a few years later, this idea of a non-invasive manipulation of neuronal
activity in a living organism by light was realized by using microbial light-activatable ion channels.
These microbial light-activated ion channels are classified as rhodopsin type 1 and are a class of
heptahelical transmembrane proteins, consisting of an apoprotein ("opsin") and the co-factor
retinal. To form the holoprotein ("rhodopsin"), retinal is covalently bound to a lysine in the seventh
a-helix inside the protein via an imine bond, the Schiff` base (Spudich et al. 2000). Light causes
in this protein an isomerization of all-trans retinal to the 13-cis conformation, which activates the
rhodopsin and results in a controlled flux of ions across the cell membrane.
The first description of light-activated microbial rhodopsins already took place in the early 1970s.
Bacteriorhodopsin (BR) was discovered in the purple membrane of extremophilic archaea
(Halobacterium salinarum) and was the first microbial rhodopsin described (Oesterhelt and
Stoeckenius 1971).
BR is a light-driven H+ pump and transports H+ out of the cells. Halorhodopsin (HR), which was
also discovered shortly thereafter in H. salinarum, is also a light-driven ion pump, but transports
Cl- into the cells (Schobert and Lanyi 1982). As ion pumps, both rhodopsins contribute to the
generation of a membrane potential, which is used by the archaea for energy production. Two
other well-studied rhodopsins of H. salinarum are sensory rhodopsin I and II (SRI and SRII), which
function as positive and negative phototaxis sensors, respectively (Bogomolni and Spudich 1982,
Spudich and Bogomolni 1984, Spudich and Luecke 2002).
For a long time, type 1 rhodopsins were known only in archaea, before they were also found in
the other domains of life (Brown 2004, Brown and Jung 2006, Sharma et al. 2006, Klare et al.
2008) and recently even in viruses (Zabelskii et al. 2020). The ubiquitous presence of
type 1 rhodopsins became apparent in the early 2000s with the discovery of channelrhodopsins-1
and 2 (ChR-1 and ChR-2) in the green alga Chlamydomonas reinhardtii. Both ChR1 and ChR2 have
structural similarities to the microbial rhodopsins from H. salinarum (BR and HR), but unlike them,
ChR1 and ChR2 act directly as light-activatable cation channels (Nagel et al. 2002, Nagel et al.
2003).
This discovery set the basis for a new discipline: optogenetics. In general terms, optogenetics
describes the technique of controlling cellular activity with light. The term refers to a combination
of the two disciplines of optics and genetics and their methods (Deisseroth et al. 2006).
The targeted manipulation of excitable cells such as neurons is of particular interest for
neurobiologists, as anticipated by Francis A. Crick. Therefore, it was obvious that an expression of
these rhodopsins in neurons generated enormous scientific interest.
Soon after, various research groups were able to demonstrate with these new tools a non-invasive
manipulation of neuronal activities by light (Boyden et al. 2005, Li et al. 2005, Nagel et al. 2005,
Ishizuka et al. 2006).
Due to the relatively non-specific cation conductance of ChR2 (Nagel et al. 2003), its activation
triggers membrane depolarization and as a consequence the generation of action potentials in
neurons. This feature is then used to precisely activate and dissect complex neuronal circuits
(Bernstein and Boyden 2011, Britt et al. 2012).
Inspired by these pioneering experiments, there is now also an enormous scientific interest in
optogenetic tools which can be used in a similar manner to inactivate targeted neurons (Wiegert
et al. 2017). One source of such optogenetic tools to hyperpolarize the membrane is already
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available in the form of the aforementioned light-activated pumps (Oesterhelt and Stoeckenius
1971, Schobert and Lanyi 1982, Chow et al. 2011).
However, these tools for a light-induced inactivation of neuronal firing have some limitations when
it comes to a longer lasting inhibition. As ion pumps they have a very low turnover and they
substantially affect ion-concentration gradients of the cells. In extreme cases this may result in
activation instead of inactivation of the target neurons (Raimondo et al. 2012, Mahn et al. 2016).
The development of a new class of light-gated anion channels (chloride-conducting
channelrhodopsins (Wietek et al. 2014, Wietek et al. 2015)) and the discovery of natural anion
channelrhodopsins (Govorunova et al. 2015, Li et al. 2019) were potentially overcoming many
limitations of the aforementioned inhibitory tools bacteriorhodopsin and halorhodopsin. However,
also these channels have some inherent limitations in that they depend on the chloride reversal
potential. This value can vary in individual neurons and in some (e.g. in immature neurons)
activation of the anion channels may also induce activation rather than inhibition of neurons (Kaila
et al. 2014, Wiegert et al. 2017).
Furthermore, those channels have the additional disadvantage that they are, like ChR2,
predominantly activated by high blue light intensities. Due to its short wavelength, this light cannot
penetrate as deep into tissue as longer wavelength (infra) red light. Also, the high energy can
result in cell damage or cellular stress reactions like altered gene expression (Waldchen et al. 2015,
Duke et al. 2020).
Because of the inherent shortcomings of the available tools for optogenetic silencing of targeted
neurons, a red light-activated K+-specific channels would be highly desired. An activation by red
light (or even far red light) would pave the way for a remote activation of channel activity deep in
the tissue. The activation of a K+ channel would mimic the cellular mechanism for membrane
hyperpolarization, which is universally used by all mammalian cells and hence independent of
variable reversal potentials such as in the case of Cl-.
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1.1.1 Aim of this study
As mentioned above, light-gated ion channels with novel properties such as red light activation of
K+ conductance are of high interest for expanding the optogenetic toolbox. Since the discovery of
natural light-gated potassium channels has only occurred very recently (Govorunova et al. 2021),
there are attempts to create synthetic channel proteins (Banghart et al. 2004, Cosentino et al.
2015, Alberio et al. 2018, Beck et al. 2018, Bernal Sierra et al. 2018). One strategy for generating
this kind of channels could be a modulation of channelrhodopsins by directed evolution methods.
However, so far there is a lack of simple and easy scalable systems to screen and select
channelrhodopsins with regards to altered/desired properties. Therefore, it seems reasonable to
develop and establish a simple and robust system that allows an easy-to-handle expression and
modification of rhodopsin-based K+ channels with potential for future use in high-throughput
screening procedures.
Yeasts have been used as model organisms in molecular biology for decades and are an excellent
system to study and modulate K+ channel function. They combine the advantages of a small but
robust microbial eukaryote and still share many characteristics of higher multicellular eukaryotes
(Nielsen 2019). Especially, strains with a deletion of the major potassium uptake systems Trk1p
and Trk2p are ideally suited for a study and screening of K+ channel function. These trk1Δ/trk2Δ
cells cannot grow in standard medium with a low K+ concentration (<10 mM); however, growth
can be restored either by an elevated K+ concentration in the medium or by the heterologous
expression of K+ channels (Bertl et al. 1998, Minor et al. 1999, Bertl et al. 2003, Gebhardt 2011,
Volkov 2015).
This allows not only straightforward handling of the cells, but also an easy readout of the system
by the presence or absence of cell growth in a low K+ medium. Therefore, a trk1Δ/trk2Δ yeastbased system should be well suited for optimizing and altering the function of channelrhodopsins
with respect to a K+ conductance. However, a significant challenge occurs in this approach: Yeasts
do not produce retinal, which is the essential compound for the formation of rhodopsins from
opsins. In principle retinal could be added to the growth medium from where it is taken up into
the cells for the formation of rhodopsins in the cells (Mollaaghababa et al. 1996, Abdulaev et al.
1997). While this is possible in short-term experiments, it is not feasible in growth assays lasting
several days.
Fortunately, yeasts are most suited for metabolic engineering approaches. Over the last decades,
various complex metabolic pathways have already been introduced into yeasts, leading to the
successful production of many valuable compounds (Verwaal et al. 2007, Li et al. 2013, Beekwilder
et al. 2014, Sun et al. 2019).
Therefore, this study aims in engineering of a retinal-producing trk1Δ/trk2Δ yeast strain.
Proof of concept experiments with channelrhodopsin-2 should then demonstrate that this strain
allows functional expression of rhodopsins and that this system is well suited as a cellular platform
for the development of modified rhodopsin-based constructs.
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1.2 Results and Discussion
1.2.1 Engineering of a retinal producing trk1Δ/trk2Δ yeast strain
The aim of this work was to develop a tool to study the functionality of channelrhodopsins or
rhodopsin-based protein constructs in the context of their K+ conductance with a simple, fast and
straightforward yeast growth assay. For this purpose, a trk1Δ/trk2Δ yeast strain that continuously
and robustly synthesizes the compound all-trans retinal from beta-carotene was engineered. Alltrans retinal is essential for the formation of rhodopsin from opsin. Ideally, this strain should allow
the usage of some of the most common selection markers (e.g. URA3, LEU2, HIS3, or TRP1) due
to defects in the corresponding endogenous genes to ensure maximum flexibility for selection of
modified yeasts. Therefore, three genes from the carotenoid-producing yeast Xanthophyllomyces
dendrorhous that enable beta-carotene synthesis in S. cerevisiae cells (crtYB, crtI, and crtE; Verwaal
et al. 2007) were integrated in a marker-free manner as a polycistronic construct (PGAP-crtYB-T2AcrtI-T2A-crtE-TAgTEF; Beekwilder et al. 2014) into the CAN1 locus of a PLY240 (his3Δ200; leu23,112; trp1Δ901; ura3-52; suc2Δ9; trk1Δ51; trk2Δ50::loxP-kanMX-loxP; Bertl et al. 2003) using
CRISPR/Cas9 (Degreif et al. 2018). This resulted in yellow colored colonies, indicating successful
production of carotenoids in the cells (Fig. I.1 left).
The genomic integration of a carotenoid monooxygenase (carX) from the ascomycete Fusarium
fujikuroi (Prado-Cabrero et al. 2007) replaced the kanR gene of the kanMX cassette (loxP-PAgTEFkanR-TAgTEF-loxP; Guldener et al. 1996) by again using CRISPR/Cas9. This cassette was used for
the deletion of the TRK2 locus in the original trk1Δ/trk2Δ host strain (trk2Δ50::loxP-kanMX-loxP;
Bertl et al. 2003). The carX integration in the kanR gene of the carotenoid-producing cells resulted
in a clearly visible decrease in the yellow coloration of the colonies (Fig. I.1 right). This indicated
carotenoid degradation and suggested activity of carX.

Figure I.1: Single yeast colonies with genomic integration of the indicated genes show carotenoid
production. A 1:104 dilution of an OD600 = 1.0 from PLY240 cells with genomic integration of the polycistronic construct
for beta-carotene production without (left) and with (right) the carotenoid monooxygenase carX were plated on nonselective medium containing a high K+ concentration to yield single colonies. The colonies highlighted by frame are shown
also at 8x magnification. Photographic images were taken after 4 days of incubation. Scale bar = 10 mm.
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Although the yellow coloration of the colonies indicated successful beta-carotene production and
the yellow coloration decreased in the colonies with additional carX integration, HPLC analysis of
the cell extracts from the organic phase did not clearly detect the expected all-trans retinal
(data not shown). I therefore assumed that the beta-carotene synthesis of the cells was insufficient
to form enough substrate for robust all-trans retinal synthesis.
Therefore, a second crtI gene was integrated into the YPRCD15 locus (Flagfeldt et al. 2009) of the
beta-carotene producing cells again in a marker-free manner. This was expected to result in an
increased production of beta-carotene (Verwaal et al. 2007). Indeed, cells that had genomically
integrated the polycistronic beta-carotene synthesis pathway and a second crtI gene showed a
prominent orange color (Fig. I.2 left). This indicated that the carotenoid production of the cells
was increased compared to cells containing only the polycistronic beta-carotene synthesis pathway
(Verwaal et al. 2007, Li et al. 2013).
Therefore, carX was integrated again into the kanMX cassette of the deleted TRK2 locus of the
cells. This resulted again in a decrease in the yellow coloration of the cells (Fig. I.2 right).

Figure I.2: Photographic documentation of single yeast colonies with genomic integration of the indicated genes.
A 1:104 dilution of an OD600 = 1.0 from trk1Δ/trk2Δ cells with genomic integration of the polycistronic construct for betacarotene production and a second crtI gene without (left) and with (right) the carotenoid monooxygenase carX were
plated on a non-selective medium containing a high K+ concentration to yield single colonies. The colonies highlighted
by frame are shown also at 8x magnification. Photographic images were taken after 4 days of incubation. Scale bar =
10 mm.

UPLC analysis of an ethanol cell extract from these cells with 5 µM all-trans retinal as reference,
kindly performed by Dr. Markus Krischke at the University of Würzburg as described elsewhere
(Zhou et al. 2021), finally showed the presence of all-trans retinal in these cells (Fig. I.3).
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Figure I.3: UPLC analysis of retinal production in the engineered yeast strain. An ethanol extract from trk1Δ/trk2Δ
yeast cells with the genomically integrated polycistronic beta-carotene pathway, a second crtI gene and carX was used
for UPLC analysis with 5 µM all-trans retinal as reference. Data were normalized to the largest peak in the
chromatograms. The analysis shows the same elution behavior of the extract as for the reference (both show a signal at
3.54 min and the same MRM data), which indicates production of all-trans retinal in the cells.

In the next step I aimed to show that this engineered strain provides a platform for developing
new optogenetic tools. A long-term goal could be the development of rhodopsins or rhodopsinbased protein constructs. As a starting point I aimed to demonstrate the application of the system
for optogenetic experiments by using channelrhodopsin-2. These proof of concept experiments
should show that functional and light-sensitive channelrhodopsin-2 is expressed in these cells. The
apoprotein channelopsin-2 (Chop2) together with all-trans-retinal forms a holoprotein which
functions as a light-activatable channel protein (channelrhodopsin-2, short: ChR2). This channel
conducts cations with a selectivity reflecting the decreasing ionic radius (H+ > Li+ > Na+ > K+;
Nagel et al. 2003). The rationale behind these experiments is that expression of the K+ conducting
channelrhodopsin-2 in the all-trans retinal producing trk1Δ/trk2Δ yeast cells should restore growth
of the cells on medium with low K+ in a light-dependent manner. For simplicity, the all-trans
retinal-producing trk1Δ/trk2Δ yeast strain will be referred to as SHY1 in the following.
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1.2.2 Functional channelrhodopsin-2 expression in trk1Δ/trk2Δ yeast cells
Expression of channelrhodopsin-2 in retinal producing trk1Δ/trk2Δ cells
To demonstrate light-dependent complementation of the growth deficit of SHY1 cells on medium
with low K+ by channelrhodopsin-2, the cells were transformed with a plasmid for constitutive
expression of channelopsin-2 (Chop2) as a fusion construct with eYFP (pGREG506-PTEF1:
Chop2_eYFP). Cells harboring the corresponding empty plasmid (pGREG506-PTEF1 (e.v.)) served as
control. The transformed cells were used for a growth assay on selection medium. 10-fold serial
dilutions of a cell suspension with OD600 = 1.0 were spotted onto SD-ura medium plates with a
high (SD-ura +100 mM KCl) or a low (SD-ura +0 mM KCl) K+ concentration. These plates were
then incubated under constant blue light illumination (450 nm, 0.04 mW/mm2) or in the dark
(0 mW/mm2).

Figure I.4: Chop2_eYFP expression does not restore growth of SHY1 cells on low K+ medium. 10-fold serial
dilutions of OD600 = 1.0 of SHY1 (all-trans retinal producing trk1Δ/trk2Δ yeasts) cells harboring either a plasmid for
constitutive expression of channelopsin-2 as fusion protein with eYFP (pGREG506-PTEF1:Chop2_eYFP) or the
corresponding empty vector were spotted on SD-ura plates with either a high (SD-ura +100 mM KCl, left) or a low (SDura +0 mM KCl, right) K+ concentration. All cells grew only on SD-ura medium with a high K+ concentration independently
of darkness (top) or blue light illumination (bottom). However, growth of the illuminated cells harboring the empty
vector was slightly impaired compared with the cells expressing Chop2_eYFP.

In these experiments, cells grew only on medium with a high K+ concentration (SD-ura +100 mM
KCl) regardless of illumination, darkness, harboring the empty vector or the vector for Chop2_eYFP
expression. On the selection medium with a low K+ concentration (SD-ura +0 mM KCl), the cells
did not grow (Fig. I.4).
The results of these experiments were surprising since it was expected that blue light illumination
of the cells should activate channelrhodopsin-2 (Nagel et al. 2003, Bergs et al. 2018). This in turn
should provide a K+ conductance for K+ uptake hence rescue cell growth on medium with low K+
concentration.
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In order to understand why the system does not function as expected, I investigated next by
microscopic imaging whether the channelrhodopsin-2_eYFP fusion proteins are localized in the
plasma membrane of the cells. Only successful trafficking of the channel to the plasma membrane
would allow K+ uptake (by the cells).

Figure I.5: Micrographs reveal clusters of Chop2_eYFP proteins in SHY1 cells. Chop2_eYFP (Fluorescent image
shown in blue, left panel) was constitutively expressed in SHY1 cells on a plasmid basis. Fusion proteins formed different
sized clusters in the cells and were not located in the plasma membrane. Central panel shows transmission light image
of the cells. Right panel shows merge of left and central panel. Scale bar = 5 µm.

The micrographs revealed clusters of the expressed channelopsin-2_eYFP fusion proteins in the
cells; however, positive localization of these proteins in the plasma membrane was not detected
(Fig. I.5). This indicated that constitutive expression of wild-type Chop2 in SHY1 cells did not
result in functional channelrhodopsin-2 proteins in the plasma membrane; so obviously a growth
assay could not function (Ullrich et al. 2013).
Expression of a channelrhodopsin-2 variant in retinal producing trk1Δ/trk2Δ cells
In collaboration with Dr. Shiqiang Gao from the University of Würzburg, I was kindly provided
with a new and so far unpublished channelopsin-2 variant for this work. This channelopsin-2
variant offers an increased Na+ and K+ as well as a decreased H+ conductance. More importantly,
it also exhibits an improved sorting into the plasma membrane (S. Gao, personal communication,
July 2019). In the following, this channelopsin-2 variant will be referred to as NaK-Chop2 (or NaKChR2 as rhodopsin). Like wild-type Chop-2, NaK-Chop2 was used again as a fusion protein with
eYFP.
SHY1 cells were transformed with the same plasmid for constitutive expression of this NaK-Chop2
eYFP fusion construct (pGREG506-PTEF1) as before. After that, micrographs of the transformed cells
were used to analyze the localization of the NaK-Chop2_eYFP fusion construct in the cells. The
representative images show that the NaK-Chop2 eYFP fusion proteins (NaK-Chop2_eYFP) were
indeed predominantly localized in the plasma membrane of the cells; also the cells showed no
more intracellular clusters (Fig. I.6). The results of these experiments indicated formation of
functional rhodopsins and efficient trafficking of NaK-ChR2 to the plasma membrane. All this
should support the growth rescue in the complementation assay.
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Figure I.6: NaK-Chop2_eYFP proteins are localized in the plasma membrane of SHY1 cells. NaK-Chop2_eYFP
(Fluorescent image shown in blue, left panel) was constitutively expressed in SHY1 cells on a plasmid basis. Micrographs
show that the fusion proteins were predominantly located in the plasma membrane and the endoplasmic reticulum.
Central panel shows transmission light image of the cells. Right panel shows merge of left and central panel. Scale bar =
5 µm.

In the next step, the growth assay from Fig. I.4 on selection medium were repeated with these
cells. 10-fold serial dilutions of a cell suspension with OD600 = 1.0 of the transformed cells with
(NaK-Chop2_eYFP) or without (e.v.) the channelopsin-2 variant were spotted onto SD-ura
medium plates with a high (SD-ura +100 mM KCl) or a low (SD-ura +0 mM KCl) K+
concentration. The plates were incubated again under constant blue light illumination (450 nm,
0.04 mW/mm2) or in the dark (0 mW/mm2).

Figure I.7: NaK-Chop2_eYFP expression does not restore growth of SHY1 cells on low K+ medium. 10-fold
serial dilutions of OD600 = 1.0 of SHY1 (all-trans retinal producing trk1Δ/trk2Δ yeasts) cells harboring either a plasmid for
constitutive expression of the NaK-channelopsin-2 variant as fusion protein with eYFP (pGREG506-PTEF1:NaKChop2_eYFP) or the corresponding empty vector were spotted on SD-ura plates with either a high (SD-ura +100 mM KCl,
left) or a low (SD-ura +0 mM KCl, right) K+ concentration. All cells grew only on SD-ura medium with a high K+
concentration independently of darkness (top) or blue light illumination (bottom).
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Growth of the cells on medium with a high K+ concentration was similar irrespectively of whether
cells were illuminated or kept in the dark. However, as in the previous assay, the cells did not grow
on medium with a low K+ concentration either under illumination or in darkness (Fig. I.7).
These results were surprising, since all the requirements for channelrhodopsin-2 to provide a K+
conductance in the plasma membrane should be materialized. SHY1 cells produce all-trans retinal,
which is necessary for the formation of functional rhodopsins from opsins, and the
channelrhodopsin-2 variant is localized in the plasma membrane of the cells.
From the negative results, I concluded that the conditions of the growth assay on solid medium
might not be ideal to detect a functionality of NaK-ChR2 on the basis of growth complementation
on a low K+ medium. As an alternative I tested whether a growth assay in liquid medium might
be better suited to detect functionality of NaK-ChR2 (Gebhardt 2011). The use of liquid medium
offers the advantage that measurement of the optical density (OD) of a cell suspension provides a
quantitative and time resolved measure for tracking cell growth. This should enable the detection
of even small differences in cell growth between control cells and NaK-ChR2 expressing cells. Such
a quantitative measure would be sufficient for a quick and easy readout of the assay (Sherman
1991).
Growth assays in liquid culture
Commonly, S. cerevisiae cells tolerate NaCl concentrations of 1-2 M in the external medium
(Vaneck et al. 1993, Blomberg 1997). Previous studies however have shown that trk1Δ/trk2Δ
yeasts are more sensitive to NaCl in the external medium. Already a moderate Na+ concentration
(1 M) in the medium inhibits cell growth despite the presence of ≥50 mM K+, which normally
allows growth of these cells (Bertl et al. 2003).
Since NaK-ChR2 provides not only a K+ but also a Na+ conductance, I tested whether the
expression of this channel causes in liquid medium a measurable growth deficit due to a Na+ influx
into the cells. Because of the light sensitivity of the channel, this negative effect on growth should
require illumination with blue light. The cell growth in liquid medium was measured in a pilot
experiment as OD500 for 48 h in a 24 well plate using a plate reader (BioTek™ Epoch™ Microplate
Spectrophotometer). Cells expressing and not expressing NaK-ChR2 were added to SD-ura
medium containing +10 mM KCl and different NaCl concentrations (0, 400, 500 or 600 mM NaCl)
to monitor cell growth. In order to activate NaK-ChR2, the cells were illuminated directly in the
plate reader as continuously as possible with blue light. For this purpose, the OD500 (500 nm, i.e.
blue light) of the cell suspensions was measured in the shortest possible intervals (30 sec) and 1
data point per hour was plotted for the growth curves.
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Figure I.8: Growth of SHY1 cells is impaired in medium containing NaCl. A) Growth of SHY1 cells in SD-ura
medium with 0, 400, 500 or 600 mM NaCl harboring either an empty vector (e.v.) or a plasmid for expression of the
channelrhodopsin-2 variant (NaK-ChR2) was measured in 30 sec intervals as OD500 with a plate reader; one data point
per hour was plotted for the growth curves. A slightly better growth was measured in medium without NaCl for cells
expressing NaK-ChR2 compared to cells with the empty vector. Cell growth in medium containing NaCl was impaired,
cells expressing NaK-ChR2 showed a significantly growth inhibition compared to cells with an empty vector. B) The
maximum growth rate (µmax) of the cells with and without NaK-ChR2 in medium without NaCl was almost the same. In
medium containing NaCl, µmax of all cells was decreased. SHY1 cells expressing NaK-ChR2 had an approximately 40%
lower maximum growth rate compared to the reference cells without NaK-ChR2.

In the absence of NaCl, cells expressing NaK-ChR2 grew in the first 36 h slightly better (shorter
lag time and earlier maximum cell density) than cells with the empty vector (Fig. I.8 A, black
symbols), the maximum growth rate (µmax) was hardly different for the two strains (µmax e.v. =
0.0134 ± 0.0009 ΔOD500 ∙ h-1 and µmax NaK-ChR2 = 0.0140 ± 0.0004 ΔOD500 ∙ h-1), as shown
in Fig. I.8 B, black symbols.
In the presence of 400 - 600 mM NaCl, growth of the cells expressing NaK-ChR2 was strongly
inhibited (Fig. I.8 A, closed colored symbols), with no difference within the concentration range
of 400 - 600 mM NaCl. In cells with the empty vector, the growth inhibition by the presence of
NaCl was weaker, but also independent of the NaCl concentration within the concentration range
of 400 - 600 mM NaCl. In the presence of 400 - 600 mM NaCl the maximum growth rates in cells
with the empty vector (Fig. I.8 B, open symbols) were 22 - 29% lower than in the absence of NaCl,
and even 39 - 43% lower in cells expressing NaK-ChR2 (Fig. I.8 B, closed symbols), maximum
growth rates were even reduced by 39 - 43% in the presence of NaCl.
In this pilot experiment, the cells expressing NaK-ChR2 showed both: a growth deficit in medium
with increased Na+ concentrations and a slight growth stimulation in medium without NaCl
compared to the cells with the empty vector. This indicates that NaK-ChR2 is functional in the
retinal producing trk1D/trk2D yeast strain and that the growth assays in liquid medium are
suitable to detect activity of NaK-ChR2 in these cells.
Based on these positive results I aimed in the next experiment to detect a growth stimulation
caused by light-activated K+ uptake of the cells in liquid medium.

Chapter I

16

For this purpose, SDAP liquid medium with different K+ concentrations (Rodriguez-Navarro and
Ramos 1984) was used. The intention of using SDAP medium was to test whether a minimal
medium with precisely defined K+ concentrations would provide a robust and K+ concentration
dependent growth stimulation of cells expressing NaK-ChR2.
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Figure I.9: SHY1 cells with and without NaK-ChR2 do not grow in minimal medium with very low K+
concentrations. Growth of SHY1 cells in SDAP medium with 0.1, 1, 10 or 100 mM KCl harboring either an empty vector
(e.v.) or a plasmid for expression of the channelrhodopsin-2 variant (NaK-ChR2) was measured in 30 sec intervals as OD500
with a plate reader; 1 data point per hour was plotted for the growth curves. No cell growth was measured in medium
with 0.1 mM and 1 mM KCl; the cells showed growth in medium ≥10 mM KCl, however no significant difference was
measured between the cells with or without NaK-Chop2. Data are mean ± SD of 3 samples.

As shown in Fig. I.9, however, this was not the case. In SDAP medium with very low K+
concentrations (0.1 mM KCl and 1 mM KCl), cells neither grew without nor with NaK-ChR2. In
SDAP medium with ≥10 mM KCl it was possible to detect a rescue of cell growth, but this rescue
was not depending on the presence/absence of NaK-ChR2.
One potential explanation for these data is that the plate reader does not provide a good way for
a permanent illumination of the cells. Also, the illumination intensity might not be sufficient for
full activation of NaK-ChR2. To overcome these problems, we built a device (dubbed “light plate”,
Fig. I.13) which allows permanent illumination of the cells in a 24 well plate with variable
illumination intensities.
I first tried to reproduce the results of the previous experiment in the plate reader to test if the
new setup works as intended. To do this, I loaded the wells of the growth plate with SD-ura
medium +10 mM KCl and different NaCl concentrations (0 mM or 400 mM NaCl) and incubated
the cells expressing and not expressing NaK-ChR2. The cells were continuously illuminated with
blue light (465 nm, 0.04 mW/mm2) and cell growth was measured after 48 h as OD600.
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Figure I.10: Growth of SHY1 cells expressing NaK-ChR2 illuminated with 465 nm is stimulated in medium
without NaCl and significantly reduced in the same medium containing 400 mM NaCl. Cell growth was
measured as OD600 after 48 h and calculated as relative OD600 in reference to cells containing the empty vector. Growth
of cells expressing NaK-ChR2 was stimulated in SD-ura medium +10 mM KCl and significantly reduced in the same medium
with 400 mM NaCl. Data are mean ± SD of 3 samples.

Growth of cells expressing NaK-ChR2 was stimulated by 13 ± 36% relative to cells without NaKChR2 in the absence of NaCl. In contrast, in the presence of 400 mM NaCl, growth of cells
expressing NaK-ChR2 was significantly inhibited (43 ± 7%) relative to cells without the NaK-ChR2
in the same medium (Fig. I.10). This indicated that the use of the "light plate" provided a good
basis for studying the functionality of NaK-ChR2 in cells.
In the next step, I tested whether similar or eventually better results could be obtained in SD-ura
medium without additional KCl. I was also interested in investigating how the growth of the cells
in the wells behaves without illumination, i.e. whether the conductance of NaK-ChR2 is also
activate in the dark.
The wells of the growth plate were loaded with SD-ura medium supplemented with different NaCl
concentrations (0 mM and 400 mM NaCl) and cells with and without NaK-ChR2 were added. The
cells in the illuminated wells were continuously exposed to 465 nm light at 0.04 mW/mm2 and
cell growth was measured after 48 h as OD600. The wells without illumination however were not
completely dark; some scattered light still emerged from the illuminated wells (465 nm,
approximately 0.00009 mW/mm2).
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Figure I.11: Growth effects caused by NaK-ChR2 are significantly reduced in the dark. SHY1 cells expressing
NaK-ChR2 illuminated with 465 nm at the “light plate” show a growth deficit in SD-ura medium with 400 mM NaCl and
a significant growth stimulation in the same medium without NaCl. These effects were substantially reduced when cells
grew in the putative darkness. Cell growth was measured as OD600 after 48 h and calculated as relative OD600 in reference
to cells containing the empty vector. Data are mean ± SD of 3 samples.

Growth of illuminated cells expressing NaK-ChR2 was in the absence of NaCl stimulated by 58 ±
16% over control cells without NaK-ChR2. In contrast, growth of the same cells in the identical
medium was in the nonilluminated wells not significantly stimulated (9 ± 20%).
In medium containing 400 mM NaCl, the illuminated cells with the channelrhodopsin-2 variant
showed a growth deficit of 37 ± 7% compared to the controls without the channelrhodopsin-2
variant. However, also the nonilluminated cells with the channelrhodopsin-2 variant showed in
the same medium a slight growth deficit (15 ± 3%) compared to controls without the
channelrhodopsin-2 variant (Fig. I.11).
Collectively the results of these experiments indicate that the experimental setup allows to measure
both, a K+ dependent growth-stimulation and a Na+ dependent growth-inhibition in simple SDura medium. These effects are sensitive to light and hence related to the functionality of NaKChR2, which provides with its cation conductance the K+ influx which is required for growth and
the Na+ influx which inhibits growth. Under these conditions, the yeast growth assay can be further
tailored to test the function of NaK-ChR2.
As a final test of the assay system, I examined its sensitivity to red light. It is expected that NaKChR2 should only be active in blue light but not in red light (650 nm). In the same experiment, I
also tested whether a sufficient difference in cell growth could already be seen after 24 h. This
would improve the experimental workflow for future experiments considerably, since the number
of experiments could be doubled for the same time.
The wells of the growth plate were therefore loaded with SD medium and the cells expressing and
not expressing NaK-ChR2 were added. The cells in the wells on the growth plate were illuminated
with either 465 nm or 650 nm at 0.04 mW/mm2 and cell growth was measured as OD600 after
24 h.
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Figure I.12: The channelrhodopsin-2 variant does not stimulate cell growth at red light illumination. SHY1
cells expressing NaK-ChR2 illuminated with blue light (465 nm) at the “light plate” showed a significant growth
stimulation in SD-ura medium. Growth stimulation was strongly reduced for cells that grew in the putative “dark wells”.
Cells illuminated with red light (650 nm) and in the “dark wells” showed the same growth as reference cells with the
empty vector. Cell growth was measured as OD600 after 24 h and calculated as relative OD600 in reference to cells
containing the empty vector. Data are mean ± SD of 3 samples.

After 24 h cells expressing NaK-ChR2 grew 83 ± 8% better under illumination with blue light
(465 nm) than controls with the empty vector (Fig. I.12). Growth of cells expressing NaK-ChR2 in
the “dark wells” without direct blue light illumination was only 13 ± 3% better than that of cells
with the empty vector. Cells expressing NaK-ChR2 and with the empty vector illuminated at
650 nm, in contrast, showed no difference in growth independent of illumination. These data show
that NaK-ChR2 was indeed activated only by blue light and that growth measurement after 24 h
was sufficient to detect a significant growth difference. It seems as if a substantial activity of NaKChR2 is caused by scattered blue light-illumination even in the non-illuminated wells. This requires
some improvement in the experimental setup but indicates at the same time that the system is very
light sensitive.
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1.3 Conclusions and Outlook
Yeast has already been used for decades as model system because of various favorable properties
(Botstein and Fink 1988): as unicellular and eukaryotic microorganisms, they offer simple and
straightforward handling due to fast and robust growth while they are still able to correctly
produce and fold many eukaryotic proteins. In addition, various techniques for targeted
modifications in heterologous expressed proteins are already well established (Botstein and Fink
2011).
Various approaches have been established for using yeast in a combination of mutagenesis and
subsequent functional screening to find proteins with new or improved functional properties. The
reported mutagenesis methods include random mutagenesis by UV irradiation (Resnick 1969) or
error-prone PCR (Siede and Eckardt 1984, Chao et al. 2006), gene shuffling by recombination of
gene fragments (Abecassis et al. 2000) or also rational design of modified proteins by site-directed
mutagenesis (Storici et al. 2001). Inspired by these approaches the aim of this work was to develop
a yeast-based system to screen for the functionality of channelrhodopsins or rhodopsin-based
protein constructs in the context of their K+ conductance by simple and straightforward growth
assays.
One problem in this approach is that yeasts do not produce retinal, an apocarotenoid which is the
essential chromophore for the formation of rhodopsins. By now there are several approaches
showing that yeasts can be successfully modified by metabolic engineering in order to produce a
variety of compounds. Biopharmaceuticals like insulin and insulin analogs (reviewed in in Kjeldsen
et al. 2001 and Nielsen 2013) are just a few examples. Even beta-carotene and apocarotenoids like
astaxanthin (Ukibe et al. 2009, Zhou et al. 2015) or β-ionone (Beekwilder et al. 2014) can already
be produced in engineered yeast.
However, stable and robust all-trans retinal-producing yeast strains which could be used for
optogenetic research have not been reported yet. In this context, the present study demonstrates
the successful engineering of an all-trans retinal producing trk1Δ/trk2Δ yeast strain for the
synthesis of functional rhodopsins from opsins. The essential retinal chromophore can be positively
detected by UPLC in these cells. Furthermore, successful synthesis of a functional rhodopsin can
be deduced from the functionality of a channelrhodopsin-2 variant in the cells of this strain by two
types of experiments:
One is a gain-of-function approach, where a blue light-activated and K+ dependent rescue of yeast
growth is shown. This phenomenon supports a scenario in which the all-trans retinal producing
yeast cells form a light-gated K+ conducting channelrhodopsin in these cells. The channel opens
only after activation by blue light providing a pathway for K+ uptake into the cells.
In a second experiment it was found that blue light exposure causes an inhibition of yeast growth
in selective medium with an elevated Na+ concentration. Again, also this loss-of-function
experiment is in agreement with the synthesis of a light-gated channelrhodopsin. The latter is a
cation channel, which transports not only K+ but also Na+ (Nagel et al. 2003). Light dependent
activation of the channel promotes influx of Na+, which is at high concentrations toxic for
trk1Δ/trk2Δ cells (Bertl et al. 2003).
The two types of experiments underpin that the engineered yeast strain could provide a new tool
for the development of novel channelrhodopsins or other rhodopsin-based channel proteins for
optogenetic research. The simple growth assay in liquid medium provides an easy assay for
handling which can easily be scaled. Hence, it should be quite easy to tailor the experimental
approach to the desired property of interest.
In future experiments it will be possible to use aforementioned techniques of e.g. random
mutagenesis, gene shuffling or rational design to further optimize the channelrhodopsin-2 variant
with respect to its functional features. This includes selectivity for K+ over Na+ or even a selectivity
for Ca2+. There is indeed a great need for new K+ selective channelrhodopsins because they could
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be used for a light-activated hyperpolarization and hence silencing of neurons. The currently
available silencing tools such as light-driven ion pumps or light-activated chloride channels for
ontogenetic silencing have still some disadvantages:
They either exhibit a decline in photocurrent amplitudes when illuminated for longer periods (5090% reduction during 60 sec illumination period), have very low turnover rates (hyperpolarization
requires constant illumination with high light intensities; Mattis et al. 2011) or they do not always
find the right ionic gradient for hyperpolarizing cells (Cl- channels; Berndt et al. 2014). For the
engineering of channelrhodopsins with such desired properties, the modified proteins could be
expressed in the cells and the relative growth of the cells in medium with a low K+ or high Na+
concentration could be used as readout for the respective desired properties. By varying the K+ or
Na+ concentrations in the growth medium, protein variants should be identified that harbor very
specifically only the desired property (increased K+ or Na+ conductance).
With the same philosophy, the yeast-based assay system can also be used to select for new
engineered channelrhodopsin variants that are activated exclusively by long-wavelength red light.
The yeast system could be employed for this purpose by performing the growth assays with
mutated channelrhodopsins under selective conditions with red light illumination only. I expect
that yeast growing under selective low K+ concentration under red light will host a red shifted
channelrhodopsin.
The currently known red shifted channelrhodopsins and derived variants, like VChR1 (Zhang et
al. 2008) or Chrimson (Klapoetke et al. 2014) are reported to be activated by green/yellow
(VChR1) or orange/red light (Chrimson) but are poorly expressed in neurons or other tissues.
Also, the disadvantage of low photocurrents has been reported (Zhang et al. 2008, Lin et al. 2013,
Oda et al. 2018). In spite of these shortcomings, these proteins are already very useful for some
optogenetic approaches (Ting and Feng 2013, Mager et al. 2018) despite the fact that they still
show some activation at blue light illumination; the latter is caused by the blue light absorption of
the retinal chromophore (Wang et al. 2012, Waddel et al. 1973).
In the context of this state of the art optogenetic tools further optimized red light-activated
channelrhodopsins would be very useful. This would be in particular wanted for work on
multicellular organisms, because long-wavelength red light can penetrate much deeper into tissues
than the aforementioned light with lower wavelengths (Lin et al. 2013, Rao et al. 2019). A more
red shifted channelrhodopsin should allow activation of rhodopsins in deep tissues in a noninvasive manner. With this, it would be possible to investigate the effects of channelrhodopsin
activity in parts of multicellular organisms that have been difficult to reach so far (Men et al. 2020).
Possibly, these red-light activated rhodopsins could be further combined with the aforementioned
K+ selective rhodopsin variants, which would broaden the range of optogenetic tools for neuronal
silencing enormously (Bernal et al. 2018).
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1.4 Materials and Methods
Chemicals used in this study were purchased from Carl Roth, Formedium, Merck or Sigma-Aldrich
unless otherwise indicated.

1.4.1 Oligonucleotides and plasmids
Oligonucleotides used in this study are listed in Table I.1. PCRs to amplify DNA fragments for
cloning procedures were performed by using the Q5® Hot Start High-Fidelity 2X Master Mix (NEB)
according to manufacturer’s instructions. Plasmids used and generated in this study are listed in
Table I.2.
Table I.1: Oligonucleotides used in this study. The underlined parts of the sequence mark homologous regions of
overhang primers.

name
P1
(fw)

sequence (5’- 3’)
TCTGTACTTCTCCTTCATCTTCATCACCTATGCCATGACCAATCCTTT
GCCGTAGTTTCAACGTATG

P2
(rv)

CCGACGAGAGTAAATGGCGAGGATACGTTCTCTATGGCAGTATAGCGA
CCAGCATTCACATACGATTGACG

P3
(fw)
P4
(rv)
P5
(fw)

GATACGTTCTCTATGGAGGAGTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAG
TCCTCCATAGAGAACGTATCGATCATTTATCTTTCACTGCGGAG

P6
(rv)

GATGCCACGGTATTTCAAAG

P7
(fw)
P8
(rv)
P9
(fw)
P10
(rv)
P11
(fw)
P12
(rv)

CACATCACATCCGAACATAAACAACCATGAAGTTTCTGCAACAAAATT
CCTTCACACAAACG
CAAGAATCTTTTTATTGTCAGTACTGATTATCATCCAACAGCTTTCTC
CAACTTCTCTCG
TTACTCACCACTGCGATCCCGTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAG
GGGATCGCAGTGGTGAGTAAGATCATTTATCTTTCACTGCGGAG
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GAGATAGATACATGCGTGGGTC

CATCTGGGCAGATGATGTCG
GTGTCGGATGACTTCTTCTACG

amplicon
polycistronic
beta-carotene
pathway:
PGAP-crtYB-T2AcrtI-T2A-crtETAgTEF
polycistronic
beta-carotene
pathway:
PGAP-crtYB-T2AcrtI-T2A-crtETAgTEF
gRNA_
antiCAN1
gRNA_
antiCAN1
polycistronic
beta-carotene
pathway in
CAN1
colony PCR
polycistronic
beta-carotene
pathway in
CAN1
colony PCR
carX
carX
gRNA_anti
kanR
gRNA_anti
kanR
carX in kanR
colony PCR
carX in kanR
colony PCR
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P13
(fw)
P14
(rv)
P15
(fw)
P16
(rv)
P17
(fw)
P18
(rv)
P19
(fw)
P20
(rv)
P21
(fw)
P22
(rv)

AGAAAGAAAAACTAACACATTAATGTAGTTTTAAAATTTCAAATCCGA
ACAACAGAGCATAGGGTTTCGCAAAAGAGGATCCCCGGGTACCCAGTT
CGAG
TAGCACAATAATACCGTGTAGAGTTCTGTATTGTTCTTCTTAGTGCTT
GTATATGCTCATCCCGACCTTCCATTCTGGAATTCGAGCTCGGTACCG
GCCG
ATATGTTTGGTTTCGATTGTGTTTTAGAGCTAGAAATAGCAAGTTAAA
ATAAG
ACAATCGAAACCAAACATATGATCATTTATCTTTCACTGCGGAG
CAAGTTCTTGGTTTCAGGCC
ATAAAGCAGCCGCTACCAAA
GAATTCGATATCAAGCTTATCGATACCGTCGACAATGGATTATGGAGG
CGCCCTG
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTACTTGTACAGC
TCGTCCATGCC
GAATTCGATATCAAGCTTATCGATACCGTCGACAATGCGACCCCAAAT
ACTCCTCTTG
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTAAACTTCATTT
TCATAGCAAAATCTAGACTTGTACAGCTCGTC

PGAP-crtI-TCYC1
PGAP-crtI-TCYC1
gRNA_anti
YPRCD15
gRNA_anti
YPRCD15
crtI in YPRCD15
colony PCR
crtI in YPRCD15
colony PCR
Chop2_
eYFP
Chop2_
eYFP
NaK-Chop2_
eYFP
NaK-Chop2_
eYFP

For all cloning steps the NEBuilder HiFi DNA Assembly Master Mix (NEB) was used. Generated
plasmids were amplified in E. coli DH5a and sequence verified by Sanger sequencing (Microsynth
Seqlab).
Plasmid pGREG506-PTEF1:Chop2_eYFP was generated by cloning PCR amplified Chop2_eYFP
(P19/P20) using pGEM-HE-Chop2_EYFP as template in SalI restricted pGREG506-PTEF1 (Degreif et
al. 2019). Plasmid pGREG506-PTEF1:NaK-Chop2_eYFP was generated by cloning PCR amplified
NaK-Chop2_eYFP (P21/P22) using pGEM-NaK-ChR-eYFP as template in SalI restricted
pGREG506-PTEF1.
CRISPR/Cas9 plasmids were generated by using KpnI and PmeI restricted pCAS9c (Degreif et al.
2018) with corresponding gRNA primers for plasmid assembling with the NEBuilder:
P3/P4 for pCas9c_antiCAN1, P9/P10 for pCas9c_antikanR and P15/P16 for pCAS9c_
antiYPRCD15. The protospacer sequences were designed by using the ATUM gRNA Design Tool
(https://www.atum.bio/eCommerce/cas9/input).
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Table I.2: Plasmids used in this study. The table specifies the names and essential properties of the plasmids used in
this study.

name
pGREG506-PTEF1

pGEX_carX

properties
CEN/ARS; URA3; kanMX; ampR; constitutive TEF1
promoter; HIS3-stuffer
pGREG506-PTEF1; constitutive expression of C-terminally
eYFP-tagged Chop2
pGREG506-PTEF1; constitutive expression of C-terminally
eYFP-tagged NaK-Chop2
2µ; URA3; ampR; constitutive expression of S. pyogenes
Cas9 endonuclease from TEF1 promoter; gRNA from
SNR52 promoter, gRNA expression cassette contains
protospacer stuffer
pCAS9c; gRNA expression cassette contains protospacer
sequence for CAN1
pCAS9c; gRNA expression cassette contains protospacer
sequence for kanR
pCAS9c; gRNA expression cassette contains protospacer
sequence for YPRCD15
PCR template for amplification of PGAP-crtYB-T2A-crtIT2A-crtE-TAgTEF
PCR template for amplification of carX

YIplac211-YB/I/E

PCR template for amplification of crtI

pGREG506-PTEF1:
Chop2_eYFP
pGREG506-PTEF1:
NaK-Chop2_eYFP
pCAS9c

pCAS9c_antiCAN1
pCAS9c_antikanR
pCAS9c_antiYPRCD15
pUDC082

reference
Degreif et
al. 2019
This study
This study
Degreif et
al. 2018

This study
This study
This study
Beekwilder
et al. 2014
PradoCabrero et
al. 2007
Verwaal et
al. 2007

The polycistronic beta-carotene biosynthetic pathway (PGAP-crtYB-T2A-crtI-T2A-crtE-TAgTEF) was
PCR amplified (P1/P2) from pUDC082 as template. Plasmid pGEX_carX served as template for
amplification of carX (P7/P8). The crtI CDS was PCR amplified (P13/P14) from YIplac211-YB/I/E
as template.
Colony PCRs were performed by using the OneTaq 2X Master Mix with Standard Buffer (NEB)
according to manufacturer's instructions with following modifications. To prepare the DNA
template, cells from a single colony were resuspended in 30 µl 0.02% SDS, incubated 10 min at
95°C and vortexed vigorously for 1 min. 0.5 µl of the cell suspension was used as template for the
PCR reaction with corresponding colony PCR primers.
The plasmid pUDC082 was a kind gift from Jules Beekwilder (Beekwilder et al. 2014). The plasmid
pGEX_carX was a kind gift from Salim Al-Babili (Prado-Cabrero et al. 2007). The plasmid
YIplac211-YB/I/E was a kind gift from Gerhard Sandmann (Verwaal et al. 2007). The plasmid
pGEM-HE-Chop2_eYFP was kind gift from Georg Nagel (Nagel et al. 2003), and the plasmid
pGEM-NaK-ChR-eYFP was a kind gift from Shiqiang Gao.
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1.4.2 Engineering of an all-trans retinal producing trk1Δ/trk2Δ yeast strain
Strain PLY240 was cotransformed with pCas9c_antiCAN1 and the PCR amplified polycistronic
beta-carotene biosynthetic pathway (PGAP-crtYB-T2A-crtI-T2A-crtE-TAgTEF) by using the Frozen-EZ
Yeast Transformation II kit (Zymo Research) according to manufacturer's instructions.
Transformed cells were selected on SD-ura medium +100 mM KCl. Cells showing yellow color
indicated genomic integration of the polycistronic beta-carotene pathway. Randomly selected
yellow colored cells were analyzed by colony PCR (P5/P6) for correct localized integration of the
polycistronic beta-carotene biosynthetic pathway in the CAN1 locus. Positive cells were transferred
in complex YPD medium +100 mM KCl to eliminate the pCAS9c_antiCAN1 plasmid. After three
serial passages a cell dilution (1:10.000 from OD600 = 1.0) was plated on YPD medium +100 mM
KCl. Grown cells were counter selected on SD-ura medium +100 mM KCl. Cells which did not
grow on SD-ura +100 mM KCl medium were used for further work and dubbed “PLY240_betacarotene”.
PLY240_beta-carotene cells were cotransformed with pCas9c_antikanR and the PCR amplified
carX. Transformed cells were selected on SD-ura medium +100 mM KCl. Colorless cells indicated
genomic integration of carX. Randomly selected colorless cells were analyzed by colony PCR
(P11/P12) for correct localized integration of carX in the trk2::PAgTEF-kanR-TAgTEF locus. Positive
cells were transferred in complex YPD medium +100 mM KCl to eliminate the pCAS9c_antikanR
plasmid. After three serial passages a cell dilution (1:10.000 from OD600 = 1.0) was plated on YPD
medium +100 mM KCl. Grown cells were counter selected on SD-ura medium +100 mM KCl.
Cells which did not grow on SD-ura +100 mM KCl medium were used for further work and dubbed
“PLY240_beta-carotene_carX”.
PLY240_beta-carotene cells were cotransformed with pCas9c_antiYPRCD15 and the PCR amplified
crtI. Transformed cells were selected on SD-ura medium +100 mM KCl. Orange colored cells
indicated genomic integration of crtI. Randomly selected orange colored cells were analyzed by
colony PCR (P17/P18) for correct localized integration of crtI in the YPRCD15 locus. Positive cells
were transferred in complex YPD medium +100 mM KCl to eliminate the pCAS9c_antiYPRCD15
plasmid. After three serial passages a cell dilution (1:10.000 from OD600 = 1.0) was plated on YPD
medium +100 mM KCl. Grown cells were counter selected on SD-ura medium +100 mM KCl.
Cells which did not grow on SD-ura +100 mM KCl medium were used for further work and dubbed
“PLY240_beta-carotene_crtI”.
PLY240_beta-carotene_crtI cells were cotransformed with pCas9c_antikanR and the PCR amplified
carX. Transformed cells were selected on SD-ura medium +100 mM KCl. Colorless cells indicated
genomic integration of carX. Randomly selected colorless cells were analyzed by colony PCR
(P11/P12) for correct localized integration of carX in the trk2::PAgTEF-kanR-TAgTEF locus. Positive
cells were transferred in complex YPD medium +100 mM KCl to eliminate the pCAS9c_antikanR
plasmid. After three serial passages a cell dilution (1:10.000 from OD600 = 1.0) was plated on YPD
medium +100 mM KCl. Grown cells were counter selected on SD-ura medium +100 mM KCl.
Cells which did not grow on SD-ura +100 mM KCl medium were used for further work and dubbed
“PLY240_beta-carotene_crtI_carX” (or “SHY1”).
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1.4.3 All-trans retinal extraction
For all-trans retinal extraction a freshly grown overnight culture (YPD +100 mM KCl) of
PLY240_beta-carotene_crtI_carX cells was centrifuged (5 min, 4000 rpm, 4°C). The pellet was
washed twice with ice cold 5 mL ddH2O and the supernatant was removed. The pellet was
resuspended in 1 mL 100% EtOH and transferred in a 1.5 mL reaction tube. 500 µl of 0.5 mm
Zirconia/glass beads were added and the cells were homogenized three times for 60 sec on a
Minilys® Homogenizer (Bertin Technologies). After each round of bead beating the suspension
was cooled on ice for 60 sec.
The suspension was centrifuged (1 min, 13000 rpm, 4°C) and the supernatant containing the
carotenoids was transferred in a glass vial for UPLC analysis. The vial was anaerobized using 4
times alternating degassing by a vacuum pump and nitrogen.

1.4.4 UPLC analysis
UPLC analysis of the ethanol cell extract from PLY240_beta-carotene_crtI_carX cells with 5 µM alltrans retinal as reference was kindly performed by Dr. Markus Krischke at the University of
Würzburg as described elsewhere (Zhou et al. 2021).

1.4.5 Yeast media
Wild-type strains derived from PLY240 were routinely cultured in YPD +100 mM KCl (2% glucose;
2% peptone; 1% yeast extract; 100 mM KCl). Percentages correspond to weight/volume.
Strains harboring plasmids with the URA3 marker were selected and grown in corresponding
synthetic defined drop-out media (2% glucose; 0.69% yeast nitrogen base without amino acids;
0.077% CSM Drop-out -Ura i.e. SD-ura). Agar media contained 2% agar-agar. K+ and Na+
concentrations were adjusted with KCl or NaCl to the indicated concentrations.
SDAP media (10 mM arginine, 2% glucose, 2 mM MgSO4, 0.2 mM CaCl2, 1% trace elements (13
µM FeNaEDTA, 8 µM H3BO3, 0.25 µM CuSO4, 0.6 µM KI, 2.7 µM MnSO4, 1 µM Na2MoO4, 2.5 µM
ZnSO4, 0.5 µM CoCl2, 0.5 µM NiCl2), 1% vitamins (2 µg/l biotin, 400 µg/l Ca-panthotenate, 2 µg/l
folic acid, 200 µg/l inositol, 400 µg/l niacin, 200 µg/l p-aminobenzoic acid, 400 µg/l pyridoxine
hydrochloride, 200 µg/l riboflavin, 400 µg/l thiamine hydrochloride), 50 mg/l His, 50 mg/l Trp,
50 mg/l Leu and the required amount of KCl) were adjusted with 85% H3PO4 to pH 5.5 and were
prepared as described elsewhere (Rodriguez-Navarro and Ramos 1984, Bertl et al. 2003).
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1.4.6 Yeast strains
S. cerevisiae cell lines used in this study are derived from strain PLY240 and listed in Table I.3.
Table I.3: Yeast cells used in this study. In this table all cell lines used in this study with corresponding genotypes and
harbored plasmids are listed.

name
PLY240
PLY240_beta-carotene
PLY240_beta-carotene_carX
PLY240_beta-carotene_crtI
PLY240_betacarotene_crtI_carX
(= “SHY1”)
SHY1 + pGREG506-PTEF1
(e.v.)
SHY1 + pGREG506-PTEF1:
Chop2_eYFP
SHY1 + pGREG506-PTEF1:
NaK-Chop2_eYFP

genotype
MATa; his3Δ200; leu2-3,112; trp1Δ901;
ura3-52; suc2Δ9; trk1Δ51;
trk2Δ50::loxP-kanMX-loxP
PLY240;
can1::PGAP-crtYB-T2A-crtI-T2A-crtE-TTEF
PLY240_beta-carotene;
trk2Δ50::loxP-PAgTEF-kanR::carX-TAgTEF-loxP
PLY240_beta-carotene;
YPRCΔ15::PGAP-crtI-TCYC1
PLY240_beta-carotene_crtI;
trk2Δ50::loxP-PAgTEF-kanR::carX-TAgTEF-loxP
SHY1;
pGREG506-PTEF1
SHY1;
pGREG506-PTEF1:Chop2_eYFP
SHY1;
pGREG506-PTEF1:NaK-Chop2_eYFP

reference
Bertl et al.
2003
This study
This study
This study
This study
This study
This study
This study

1.4.7 Yeast transformation
Transformation of yeast strain SHY1 with the generated plasmids was performed by using the
Frozen-EZ Yeast Transformation II kit (Zymo Research) according to manufacturer's instructions.
Transformed yeast were selected on SD-ura agar plates +100 mM KCl at 30°C for 72 h.

1.4.8 Microscopy
Cells expressing fluorescent proteins were analyzed using a microscopy setup consisting of a Leica
TCS SP5 II (Leica Microsystems) with a 100x oil objective (HCX PL APO CS 100x/1. 44). eYFP was
excited at 514 nm and emission was detected between 530 and 555 nm.

1.4.9 Growth assays
For growth assays, cells were grown overnight in SD-ura +100 mM KCl medium.
Growth assays on solid medium
Grown cells were washed twice with ddH2O and set to OD600 = 1.0. 10-fold dilutions were spotted
on SD-ura agar plates +0 mM KCl and as a control on plates with +100 mM KCl. Plates were
incubated at 30°C for 72-96 h and illuminated by WINGER® WEPBL3-S1 Power (450 nm) 3W
LEDs with constant 0.04 mW/mm2 or placed in a sealed box to avoid any illumination.
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Growth assays in liquid medium using the plate reader
Grown cells were washed twice with ddH2O and set to OD600 = 10. 100 µl of the washed cells were
used to inoculate either 1 ml SD-ura media +10 mM KCl with 0, 400, 500 or 600 mM NaCl or 1
ml SDAP media with 0.1, 1, 10 or 100 mM KCl per well in 24 well plates. The well plates were
sealed with Breathe-Easy sealing membranes. OD500 was measured in 30 sec intervals on a BioTek
Epoch™ 2 Microplate Spectrophotometer with constant shaking at 30°C for 48 h and one data
point per hour was plotted for the growth curves.
Growth assays in liquid medium using the “light plate”
Grown cells were washed twice with ddH2O and set to OD600 = 10. 100 µl of the washed cells were
used to inoculate 1 ml SD-ura media +10 mM KCl or +0 mM KCl with 0 or 400 mM NaCl per well
in 24 well plates. The well plates were sealed with Breathe-Easy sealing membranes and placed
on top of a device dubbed “light plate”. The “light plate” is placed on a square, 5 mm thick
aluminum base plate with a side length of 300 mm to deflect the heat generated by 12 WINGER®
WEPBL3-S1 Power (465 nm) 3 W LEDs, which are centered at the appropriate spacing for
illumination of 12 wells of a 24 well plate. This serves as base for the "growth plates". On this
growth plate, 12 wells are illuminated at a time and 12 remain nonilluminated (Fig. I.13). The
illumination intensity can be modulated by the applied current to the LEDs or the distance between
them and the "light plate". The device was placed on a shaker (IKA KS 260 basic) and incubated
at 30°C in the dark to avoid any external illumination. Since the use of the "light plate" did not
allow automatic and quasi-continuous tracking of the cell growth, I measured the OD600 manually
with a BioTek Epoch™ 2 Microplate Spectrophotometer at regular intervals.

“light plate”

WINGER® WEPBL3-S1
Power (465nm) 3W LEDs

“light plate”
+“growth plate”

illuminated well

“dark” well

Figure I.13: The "light plate" provides illumination of 12 wells of a 24 well plate ("growth plate"). The "light
plate" is placed on a square, 5 mm thick aluminum base plate with a side length of 300 mm to deflect the heat generated
by 12 WINGER® WEPBL3-S1 Power (465 nm) 3 W LEDs centered at the appropriate distances for the illumination of 12
wells of a 24 well "growth plate" (left). The "growth plate" is placed on the "light plate" and taped in place to prevent
shifting.
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2.1 Introduction
In a previous chapter it was already reported that light-activated ion channels are suitable for
depolarizing or hyperpolarizing cells with high temporal and spatial precision in a remote manner.
By applying short pulses of light, mostly blue light, the respective light-gated channels can be
transiently activated for eliciting or terminating action potentials in target cells (Banghart et al.
2004, Cosentino et al. 2015, Alberio et al. 2018, Beck et al. 2018, Jerng et al. 2021). While this
approach works well for short term modulation of neuronal activity it is not suitable for modulating
long term effects. In neurobiological research however also long-term silencing experiments, in
which cells of interest are kept hyperpolarized for tens of minutes to hours, are wanted to study
slow processes such as the development of neural networks. With the available optogenetic tools
it would be necessary to constantly illuminate cells with high-energy blue light to achieve constant
activation of the respective light sensitive channels (Schultheis et al. 2011). This however bears
the risk of phototoxic effects and other undesired cellular processes (Carlton et al. 2010, Waldchen
et al. 2015). To obtain the desired stable and robust hyperpolarization of cells over a longer time
scale (minutes to days) (Husson et al. 2012, Wiegert et al. 2017) an alternative approach is
wanted.
One possible system for such long-term modulation of channel activity in cells is offered by lightinduced gene expression of potassium channels. A pioneering study for such a system was already
reported elsewhere (Engel et al. 2020). This strategy exploits the fact that a light-activated gene
expression system can usually be activated by lower light intensities than those required for the
activation of light-activatable ion channels. For example, the light triggered CRY2-CIB1-based
transcription system requires just bright room light to activate the transcription of a gene of interest
to 30% (Kennedy et al. 2010). Short blue light pulses at intervals of about 5 min are sufficient to
fully activate the same system for hours (Hughes et al. 2012). The single activation of a typical
opsin protein like ChR2 however requires >1 mW of wavelength-specific light for full activation
(Nagel et al. 2003, Britt et al. 2012).
This CRY2-CIB1-based transcription system (Liu et al. 2008) is based on the interaction of two
fusion proteins: in the ground-state, the blue light-absorbing photoreceptor cryptochrome 2
(CRY2) protein contains the ubiquitous chromophore flavin adenine dinucleotide (FAD) in its
oxidized form (Liu et al. 2011). CRY2 is fused with an E. coli originating LexA binding domain that
recognizes and binds to a LexA operator DNA sequence (Miki et al. 1981).
The interaction partner of CRY2 in this system, the cryptochrome-interacting basic-helix-loop-helix
(CIB1) protein is fused to a VP16 activator domain that induces transcription of a gene of interest
(Hughes et al. 2012).
Upon illumination with blue light, the chromophore FAD is reduced. CRY2 changes its
conformation for a few minutes and is able to interact with CIB1. If no further light stimulation
occurs during this period, the conformation of CRY2 reverts spontaneously, the interaction with
CIB1 dissolves and transcription is no longer induced (Fig. II.1; Kennedy et al. 2010, Hughes et al.
2012).
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Figure II.1: Schematic representation of the CRY2-CIB1-based light induced expression system. In the dark,
fusion proteins consisting of a LexA binding domain (BD) and CRY2 bind to LexA operators located upstream the gene
of interest (GOI). The chromophore FAD is oxidized. Fusion proteins consisting of CIB1 and a VP16 activator domain (AD)
cannot fuse to their CRY2 counterpart, GOI transcription does not occur (left). Illumination with blue light (450 nm)
causes a reduction of FAD and subsequently a conformational change of CRY2 (i.e. photoexcitation). CIB1 is able to
interact with the photoexicated CRY2 and the VP16 activator domain is reconstituted in close proximity to the GOI.
Transcription and expression of the GOI occurs (right). If no further light is applied, FAD gets oxidized again, the
conformation of CRY2 reverts and the interaction with CIB1 dissolves. This removes the VP16 AD from the GOI and
results in no further induction of transcription.

I reasoned that this light-dependent CRY2-CIB1-based transcription system could be combined
with the small viral potassium channel KcvPBCV-1 (Plugge et al. 2000) to serve as a proof of concept
for a light activated transcription of an active K+ channel. This small, viral K+ channel has already
been used as a model K+ channel in various studies and also serves as the basis for the first fully
genetically encoded blue-light–induced K+ channel BLINK1 (Cosentino et al. 2015) (and BLINK2
(Alberio et al. 2018), respectively). The combination of the small channel with the blue lightinduced transcription system, could thus provide a useful fully genetically encoded tool for longterm hyperpolarization of excitable cells. This approach is conceptually the same as that performed
in parallel to this study and focused on a light induced expression and localization of other small,
viral K+ channels to the mitochondria (Engel et al. 2020).
In an experimental application of such a system it would be crucial to know when the first channels
after light stimulation occur in the plasma membrane. In other words, the time of channels
expressing, trafficking and inserting in the plasma membrane determines the time it takes before
the K+ conductance affects the electrical properties of the target cell.
To investigate the dynamics of light triggered channel expression, synthesis and sorting, I use yeast
cells as a simple and robust model system in this study. With these cells it is easily possible to
detect a localization of functional K+ channels in the plasma membrane. This can be achieved by
using yeast strains with a double deletion of the endogenous major potassium uptake systems
TRK1 and TRK2 (trk1Δ/trk2Δ yeasts).
Previous studies have shown that expression of various heterologous potassium channels restores
the growth of trk1Δ/trk2Δ yeast cells in a low K+ medium. Because of the simplicity of the system
it is a suitable tool for an easy detection of functional K+ channels (Sentenac et al. 1992, Bertl et
al. 1997, Minor et al. 1999, Balss et al. 2008, Gazzarrini et al. 2009) also in high throughput
experiments.
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Because this detection is based on the appearance/absence of growth as a result of a K+ uptake
into the cells, it should be suitable for investigating the basic functionality of a light-induced
expression of KcvPBCV-1. The combination of yeast growth with single cell fluorescence monitoring
in a microfluidic system (Crane et al. 2014, Diemer 2019) further opens the possibility of
investigating the expression kinetics of the channel on a single cell basis. I reasoned that a
functional expression of a K+ channel in the yeast cells should cause a depolarization that can be
monitored with voltage-sensitive dyes in individual yeast cells. This should provide a simple
platform for measuring the expression kinetics of a membrane protein and should be considered
as promising method development to be used in the future for measuring the expression kinetics
of other K+ channels in a light-dependent manner.
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2.2 Results and Discussion
2.2.1 Expression of KcvPBCV-1 in trk1Δ/trk2Δ yeast in a light-dependent manner
A pilot experiment was performed to investigate whether a CRY2-CIB1-based blue light-induced
transcription system (Hughes et al. 2012) is suitable for studying the light-induced expression of
KcvPBCV-1 in yeast cells.
This experiment should verify that light-induced KcvPBCV-1 transcription results in correctly
expressed and sorted KcvPBCV-1 proteins that are fully functional in the plasma membrane. This
should provide a conductance for K+ uptake and rescue the growth of trk1Δ/trk2Δ yeast cells on a
low K+ medium. Therefore, a growth assay with PLY240 cells (trk1Δ/trk2Δ) was designed to test
functional KcvPBCV-1 expression in a light dependent manner.
Growth assays with trk1Δ/trk2Δ cells on low K+ media combine an easy application with a simple
digital readout: Either the cells grow or don’t grow under selective conditions. In the first case the
data indicate that the cells have properly expressed a functional K+ channel. This K+ channel has
to be sorted into the plasma membrane, so that the cells are able to take up K+ and grow on low
K+ media (Nakamura and Gaber 1998). In the second case the data indicate that synthesis or
function of the protein of interest is corrupted at one stage. It is either not properly expressed,
does not have a K+ conductance or is not sorted and/or inserted into the plasma membrane
(Anderson et al. 1992). Growth assays were performed on solid medium because the use of plates
provided an easy and reproducible illumination of the cells. In this assay yeasts need approximately
2-3 days to form colonies visible to the eye on agar plates (Nakamura and Gaber 1998, Bagriantsev
and Minor 2013). Because of this long time period, I was concerned that constant illumination
with blue light (450 nm), necessary for activation of the CRY2-CIB1-based expression system,
could cause cell damage and abolish growth due to phototoxicity (Marrot et al. 2006, Hoenes et
al. 2018). However, data from others suggested that the CRY2-CIB1-based light-induced
expression system is activated even by the fraction of blue light present in daylight, which should
not be harmful for cells (Hughes et al. 2012). Therefore, an 8W Albrillo LED Daylight Lamp was
used for the experiments to provide constant, full-spectrum daylight illumination with 300
µEinstein for the cells.
PLY240 cells transformed with the light inducible CRY2-CIB1 expression system together with an
empty vector (pSH18-34) grew only on a selective medium with a high K+ concentration (SD-leutrp-ura +100 mM KCl) independent of light or darkness (Fig. II.2, top row). These cells did not
grow on a low K+ selective medium (SD-leu-trp-ura +1 mM KCl). Cells transformed with the light
inducible CRY2-CIB1 expression system and a plasmid encoding the K+ channel KcvPBCV-1
(pSH18-34:KcvPBCV-1_eGFP) also showed robust growth on selective medium with a high K+
concentration (SD-leu-trp-ura +100 mM KCl) regardless of light or darkness (Fig. II.2, bottom
row). However, they did not grow on selective medium with a low K+ concentration when kept in
the dark, but showed robust growth on the same medium in the light (300 µEinstein).
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Figure II.2: Light induced expression of KcvPBCV-1_eGFP fusion proteins complements for the growth deficit
of a trk1Δ/trk2Δ yeast strain on a low K+ medium. 10-fold serial dilutions of OD600 = 1.0 of the trk1Δ/trk2Δ yeast
strain PLY240 transformed with three plasmids that encode the light inducible CRY2-CIB1-based expression system
(pDBTrp:LexABD-CRY2FL; pRMH124:VP16-CIB1 and pSH18-34/pSH18-34:KcvPBCV-1_eGFP) were spotted on SD-leu-trp-ura
plates with either high (+100 mM KCl, left) or low (+1 mM KCl, right) K+ concentrations. Cells transformed with empty
pSH18-34 (top row) grew only on selective medium with a high K+ concentration independently of illumination, whereas
cells transformed with pSH18-34:KcvPBCV-1_eGFP (bottom row) grew also on a selective low K+ medium but only in the
light.

This result indicates that the CRY2-CIB1 expression system is able to induce expression of
functional KcvPBCV-1 proteins in a trk1Δ/trk2Δ yeast strain in a light-dependent manner. It was
therefore considered as a suitable system for studying the expression kinetics of KvcPBCV-1 in further
experiments.
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2.2.2 Expression kinetics of KcvPBCV-1_eGFP fusion proteins on single cell level
The growth assay in the pilot experiment has shown that KcvPBCV-1_eGFP fusion proteins can be
functionally expressed in a light-dependent manner in trk1Δ/trk2Δ cells. Therefore, this system
was further used to obtain an insight into the expression kinetics of KcvPBCV-1.
I wanted to know how long it would take for KcvPBCV-1 to be functionally expressed in yeast cells.
The aforementioned growth assays on a solid selective medium were not suitable to answer this
question. Although the functional expression of KcvPBCV-1 was essential for growth of PLY240 cells
on a low-potassium selective medium it took >48 h before the first colonies were detectable. This
suggests that functional expression of KcvPBCV-1 must occur during the doubling time of the cells,
which was measured here for this strain to occur after 110 min. If the channel would not be
produced during the doubling time, the daughter cells would not be viable on a selective low K+
medium.
In order to define this timeframe more precisely, the fact was employed that KcvPBCV-1 was fused to
a green fluorescent protein (eGFP). The fluorescent signal of this tag was used for measuring the
expression kinetics of the KcvPBCV-1_eGFP fusion construct in the cells. We reason that folding of
the channel protein must be completed before the GFP is synthesized and fluorescent, since the
latter is attached to the C-terminus of the channel. In this case, the kinetics of GFP fluorescence
should be a good measure of the dynamics of channel protein synthesis. To obtain a precise
measurement of the expression kinetics at a single cell level, a microfluidic chip was used in
collaboration with Jascha Diemer from AG Köppl at the TU Darmstadt. This chip technology allows
monitoring of fluorescence signals from 527 individual cells over time. This provides time resolved
kinetics of protein synthesis with robust statistics.
In a pilot experiment, we investigated whether the existing setup would be suitable at all to study
the KcvPBCV-1_eGFP expression kinetics in a light-dependent manner at a single cell level. In order
to investigate this, the first experiments were performed with cells in which expression of the light
inducible KcvPBCV-1_eGFP was achieved by transformation with three plasmids (PLY240
+pDBTrp:LexABD-CRY2FL +pRMH124:VP16-CIB1 +pSH18-34:KcvPBCV-1_eGFP). The cells were
then exposed on the chip platform to different illumination times.
In a first step, we investigated whether the system would actually not be active in the dark. In a
control measurement cells were supposed to remain quasi-permanently in the dark. This should
not induce transcription of KcvPBCV-1_eGFP and thus should not result in a significant increase of
fluorescence. However, it was not practicable to prevent any light exposure of the cells. They had
to be illuminated during loading onto the chip (approx. 3 - 4 min) and for image acquisitions.
Image acquisitions had to occur at regular intervals to check the set parameters and for measuring
the fluorescence signal.
Because the light-induced transcription system is best induced by blue light with approx. 450 nm
(Kennedy et al. 2010) and the fluorescence emission of GFP was also excited by blue light (470/24
nm) with a Lumencor SpectraX light source (Shimomura et al. 1962), it was first determined how
long the image acquisition would take for the measurement of a single time point. An average time
of 30 sec blue light illumination per time point of image acquisition was determined as sufficient
in the pilot experiment.
In the literature it is reported that 10 - 12 min dark intervals between two light pulses should be
sufficient for >90% dissociation of the CRY2-CIB1 complex; this should then stop the induction of
transcription (Hughes et al. 2012). Based on this information we tried to counteract activation of
the system during image acquisition by performing image acquisitions at 15 min intervals while
the cells remained in the dark in the meantime.

Chapter II

41

A

15 min intervals

B

5 min intervals

fluorescence units

n = 462

C

5 min intervals + add. illu.

n = 389

n = 512

3000

3000

3000

2000

2000

2000

1000

1000

1000

0

0

100 200 300
Time (min)

400

0

0

50
100
Time (min)

150

0

0

50
100
Time (min)

150

Figure II.3: Light induced KcvPBCV-1_eGFP expression depends on illumination times. The light induced
expression kinetics of KcvPBCV-1_eGFP in trk1Δ/trk2Δ cells were measured in pilot experiments with different light
conditions. A) As a control experiment, images were taken in 15 min intervals. The cells were illuminated for 30 sec just
during image acquisitions. This was not enough light to trigger significant expression of KcvPBCV-1_eGFP. B) Image
acquisitions in 5 min intervals (“protocol 1”) were sufficient to trigger expression of KcvPBCV-1_eGFP. C) Image acquisitions
in 5 min intervals and illumination in between for the first 30 min of the experiment with 300 µEinstein by an 8W Albrillo
LED Daylight Lamp (“protocol 2”) resulted in enhanced fluorescence signals of KcvPBCV-1_eGFP. Mean values are shown
in indicated colors: 15 min intervals in magenta, 5 min intervals in cyan and 5 min intervals with additional illumination
in between for the first 30 min of the experiment in yellow.

No significant increase in the fluorescence signal was detected over a period of 400 min in any of
the cells transformed with pDBTrp:LexABD-CRY2FL, pRMH124:VP16-CIB1 and pSH18-34:
KcvPBCV-1_eGFP which were measured in 15 min intervals (Fig. II.3 A). This confirmed the inactivity
of the system in the dark stated in the literature (Hughes et al. 2012). In the next experiment, we
investigated whether 5 min intervals would be sufficient to trigger KcvPBCV-1_eGFP expression.
5 min intervals (“protocol 1”) were sufficient to trigger KcvPBCV-1_eGFP expression (Fig. II.3 B).
The GFP fluorescence was increased in a large number of cells within 15-20 min after the start of
the measurements. Interesting to note is that the signal started to decay after reaching a peak at
about 80 min. The results of these experiments confirmed that 5 min intervals were sufficient to
trigger expression. This light protocol however seems to be not perfect for the full induction of the
KcvPBCV-1_eGFP expression. A large number of cells showed no increase in fluorescence and those
which responded exhibited a delayed decay in the GFP signal. It is reasonable to assume that the
latter reflects the fact that positively formed CRY2-CIB1 complexes may already begin to dissociate
(Kennedy et al. 2010, Pathak et al. 2014).
In the next experiment, we investigated, whether protein expression could be accelerated by
additional illumination with 300 µEinstein using an 8W Albrillo LED Daylight Lamp. This light
stimulation (“protocol 2”) was applied as constant light during the first 30 minutes interrupted by
the 5 min intervals of image acquisitions.
With the additional illumination signal (“protocol 2”) the total fluorescence signal in the cells was
enhanced by 40% over that in cells which were only exposed to the light for image acquisitions
(“protocol 1”) (Fig. II.3 C). Important to note is that the two different protocols had no appreciable
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impact on the kinetics of the increase in fluorescence. Also, for protocol 2 the signal started to
decrease after some time (120 min; Fig. II.4).
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Figure II.4: Comparison of the mean fluorescence values of the experiments with different illumination
protocols. Shown are the mean values of fluorescence units from the cells illuminated with different illumination times.
The fluorescence signal in cells illuminated in 15 min intervals only during image acquisitions (magenta) did not increase.
The fluorescence signal in cells illuminated in 5 min intervals only during image acquisition (cyan) started to increase after
15-20 min. After 80 min the fluorescence signal began to decrease. The fluorescence signal in cells illuminated for the
first 30 min with 300 µEinstein by an 8W Albrillo LED Daylight Lamp between 5 min intervals of image acquisition (yellow)
resulted in a 40% enhanced fluorescence signal, which started to decrease after 120 min.

The results of these experiments confirm that this setup was in general suitable for measuring the
light-induced expression kinetics of KcvPBCV-1_eGFP on a single cell and population level. An
illumination protocol with 300 µEinstein between image acquisitions was considered the best for
measuring KcvPBCV-1_eGFP expression kinetics in further experiments, as this resulted in the
strongest and brightest fluorescence signals in the cells.
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2.2.3 Codon optimization for enhancing transcription kinetics
The aforementioned pilot measurements have indicated already a rise in GFP fluorescence within
the first 20 min after induction. This implies that the light sensitive system is very fast and that
expression of KcvPBCV-1_eGFP must begin almost immediately in response to a light stimulus.
To further enhance the expression kinetics and obtain a better insight into the speed of expression,
I investigated whether codon optimization could further enhance the KcvPBCV-1_eGFP expression
kinetics. The general believe is that codon optimization is able to accelerate the speed of protein
synthesis, since frequently used codons increase translation velocity in an organism specific
manner (Hatfield and Roth 2007). Codon optimality should provide among other factors optimal
tRNA availability, which is necessary for protein synthesis (Graf et al. 2004, Fath et al. 2011). Two
variants of a codon optimized KcvPBCV-1_GFP construct were here studied. For the first variant the
eGFP CDS was replaced by a yeast-enhanced GFP (yeGFP). This GFP variant is codon-optimized
for yeast and postulated to increase the expression speed. In addition, this variant contains a
modified amino acid sequence compared to eGFP (F47L, T66G, V69L, S73A, M154T, V144A,
S176G, T204Y, L232H), providing increased brightness and photostability, which should further
improve detection of the fluorescence signal (Sheff and Thorn 2004). For the second variant, the
KcvPBCV-1 CDS was replaced by a yeast codon-optimized KcvPBCV-1 CDS and fused to the yeGFP CDS.
It was assumed that this construct would provide the fastest and best expression, since all parts of
the protein were codon-optimized for expression in yeast.
To investigate whether codon-optimization preserved the function of the channel a growth assay
was first performed.
Both optimized constructs complemented the growth deficit of PLY240 cells on a selective low K+
medium in a light-dependent manner. There was no apparent difference to the non-modified
KcvPBCV-1_eGFP (Fig. II.5). This indicated that both optimized constructs were still functional and
were therefore used for measuring the expression kinetics.
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Figure II.5: Yeast enhanced KcvPBCV-1_GFP constructs complement for the growth deficit of trk1Δ/trk2Δ
yeast cells on a low K+ medium. 10-fold serial dilutions of OD600 = 1.0 of PLY240 cells transformed with three plasmids
that encode the light inducible CRY2-CIB1-based expression system were spotted on SD-leu-trp-ura plates with either
high (SD-leu-trp-ura +100 mM KCl, left) or low (SD-leu-trp-ura +1 mM KCl, right) K+ concentrations. Cells transformed
with empty pSH18-34 (top row) grew only on selective medium with a high K+ concentration independently of
illumination, whereas cells transformed with pSH18-34:KcvPBCV-1_eGFP, pSH18-34:KcvPBCV-1_yeGFP or pSH18-34:
yeKcvPBCV-1_yeGFP grew also on a selective low K+ medium in the light. This shows that both variants of the yeast
enhanced constructs were functional for complementation of the growth deficit of PLY240 on a low K+ medium in a
light dependent manner.

The measurement of expression kinetics was performed with all cells in parallel on the same chip
using the same hardware setup as in the pilot experiment. However, for this experiment the cells
were illuminated (300 µEinstein, 8W Albrillo LED Daylight Lamp) for 3 min between the 5 min
interval of image acquisition for the entire duration (4 h) of the experiment (“protocol 3”). This
was indicated in the pilot experiment to provide a quasi-permanent induction of the system. Cells
harboring a plasmid with the non-codon-optimized KcvPBCV-1_eGFP construct were measured as
reference to compare the effects of codon-optimization.
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Figure II.6: Codon-optimized constructs and non-optimized constructs show (almost) identical kinetics. The
light induced expression kinetics of KcvPBCV-1_eGFP and the yeast enhanced constructs were measured in 5 min intervals
with 300 µEinstein illumination by an 8W Albrillo LED Daylight Lamp in between on a single cell level. A) Cells expressing
the eGFP construct showed a higher fluorescence intensity than the cells expressing the yeGFP constructs: B)
KcvPBCV-1_yeGFP or C) yeKcvPBCV-1_yeGFP. Mean values are shown in indicated colors: KcvPBCV-1_eGFP in magenta,
KcvPBCV-1_yeGFP in cyan and yeKcvPBCV-1_yeGFP in yellow.

In all cells, an increase in the fluorescence signal was measured over a period of 250 min. However,
it is notable that the cells expressing the yeast-enhanced GFP constructs showed a 30-35% reduced
fluorescence intensity compared to the eGFP reference construct (Fig. II.6 A - C). It can also be
noticed in the analysis of the data that the number of countable cells with the optimized constructs
was lower than that of the reference; the number of trapped cells showed in the latter case already
clear signs of apoptosis and death. The lowest fluorescence signals were measured for cells
expressing the construct containing the yeast codon-optimized KcvPBCV-1 fused with yeGFP.
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Figure II.7: Comparison of the relative fluorescence values of the three constructs. A comparison of the relative
fluorescence level shows almost identical kinetics for all three constructs (KcvPBCV-1_eGFP in magenta, KcvPBCV-1_yeGFP in
cyan and yeKcvPBCV-1_yeGFP in yellow). The relative fluorescence level was calculated as a function of the maximal mean
value of the fluorescence intensities for each construct.

For a better comparison of the expression kinetics, the relative intensities were calculated for the
cells as a function of time. Although the absolute kinetics seemed different, all three constructs
show almost identical relative expression kinetics (Fig. II.7). The fact that codon optimization of
the GFP, a modification which is known to accelerate its expression in yeast (Kaishima et al. 2016,
Botman et al. 2019) has no impact on the dynamics of the GFP signal increase, fosters the
assumption that the increase of the fluorescence signal is dependent on GFP folding rather than
the translation speed of KcvPBCV-1.
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2.2.4 Combining the CRY2-CIB1-based expression system on a single plasmid
The aforementioned single cell measurements revealed immense variations of the fluorescence
intensities between individual cells (e.g. 500-5000 f.u. in Fig. II.6). One reason for this variability
could be the fact that the light induced expression system is located on three plasmids; each of
them contains its own origin of replication. It is possible that after transformation cells contain
variable numbers of plasmid copies, which in turn cause variable levels of expression.
To obtain a more homogeneous expression level the complete light-induced expression system was
combined on a single plasmid. By combining all parts of the light-dependent expression system on
a single plasmid, cells should then contain equal amounts of each part of the system, resulting in
more homogeneous expression. Because the previous experiment revealed also that the “standard”
eGFP construct was better expressed and had superior brightness compared to the yeast-enhanced
GFP variant, I decided to use the original eGFP construct.
Before testing the unified vector construct for measuring the expression kinetics, a growth assay
was performed first to test whether the system was still functional.
PLY240 cells harboring the light induced expression system on a unified plasmid
(pSH2:KcvPBCV-1_eGFP) grew on a selective low K+ medium only in the light. Cells harboring the
same plasmid containing only an eGFP CDS (pSH2 (e.v.)) did not grow on the same medium,
independent of light or darkness (Fig. II.8).

Figure II.8: The light-inducible CRY2-CIB1-based expression system combined on a single plasmid remains
functional. 10-fold serial dilutions of OD600 = 1.0 of PLY240 cells transformed with a single plasmid that encodes the
light inducible CRY2-CIB1-based expression system and eGFP (pSH2) were spotted on SD-ura plates with either high (SDura +100 mM KCl, left) or low (SD-ura +1 mM KCl, right) K+ concentrations. Cells transformed with empty pSH2 (top row)
grew only on medium with a high K+ concentration independently of illumination, whereas cells transformed with
pSH2:KcvPBCV-1_eGFP (bottom row) grew only on a low K+ medium in the light. This shows that the system was still
functional for complementation of the growth deficit of PLY240 on a low K+ medium, even when it was combined on a
single plasmid.

This shows that the system with the unified plasmid was still functional. At this level of resolution,
there is no difference between the experiments in which cells were transformed with three
independent plasmids.
The cells were in the next step used for measuring their expression kinetics for addressing two
questions: A) does the system with the unified plasmid result in a more homogenous expression
of the constructs and, B) do the dynamics of protein synthesis depend on the kinetics of GFP
expression only or on the expression of the KcvPBCV-1_eGFP construct?
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Figure II.9: Cells expressing light induced eGFP or KcvPBCV-1_eGFP show a heterogeneous increase of
fluorescence signals. The light induced expression kinetics of eGFP and KcvPBCV-1_eGFP were measured with image
acquisitions in 5 min intervals with 300 µEinstein illumination by an 8W Albrillo LED Daylight Lamp in between on a single
cell level. A) Cells harboring the light inducible system on the unified plasmid and expressing KcvPBCV-1_eGFP fusion
proteins showed a higher fluorescence intensity than B) cells expressing eGFP only. Mean values are shown in indicated
colors: KcvPBCV-1_eGFP in magenta and eGFP in cyan.

The data in Fig. II.9 show that the light induced increase in fluorescence in cells transformed with
the unified plasmid is as heterogenous as that in cells transformed with the three individual
plasmids (eGFP: 1200-2800 f.u., KcvPBCV-1_eGFP: 1500-9000 f.u. in comparison with 500-5000 f.u.
obtained with three plasmids).
Although the mean fluorescence signals of the eGFP expressing cells (Fig. II.9 B) were 65% lower
compared to the mean signals of cells expressing the KcvPBCV-1_eGFP construct (Fig. II.9 A), a
comparison of the relative expression kinetics of eGFP and the KcvPBCV-1_eGFP constructs revealed
no difference (Fig. II.10).
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Figure II.10: eGFP and KcvPBCV-1_eGFP show identical expression kinetics. Both constructs (eGFP in blue,
KcvPBCV-1_eGFP in magenta) showed almost identical kinetics, when compared at the relative fluorescent level. The
relative increase in fluorescence was calculated as a function of the maximal mean value of the fluorescence intensities
for each strain.

The results of these experiments suggest that the expression kinetics are dominated by the kinetics
of GFP folding (Botman et al. 2019).
The final goal of this study was not only to measure the synthesis of the channel after light
induction but its activity in the yeast plasma membrane. The next experiments were designed to
resolve the time until functional KcvPBCV-1 channel activity is detectable in the plasma membrane.
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2.2.5 Time-resolving of functional KcvPBCV-1 localization in the plasma membrane
To obtain insights into the kinetics for a localization of functional KcvPBCV-1 channels in the yeast
plasma membrane, a number of strategies were pursued.
The first strategy aimed at measuring a colocalization between a plasma membrane marker and
the newly synthesized GFP-tagged KcvPBCV-1 channel.
In these experiments the plasma membrane was stained with the styryl dye FM 4-64 (N-(3Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide).
In a first step, the plasma membrane was stained with 20 µM of the dye for 30 min to obtain a
homogenous staining before initiation of channel expression. After this procedure, the cells were
loaded on the chip and images were taken. A concentration of 4 µM of the dye was kept in the
washing medium in order to maintain the staining. The images showed that this strategy was not
suitable in combination with the chip setup; the plasma membrane could not be clearly identified,
as nearly the entire cells showed red fluorescence. The dye was rapidly internalized and
accumulating in the vacuole. This prevented a clear detection of the plasma membrane. A
combination of shorter incubation times and lower dye concentrations (1-4 µM) did not solve the
problem. The GFP signal of the channel became only visible when the cells had already internalized
the dye to such an extent that clear detection of the plasma membrane was no longer possible (30
min).
In the next strategy, the plasma membrane was labeled with a plasma membrane-located and
fluorescent tagged protein. This was expected to provide a permanent and clearly visible labeling
of the plasma membrane. The combination of red fluorescence of the plasma membrane marker
and the green fluorescence of the newly synthesized channel should allow a colocalization analysis.
Previous work has shown that the yeast Tok1 proteins are localized in the plasma membrane
(Ketchum et al. 1995, Bertl et al. 1998) and are suitable for visualizing the plasma membrane by
using fusion proteins of Tok1 and GFP (Carrillo et al. 2015). Therefore, the TOK1 CDS was fused
with a red fluorescent protein and the fusion proteins expressed in the cells. To achieve this, TOK1
was first N- or C-terminally fused with different red fluorescent proteins (either mCherry, mScarlet,
mRuby2 or mRuby3) and constitutively expressed in the cells in a plasmid-based manner.
All tested fusion proteins consisting of Tok1 and an N-terminal red fluorescent protein showed a
low fluorescence signal; these signals were less photostable than their counterparts consisting of
Tok1 and a C-terminal red fluorescent protein (data not shown).
The brightest signals were obtained with fusion proteins comprising Tok1 C-terminal fused to
mRuby2 or mRuby3. These fusion proteins resulted in a clear and bright labeling of the plasma
membrane and endoplasmic reticulum (Fig. II.11). Because Tok1_mRuby3 fusion proteins showed
enhanced photostability compared to Tok1_mRuby2 fusion proteins, they were used for further
experiments.

Chapter II

51

Figure II.11: Fusion proteins of Tok1 and red fluorescent proteins are located in the yeast plasma
membrane. TOK1 was N- or C-terminally fused to four red fluorescent proteins (mCherry, mScarlet, mRuby2 or mRuby3)
and constitutively expressed in PLY240 cells on a plasmid basis. All fusion proteins were localized in the plasma
membrane, but the signal intensity differed between the constructs. Tok1 and C-terminal mRuby3 fusion proteins
provided the best signal to noise ratio and were the most photostable of all combinations tested. Scale bar = 20 µm.

Cells harboring the pSH2 plasmid with the system for light-induced expression of KcvPBCV-1_eGFP
were cotransformed with a plasmid for constitutive expression of Tok1_mRuby3 fusion proteins
(pGREG505-PTEF1:TOK1_mRuby3) to measure the kinetics of colocalization for KcvPBCV-1_eGFP and
Tok1_mRuby3 in the yeast plasma membrane on a microfluidic chip.
As a control, I first tested in a growth assay if coexpression of Tok1_mRuby3 and
KcvPBCV-1_eGFP had any negative effect on KcvPBCV-1 functionality. Cells transformed with a plasmid
for constitutive Tok1_mRuby3 expression (pGREG505PTEF1:TOK1_mRuby3) and the empty vector
pSH2 grew only on selective medium with a high K+ concentration (SD-leu-ura +100 mM KCl)
independent of light or darkness. In contrast, cells transformed with a plasmid for constitutive
Tok1_mRuby3 expression and the pSH2:KcvPBCV-1_eGFP plasmid also grew on a selective medium
with a low K+ concentration in the light (SD-leu-ura +1 mM KCl; Fig. II.12). This indicates that
the system was still functional for complementation of the growth deficit of trk1Δ/trk2Δ cells on a
low K+ medium also when Tok1_mRuby3 and KcvPBCV-1_eGFP were coexpressed.
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Figure II.12: Coexpression of Tok1_mRuby3 and KcvPBCV-1_eGFP still complements for the growth deficit of
a trk1Δ/trk2Δ yeast strain on a low K+ medium. 10-fold serial dilutions of OD600 = 1.0 of PLY240 cells cotransformed
with a plasmid that encodes the light inducible CRY2-CIB1-based expression system (pSH2) and a plasmid that encodes
Tok1_mRuby3 fusion proteins were spotted on SD-leu-ura medium plates with either high (SD-leu-ura +100 mM KCl, left)
or low (SD-leu-ura +1 mM KCl, right) K+ concentrations. Cells harboring a plasmid that encodes Tok1_mRuby3 fusion
proteins and the empty vector pSH2 (top row) grew only on selective medium with a high K+ concentration
independently of illumination, whereas cells transformed with a plasmid that encodes Tok1_mRuby3 fusion proteins and
pSH2:KcvPBCV-1 (bottom row) grew also on a selective low K+ concentration in the light. This shows that light induced
expression of KcvPBCV-1_eGFP fusion proteins complemented for the growth deficit of PLY240 cells on a selective low K+
medium, even when the cells were contransformed with a plasmid that encodes Tok1_mRuby3 fusion proteins.

However, when cells were transformed with the same constructs and measured on the microfluidic
chip platform we observed no GFP signal during the time course of the experiments (5 h, data not
shown). This suggests that overexpression of the Tok1_mRuby3 fusion proteins might somehow
hinder the expression of KcvPBCV-1_eGFP.
To test this hypothesis, cells from an overnight culture (>16h growth) were analyzed on a CLSM.
Uninduced cells (cells grown in the dark) were used as reference. Cells induced during the growth
period with constant 300 µEinstein illumination by an 8W Albrillo LED Daylight Lamp should in
this setting have sufficient time for expression of the fusion proteins. Hence, a GFP signal should
be measurable if the protein is indeed expressed.
While no GFP signal was measured in the uninduced cells (dark), a weak but still clearly detectable
GFP signal (magenta) can be seen in the plasma membrane and endoplasmic reticulum of the
induced cells (daylight; Fig. II.13). Even though the GFP signal was not very strong, it was still
possible to observe a colocalization with the Tok1_mRuby3 signal in the plasma membrane and
the endoplasmic reticulum.
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Figure II.13: Tok1_mRuby3 and KcvPBCV-1_eGFP are localized in the yeast plasma membrane and endoplasmic
reticulum. PLY240 cells harboring a plasmid that encodes the light inducible CRY2-CIB1-based KcvPBCV-1_eGFP expression
system and a plasmid for constitutive expression of Tok1_mRuby3 fusion proteins (grey) were grown as an overnight
culture either in the dark (0 µEinstein) or with constant daylight illumination (300 µEinstein). Cells grown in the dark did
not show a GFP signal, while cells grown in the light showed a weak but clearly detectable GFP signal (magenta) in the
plasma membrane, which colocalize with the Tok1_mRuby3 signal in the yeast plasma membrane and the endoplasmic
reticulum (magnification of a clip from the plasma membrane). Scale bar = 5 µm. Line plots of a cross section through a
cell (black line) show colocalization of KcvPBCV-1_eGFP and Tok1_mRuby3 fusion proteins in the plasma membrane (PM)
and endoplasmic reticulum (ER) only in cells grown in the light.

The results of these experiments show that expression of Tok1_mRuby3 fusion proteins does not
per se prevent expression of KcvPBCV-1_eGFP fusion proteins. However, the strong GFP signal, which
was seen for KcvPBCV-1_eGFP expression in experiments with the microfluidic chip, was not achieved
in the presence of Tok1_mRuby3 expression. Collectively, these data indicate that constitutive
expression of Tok1_mRuby3 suppresses in some way a good expression of KcvPBCV-1_eGFP fusion
proteins.
To investigate this, cells were grown as an overnight culture in the dark and expression of
KcvPBCV-1_eGFP was subsequently induced with illumination times of different lengths. It is known
from the experiments with the microfluidic chip that the increase of the KcvPBCV-1_eGFP
fluorescence signal was already detected in the cells after 15-20 min (Fig. II.9); a very robust signal
was visible in the cells after 120 min. This was used as reference.
Cells were illuminated for 20, 40, 80, 100 or 120 min with 300 µEinstein by an 8W Albrillo LED
Daylight Lamp and analyzed on a CLSM. However, while the Tok1_mRuby3 fluorescence signal
was clearly visible, no GFP signal was detected for any cells induced with these illumination times
(Fig. II.14).
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Figure II.14: Image acquisitions in 20 min intervals reveal no expression of KcvPBCV-1_eGFP over a time course
of 120 min. PLY240 cells harboring a plasmid that encodes the light inducible CRY2-CIB1-based KcvPBCV-1_eGFP
expression system and a plasmid for constitutive expression of Tok1_mRuby3 fusion proteins were grown as an overnight
culture in the dark (0 µEinstein), immobilized on a coated glass cover slip and analyzed on a CLSM. Image acquisitions of
the mRuby3 (grey) or GFP (magenta) channel took place in 20 min intervals; cells were illuminated with 300 µEinstein by
an 8W Albrillo LED Daylight Lamp in between. The merge pictures of both channels reveal no expression of
KcvPBCV-1_eGFP over the time course of 120 min. Scale bar = 20 µm. The integrated density of the merge pictures remains
at constant level over the time course of 120 min.

The result of this experiment underpins that overexpression of Tok1_mRuby3 fusion proteins
hindered somehow the expression (speed) of KcvPBCV-1_eGFP. The negative effect of the reporter
protein in expression of the protein of interest prevented this strategy to monitor the functional
localization of KcvPBCV-1 to the plasma membrane.
The next strategy for monitoring the kinetics of functional localization of KcvPBCV-1 into the plasma
membrane employed a voltage-sensitive fluorescent dye. Voltage-sensitive fluorescent dyes are
usually designed for measuring changes of the membrane potential in mammalian cells (Cohen
and Salzberg 1978, Bashford 1981). In this assay, it was tested if they can also be used to monitor
a depolarization of yeast cells. The rationale behind this experiment is that the membrane potential
of yeast cells is like in plant cells very negative. This is due to the activity of a H+-ATPase on the
background of a low channel activity (Vacata et al. 1981, Volkov 2015). I reasoned that the
insertion of active KcvPBCV-1 channels should elevate the conductance of the plasma membrane and
drive the free running voltage towards the Nernst potential for K+.
For this purpose, two voltage-sensitive dyes were tested: DiBac4(3) (Bis-(1,3-dibutylbarbituric
acid) trimethine oxonol) and FluoVolt.
DiBac4(3) is a slow response, anionic fluorescent dye that enters depolarized cells and binds to
intracellular proteins or the membrane. The green fluorescent dye is detectable with standard FITC
settings. Longer lasting depolarization of the cells leads to further influx of the dye and an increase
in the fluorescence signal. Conversely, hyperpolarization is indicated by a decrease in fluorescence
(Evans et al. 1991).
FluoVolt belongs to the category of next generation voltage sensitive dyes. It combines the best
features of slow and fast response dyes, responds very quickly to changes in membrane potential
(in the submillisecond range), and still has high sensitivity (response range typically 25% per 100
mV). This green fluorescent dye can also be visualized with standard FITC settings (Bedut et al.
2016).
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Both dyes exhibit an emission maximum in the green light spectrum. Therefore, the CDS of the
previously used KcvPBCV-1_eGFP fusion protein on the pSH2 plasmid was replaced by the KcvPBCV-1
CDS only to avoid measuring a GFP signal instead of a signal from the dyes. A growth assay was
performed to verify whether light-dependent expression of KcvPBCV-1 without eGFP still
complements for the growth deficit of trk1Δ/trk2Δ cells on a selective low K+ medium.
Cells transformed with a plasmid for light-dependent expression of KcvPBCV-1 (pSH2:KcvPBCV-1) grew
on selective medium with a low K+ concentration (SD-ura +1 mM KCl) only in the light.
Independent of light or darkness, these cells also grew on selective medium with a high K+
concentration. Cells harboring the empty vector (pSH2 (e.v.)) grew only on selective medium with
a high K+ concentration (SD-ura +100 mM KCl) independent of light or darkness (Fig. II.15).
This indicates that light-induced expression of KcvPBCV-1 allows complementation of the growth
deficit of trk1Δ/trk2Δ cells on a selective low K+ medium and the system was still functional.

Figure II.15: Light induced expression of KcvPBCV-1 complements for the growth deficit of PLY240 on a low
K+ medium. 10-fold serial dilutions of OD600 = 1.0 of PLY240 cells transformed with a single plasmid that encodes the
light inducible CRY2-CIB1-based expression system (pSH2) were spotted on SD-ura plates with either high (SD-ura +100
mM KCl, left) or low (SD-ura +1 mM KCl, right) K+ concentrations. Cells transformed with empty pSH2 (top row) grew
only on selective medium with a high K+ concentration independently of illumination, whereas cells transformed with
pSH2:KcvPBCV-1 (bottom row) grew also on a selective low K+ medium only in the light. This shows that light induced
expression of KcvPBCV-1 complemented for the growth deficit of PLY240 on a low K+ medium.

In previous experiments, the doubling time of the cells was measured with 110 minutes, suggesting
that the KcvPBCV-1 channels must insert into the plasma membrane within this time period. Cells
were therefore loaded with 1 µM dye, immobilized on a coated glass cover slip and analyzed on a
CLSM. Micrographs of the cells were taken in 10 min intervals. In the 10 min period between
image acquisitions, the cells were illuminated with 300 µEinstein by an 8W Albrillo LED Daylight
Lamp to activate the system and induce expression of KcvPBCV-1.
To test whether DiBac4(3) is at all suitable for recording changes in the membrane potential of
yeast cells, a membrane depolarization of the dye-loaded cells was induced by 10 mM NaCN as
control (Meyerhof and Kaplan 1952). This inhibitor of the H+-ATPase should cause a
depolarization towards the diffusion potential of the dominant ions. The NaCN-treated cells show
a strong fluorescence signal (approx. 10-fold increase) immediately after induction, demonstrating
that the dye can in principle indicate a change in membrane voltage in the yeast cells in the assay
buffer containing 10 mM KCl.
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Figure II.16: Fluorescent voltage sensitive dyes DiBac4(3) or FluoVolt are not suitable for measuring KcvPBCV-1
induced depolarization of yeast cells. PLY240 cells harboring a plasmid that encodes the light inducible CRY2-CIB1based KcvPBCV-1 expression system were loaded with the indicated voltage sensitive dyes, immobilized on a coated glass
cover slip and analyzed on a CLSM. Image acquisition was performed in 10 min intervals for 120 min; cells were
illuminated with 300 µEinstein by an 8W Albrillo LED Daylight Lamp in between. Total fluorescence intensity was
measured for 12 individual cells (magenta), average fluorescence intensity ± error bars (SEM) are displayed in black. No
increase in fluorescence intensity was measured for any cells during that time course. Control measurements with 10 mM
NaCN in the assay buffer increase DiBac4(3) fluorescence by a factor of 10 (dotted magenta line), underpinning that the
dye is responding to voltage depolarization in these cells (also shown in representative images). Scale bar = 20 µm.

When the same experiments were performed in cells illuminated with light no change in the
fluorescence signal was observed with any of the two dyes tested. The cells exhibited a constant
(low) fluorescence intensity during the time course of the experiments (Fig. II.16). Therefore, this
approach was also not considered suitable to measure the kinetics of a functional localization of
KcvPBCV-1 in the plasma membrane. Since the growth assays strongly indicate that active channels
must reach the plasma membrane in this time window after light stimulation I can conclude from
these experiments that it is not depolarizing the plasma membrane. It is possible that the number
of channels is very low and the depolarization very small. I can also not exclude the possibility that
the voltage sensitive dyes which are not responding in a linear fashion are not able to resolve
depolarization of very negative membranes (Cohen and Salzberg 1978, Bashford 1981).
In a final approach I tested whether a thallium indicator dye-based assay (Weaver et al. 2004)
(FLIPR Potassium Assay Kit, Molecular Devices) can be used to detect ion fluxes through KcvPBCV-1
channels in the plasma membrane. In this assay, the property of K+ channels to conduct thallium
ions (Tl+) is utilized. Since the heavy metal thallium does not occur naturally in cells, an
intracellular Tl+ indicator dye generates a bright green fluorescent signal only when Tl+ arrives in
the cytosol after passage through K+ channels. Since the trk1Δ/trk2Δ cells used do not express the
major yeast potassium uptake transporters and the nonspecific cation channel NSC1 can be
blocked by a high Ca2+ concentration (10 mM) (Bihler et al. 1998) in the assay buffer, I considered
this a promising platform for this type of assay. The cells should express the K+ channel KcvPBCV-1
in a light-dependent manner, which only conducts Tl+ when it is located in the plasma membrane.
Therefore, an increase in fluorescence signal would indicate functional localization of KcvPBCV-1 in
the plasma membrane. Cells were loaded with the Tl+ indicator dye protocol according to
manufacturer’s instructions for mammalian cells, immobilized on a coated glass cover slip and
analyzed on a CLSM. Micrographs of the cells were taken in 10 min intervals for 150 min. In the
10 min period between image acquisition, the cells were illuminated with 300 µEinstein by an 8W
Albrillo LED Daylight Lamp to activate the system and induce expression of KcvPBCV-1.
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Figure II.17: Image acquisitions in 10 min intervals reveal no fluorescence increase of a Tl+-indicator dye
loaded in yeast cells. PLY240 cells harboring a plasmid that encodes the light inducible CRY2-CIB1-based KcvPBCV-1
expression system were loaded with a Tl+-indicator dye, immobilized on a coated glass cover slip and analyzed on a CLSM.
Image acquisition was performed in 10 min intervals for 150 min, cells were illuminated with 300 µEinstein by an 8W
Albrillo LED Daylight Lamp in between. No change in the fluorescence signal (magenta) could be detected for any cell
during that time course. Scale bar = 20 µm.

The representative images in Fig. II.17 show that no increase in fluorescence was measured in the
cells during the period of the experiment. Therefore, this approach was also not considered useful
to measure the kinetics of a functional localization of KcvPBCV-1 in the plasma membrane.
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2.3 Conclusions and Outlook
Previous work has shown that the chlorella virus PBCV-1-originated KcvPBCV-1 protein (Plugge et al.
2000) forms a tetrameric, Ba2+-sensitive, K+ selective and slightly voltage-sensitive channel with
94 amino acids and two transmembrane segments per subunit (Gazzarrini et al. 2003, Chatelain
et al. 2009). During the infection/replication cycle in the host cells, the channel is transcribed as
early gene but also again in the late infection phase (Mehmel et al. 2003). A bulk of data have
shown that the channel protein is present in the membrane of the virus particle and that its activity
is crucial for infection of Chlorella NC64A cells (Mehmel et al. 2003, Thiel et al. 2010, Romani et
al. 2013). KcvPBCV-1 and the related Kcv type channels have been used for many studies on basic
principles of channel structure and function correlates (Hertel et al. 2006, Gazzarrini et al. 2009,
Thiel et al. 2010, Gebhardt 2011, Thiel et al. 2013). For these studies the channel proteins were
heterologously expressed in various systems like Xenopus oocytes (Plugge et al. 2000), various
mammalian cell lines like HEK293 and CHO cells (Moroni et al. 2002) and yeast cells (Balss et al.
2008). However, most of these studies focused on an electrophysiological characterization of
KcvPBCV-1; none of them investigated the expression kinetics of this channel in these heterologous
expression systems.
The only data with some indication on the dynamics of transcription/translation of the channel
protein are reported for the related viral K+ channel KcvNTS (Rauh et al. 2021). In this system, the
channel was transcribed and translated in vitro by an artificial prokaryotic cell-free expression
system. The reaction occurred in small confinements, which formed a bilayer at the contact zone.
A first signal of the channel activity in this bubble bilayer system (Winterstein 2019) was measured
within ca. 1 h after the start of channel synthesis, indicating that the entire process takes about
this amount of time.
However, since an in vitro prokaryotic cell-free expression system is probably not a compelling
reflection of the in vivo expression kinetics in eukaryotic cells, the present study aimed to develop
a simple yeast-based model to resolve the expression kinetics of heterologous expressed KcvPBCV-1
in eukaryotic cells.
Previous studies with trk1Δ/trk2Δ yeast cells have shown that expression of KcvPBCV-1 rescues
growth of the cells in media with a low K+ concentration (Minor et al. 1999, Balss et al. 2008,
Gazzarrini et al. 2009). This suggests that expression and trafficking of the active channel into the
plasma membrane must occur within the time window of the doubling time of the yeast cells
(approximately <2 h). If this time window would be too short, the daughter cells would otherwise
not be viable in a low K+ medium and no cell growth would consequently occur. In order to define
this time frame more precisely, the kinetics of KcvPBCV-1 expression in yeast cells should be resolved
in this study.
In the past decades, various systems have been established to regulate protein expression in yeast
by the addition of inducers or repressors. For example, galactose induces strong expression of the
desired gene via the GAL1 promoter (Johnston and Davis 1984), whereas methionine causes
repression of the desired gene via the MET17 or MET3 promoter (Kerjan et al. 1986, Cherest et al.
1987, Mumberg et al. 1994).
However, these systems have the drawback that a precisely timed start as well as a controlled stop
of protein expression is difficult to achieve. To overcome this problem the first light-inducible
expression system was developed several years ago (Kennedy et al. 2010) to provide a simple and
fast way of inducing protein expression in yeast cells at a defined time point. By switching off the
activating light, protein expression can also be precisely terminated (Hughes et al. 2012).
Inspired by this approach I used here a light-inducible transcription system to express
KcvPBCV-1 in yeast cells and measure the expression kinetics precisely and in detail.
Such a system, which combines a light-induced expression and a viral K+ channel which is sorted
after translation into the plasma membrane, can be transferred in the future to other cell types like
mammalian cells (Engel et al. 2020). In these cells it could, for example, be used as an optogenetic
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tool for inducing long-lasting hyperpolarization (silencing) of cells of interest via expression of
viral K+ channels by light. Expression of K+ channels under control of light is still difficult to
achieve so far (Wiegert et al. 2017). In the context of such possible applications, this work aimed
to investigate the delay between light induced expression and localization of the heterologous
expressed KcvPBCV-1 channel in the yeast plasma membrane. This information would be valuable for
timing a light induced transcription and the subsequent silencing of cells by expression of a K+
channel in the membrane of the cells.
For this purpose, I first evaluated whether light-dependent expression of KcvPBCV-1_eGFP fusion
proteins complements the growth deficit of trk1Δ/trk2Δ yeast cells on a low K+ medium. This
should demonstrate that light-dependent expression of KcvPBCV-1_eGFP fusion proteins resulted in
functional KcvPBCV-1 channels in the yeast plasma membrane. In the next step, I monitored in
collaboration with Jascha Diemer (AG Köppl, TU Darmstadt), the light-induced expression kinetics
of KcvPBCV-1_eGFP fusion proteins on a microfluidic chip on a single cell level (Diemer 2019).
The fluorescence signals started to increase already 15-20 min after start of the experiment,
indicating a fast synthesis of the fusion proteins in the cells. Since the channel protein was tagged
C-terminally with eGFP, the data indicate that the emerge of fluorescence reports the fully
synthesized fusion protein, which is translated from N- to C-terminus.
Further control experiments revealed that the increase in fluorescence signal was independent on
whether the channel was tagged with a normal or fast folding GFP. This indicated that the
emergence of the GFP fluorescence is solely reflecting the synthesis of eGFP. The synthesis of the
channel seems to be not rate limiting in this process.
While the dynamics of the GFP signal reports the kinetics of channel synthesis, it does not provide
information on how fast the channel is trafficking from the site of synthesis to the plasma
membrane. The attempt to resolve the kinetics of a localization of the channel into the yeast plasma
membrane by using colocalization of eGFP-labeled KcvPBCV-1 and a red fluorescent marker dye
(FM4-64) was not successful. The plasma membrane marking FM4-64 dye was internalized too
fast and accumulated into the vacuolar membrane, which prevented a robust colocalization
analysis of the dye in the PM and the channel. Also, permanent labeling of the plasma membrane
with fusion proteins of the Tok1p channel, a resident protein in the plasma membrane and a red
fluorescent protein was not useful. In this case, fluorescence of the KcvPBCV-1_eGFP fusion protein
was not possible to detect over the period of 2h.
In an alternative approach, I reasoned that the insertion of an active KcvPBCV-1 channel into the
plasma membrane of yeast cells should evoke a depolarization in these cells. Also the attempt to
measure the localization of the channel in the plasma membrane in this indirect manner with
voltage sensitive dyes (DiBac4(3) (Evans et al. 1991) or FluoVolt (Bedut et al. 2016)) was not
successful. It is possible that this strategy failed because the voltage change induced by the channel
is probably not in the dynamic range of the dyes. Like plant cells, also trk1Δ/trk2Δ yeasts probably
have a membrane potential which is a lot more negative than that of mammalian cells (Vacata et
al. 1981, Volkov 2015). The fluorescent dyes however were originally developed for mammalian
cells (Cohen and Salzberg 1978, Bashford 1981).
Additionally, also the last approach to monitor the insertion of active KcvPBCV-1 channels into the
plasma membrane of yeasts by a thallium-sensitive indicator dye failed. I reasoned that the
localization of active K+ channels in the plasma membrane should cause a K+ as well as a Tl+ influx
into the cells. The latter is able to activate a fluorescent sensor, a signal which is used indirectly as
a measure for K+ influx (Weaver et al. 2004). At this point, I cannot say why the assay was not
working. One plausible reason is that the cells did not take up the dye. This problem is well known
also for other fluorescent dyes like the Ca2+ sensor fura-2, which is easy to load into mammalian
cells (Lin et al. 1999) but very difficult to maneuver into plant cells and yeast (Iida et al. 1990).
Since it is not published what the molecular size of the Tl+-sensitive dye actually is, I cannot rule
out the possibility that it may not be able to pass the cell wall (Scherrer et al. 1974). In my opinion,
it would make sense to repeat these experiments with the aforementioned mammalian cells, since
the voltage-sensitive dyes as well as the Tl+ assay are optimized for this cell type.
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2.4 Materials and Methods
Chemicals used in this study were purchased from Carl Roth, Formedium, Merck or Sigma-Aldrich
unless otherwise indicated.

2.4.1 Oligonucleotides and plasmids
Oligonucleotides used in this study are listed in Table II.1. PCR was performed by using the Q5®
Hot Start High-Fidelity 2X Master Mix (NEB) according to manufacturer’s instructions. Plasmids
used and generated in this study are listed in Table II.2.
Table II.1: Oligonucleotides used in this study. The underlined parts of the sequence mark homologous regions of
overhang primers.

name
P1
(fw)
P2
(rv)
P3
(fw)
P4
(rv)
P5
(fw)
P6
(rv)
P7
(fw)
P8
(rv)
P9
(fw)
P10
(rv)
P11
(fw)
P12
(rv)
P13
(fw)
P14
(rv)
P15
(fw)

sequence (5’- 3’)
CTCTATACTTTAACGTCAAGGAGAAAAAACTATAATGTTAGTGTTTAG
TAAATTTCTAACGCG
CGTGATGGAGATCTCCGGACCGGTTTTACAAATTTACTTGTACAGCTC
GTCCATGCCGAG
GGCCCGGGATCCACCGGCCGGTCGCCACCATGTCTAAAGGTGA
AGAATTATTCACTGG
CGTGATGGAGATCTCCGGACCGGTTTTACAAATTTATTTGTACAATTC
ATCCATACCATGGG
CTCTATACTTTAACGTCAAGGAGAAAAAACTATAGGTACCATGGTGAG
CAAGGGCGAGGAGCTG
CGTGATGGAGATCTCCGGACCGGTTTTACAAATGCTAGCTTACTTGTA
CAGCTCGTCCATGCCG
ATTTGTAAAACCGGTCCGGAGATCTCCATCACGCGCATGCAACTTCTT
TTCTTTTTTTTTCTTTTCTCTCTCCC
GCAATTTAGGAGTACCGGTCATCGAGCTCGAGCTGCAGATGAATCGTA
GATACTGACCGGTAGAGGTGTGGTCAATAAGAGCG
AGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCATCC
TTTTGTTGTTTCCGGGTGTACAATATG
TCAGTATCTACGATTCATCTGCAGCTCGAGC
CTGCGGCGAGCGGTATCAGCTCAC
TATAGTTTTTTCTCCTTGACGTTAAAGTATAGAG
CACCGGCCGGTCGCCACCATGACAAGGTTCATGAACAGCTTTGCC
GCGTGACATAACTAATTACATGACTCGAGGTCGACTCAAAGTGTCTTT
CTATGCTCACCC
GAATTCGATATCAAGCTTATCGATACCGTCGACAATGGTGAGCAAGGG
CGAGG

P16
(rv)

GGTGGCGACCGGCCGGTGCTTGTACAGCTCGTCCATGCCGC

P17
(fw)
P18
(rv)
P19
(fw)

GAATTCGATATCAAGCTTATCGATACCGTCGACAATGGTGTCTAAGGG
CGAAGAG
GGTGGCGACCGGCCGGTGCTTGTACAGCTCGTCCATCCC
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GAATTCGATATCAAGCTTATCGATACCGTCGACAATGACAAGGTTCAT
GAACAGCTTTGC

amplicon
KcvPBCV-1
_eGFP
KcvPBCV-1
_eGFP
yeGFP
yeGFP
pSH2
Fragment 1
pSH2
Fragment 1
pSH2
Fragment 2
pSH2
Fragment 2
pSH2
Fragment 3
pSH2
Fragment 3
pSH2
Fragment 4
pSH2
Fragment 4
TOK1
N-terminal fp
TOK1
N-terminal fp
mCherry/
mScarlet
C-terminal TOK1
mCherry/
mScarlet
C-terminal TOK1
mRuby2/3
C-terminal TOK1
mRuby2/3
C-terminal TOK1
TOK1
C-terminal fp
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P20
(rv)
P21
(fw)

CCTTAGACACCATCTTTGCCGCCGCCTCAAGTGTCTTTCTATGCTCAC
CC
GTGAGCATAGAAAGACACTTGAGGCGGCGGCAAAGATGGTGAGCAAGG
GCGAGG

P22
(rv)

GCGTGACATAACTAATTACATGACTCGAGGTCGACTTACTTGTACAGC
TCGTCCA

P23
(fw)

GTGAGCATAGAAAGACACTTGAGGCGGCGGCAAAGATGGTGTCTAAGG
GCGAAGAG

TOK1
C-terminal fp
mCherry/
mScarlet
N-terminal
TOK1
mCherry/
mScarlet
N-terminal
TOK1
mRuby2/3
N-terminal
TOK1

For all cloning steps the NEBuilder HiFi DNA Assembly Master Mix (NEB) was used. Generated
plasmids were amplified in E. coli DH5a and sequences were verified by Sanger sequencing
(Microsynth Seqlab).
Plasmid pSH18-34:KcvPBCV-1_eGFP was generated by cloning PCR amplified KcvPBCV-1_eGFP
(P1/P2) into KasI and BglII restricted pSH18-34 (Invitrogen). Plasmid pEGFP-N2:KcvPBCV-1 (Moroni
et al. 2002) was used as PCR template.
Plasmid pSH18-34:KcvPBCV-1_yeGFP was generated by cloning the PCR amplified yEGFP (Sheff and
Thorn 2004) (P3/P4) into EagI and BglII restricted pSH18-34:KcvPBCV-1_eGFP. yEGFP was
amplified from a yeKcvPBCV-1_yeGFP gene block (IDT) as PCR template.
Plasmid pSH18-34:yeKcvPBCV-1_yeGFP was generated by cloning yeKcvPBCV-1_yeGFP, ordered as
gene block (IDT) with appropriate overhangs, into KasI and BglII restricted pSH18-34. The
yeKcvPBCV-1 DNA sequence was generated by using the GeneOptimizer algorithm provided by
ThermoFisher (Fath et al. 2011).
Plasmid pSH2 was generated by combining 4 DNA fragments to clone the light-inducible
expression system onto a single plasmid. Fragment 1 (P5/P6) was amplified from pEGFP-N2 as
template. Fragment 2 (P7/P8) was amplified from pDBTrp-LexABD-CRY2FL as template.
Fragment 3 (P9/P10) was amplified from pRMH124-VP16-CIB1 as template. Fragment 4
(P11/P12) was amplified from pSH18-34 as template.
Plasmid pSH2:KcvPBCV-1_eGFP was generated by cloning PCR amplified KcvPBCV-1_eGFP (P1/P2)
into KpnI and NheI restricted pSH2. pEGFP-N2:KcvPBCV-1 (Moroni et al. 2002) was used as PCR
template.
Plasmids pGREG505-PTEF1:mCherry/mScarlet/mRuby2/mRuby3_TOK1 were generated by cloning
PCR amplified TOK1 (P13/P14) and PCR amplified mCherry (P15/P16), mScarlet (P15/P16),
mRuby2 (P17/P18) or mRuby3 (P17/P18) into SalI restricted pGREG505-PTEF1 (Jansen et al. 2005)
backbone. Plasmids pGREG505-PTEF1:TOK1_mCherry/mScarlet/mRuby2/mRuby3 were generated
by cloning PCR amplified TOK1 (P19/P20) and PCR amplified mCherry (P21/P22), mScarlet
(P21/P22), mRuby2 (P23/P22) or mRuby3 (P23/P22) into SalI restricted pGREG505-PTEF1 (Jansen
et al. 2005) backbone.
The TOK1 DNA fragment was amplified from S288C genomic DNA as PCR template. mCherry was
amplified from plasmid pNCS mCherry as PCR template. mScarlet was amplified from
pmScarlet_C1 as PCR template. mRuby2 was amplified from pHIS3p:mRuby2-Tub1+3'UTR::TRP1
as PCR template. mRuby3 was amplified from plasmid pNCS-mRuby3 as PCR template.
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Table II.2: Plasmids used in this study. The table specifies the names and essential properties of the plasmids used in
this study.

name
pSH18-34
pRMH124-VP16-CIB1

properties
2µ; URA3; ampR; 8 LexA operators; LacZ ORF
2µ; LEU2; ampR; constitutive expression of VP16CIB1 from ADH1 promoter
CEN/ARS; TRP1; kanR; constitutive expression of
LexABD-CRY2 from truncated ADH1 promoter
pSH18-34; KcvPBCV-1_eGFP in place of LacZ

reference
Invitrogen
Hughes et al.
2012
Pathak et al.
2014
This study

pSH18-34; KcvPBCV-1_yeGFP in place of LacZ

This study

pSH18-34; yeKcvPBCV-1_yeGFP in place of LacZ

This study

pSH18-34; constitutive expression of VP16-CIB1
from ADH1 promoter and constitutive expression of
LexABD-CRY2 from truncated ADH1 promoter;
eGFP in place of LacZ
pSH2; KcvPBCV-1_eGFP in place of eGFP

This study

CEN/ARS; LEU2; ampR; constitutive TEF1
promoter; HIS3-stuffer
pGREG505-PTEF1; constitutive expression of Nterminally mCherry-tagged Tok1
pGREG505-PTEF1; constitutive expression of Cterminally mCherry-tagged Tok1
pGREG505-PTEF1; constitutive expression of Nterminally mScarlet-tagged Tok1
pGREG505-PTEF1; constitutive expression of Cterminally mScarlet-tagged Tok1
pGREG505-PTEF1; constitutive expression of Nterminally mRuby2-tagged Tok1
pGREG505-PTEF1; constitutive expression of Cterminally mRuby2-tagged Tok1
pGREG505-PTEF1; constitutive expression of Nterminally mRuby3-tagged Tok1
pGREG505-PTEF1; constitutive expression of Cterminally mRuby3-tagged Tok1

Degreif et al.
2019
This study

pEGFP-N2
pEGFP-N2:
KcvPBCV-1
pNCS mCherry

PCR template for amplification of eGFP
PCR template for amplification of KcvPBCV-1_eGFP

pmScarlet_C1

PCR template for amplification of mScarlet

pHIS3p:mRuby2Tub1+3'UTR::TRP1
pNCS-mRuby3

PCR template for amplification of mRuby2

Clontech
Moroni et al.
2002
Shaner et al.
2004
Bindels et al.
2017
Markus et al.
2015
Bajar et al.
2016

pDBTrp-LexABDCRY2FL
pSH18-34:KcvPBCV-1
_eGFP
pSH18-34:KcvPBCV-1
_yeGFP
pSH18-34:
yeKcvPBCV-1
_yeGFP
pSH2

pSH2:KcvPBCV-1
__eGFP
pGREG505-PTEF1
pGREG505-PTEF1:
mCherry_TOK1
pGREG505-PTEF1:
TOK1_mCherry
pGREG505-PTEF1:
mScarlet_TOK1
pGREG505-PTEF1:
TOK1_mScarlet
pGREG505-PTEF1:
mRuby2_TOK1
pGREG505-PTEF1:
TOK1_mRuby2
pGREG505-PTEF1:
mRuby3_TOK1
pGREG505-PTEF1:
TOK1_mRuby3
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This study

This study
This study
This study
This study
This study
This study
This study
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pRMH124-VP16-CIB1 was a kind gift from Chandra Tucker (Addgene plasmid #40615 (Hughes
et al. 2012)). pDBTrp-LexABD-CRY2FL was also a kind gift from Chandra Tucker (Addgene
plasmid #78210 (Pathak et al. 2014)). pNCS mCherry was a kind gift from Erik Rodriguez & Roger
Tsien (Addgene plasmid #91769 (Shaner et al. 2004)). pmScarlet_C1 was a kind gift from Dorus
Gadella (Addgene plasmid #85042 (Bindels et al. 2017)). pHIS3p:mRuby2-Tub1+3'UTR::TRP1
was a kind gift from Wei-Lih Lee (Addgene plasmid #50651 (Markus et al. 2015)). pNCS-mRuby3
was a kind gift from Michael Lin (Addgene plasmid #74234 (Bajar et al. 2016)).

2.4.2 Yeast strains
S. cerevisiae cell lines used in this study are derived from strain PLY240 and listed in Table II.3.
Table II.3: Yeast cells used in this study. In this table all cell lines used in this study with corresponding genotypes
and harbored plasmids are listed.

name

genotype

PLY240

MATa; his3Δ200; leu2-3,112; trp1Δ901;
ura3-52; suc2Δ9; trk1Δ51;
trk2Δ50::loxP-kanMX-loxP

Bertl et al.
2003

PLY240;
pDBTrp-LexABD-CRY2FL; pRMH124VP16-CIB1; pSH18-34

This study

PLY240;
pDBTrp-LexABD-CRY2FL; pRMH124VP16-CIB1; pSH18-34:KcvPBCV-1_eGFP

This study

PLY240; pDBTrp-LexABD-CRY2FL;
pRMH124-VP16-CIB1; pSH18-34:
KcvPBCV-1_yeGFP

This study

PLY240; pDBTrp-LexABD-CRY2FL;
pRMH124-VP16-CIB1; pSH18-34:
yeKcvPBCV-1_yeGFP

This study

PLY240; pSH2

This study

PLY240; pSH2:KcvPBCV-1_eGFP

This study

PLY240
+pDBTrp:LexABD-CRY2FL
+pRMH124:VP16-CIB1
+pSH18-34
PLY240
+pDBTrp:LexABD-CRY2FL
+pRMH124:VP16-CIB1
+pSH18-34:KcvPBCV-1_eGFP
PLY240
+pDBTrp:LexABD-CRY2FL
+pRMH124:VP16-CIB1
+pSH18-34:KcvPBCV-1_yeGFP
PLY240
+pDBTrp:LexABD-CRY2FL
+pRMH124:VP16-CIB1
+pSH18-34:yeKcvPBCV-1_yeGFP
PLY240
+pSH2
PLY240
+pSH2:KcvPBCV-1_eGFP
PLY240
+pGREG505-PTEF1:mCherry_TOK1
PLY240
+pGREG505-PTEF1:TOK1_mCherry
PLY240
+pGREG505-PTEF1:mScarlet_TOK1
PLY240
+pGREG505-PTEF1:TOK1_mScarlet
PLY240
+pGREG505-PTEF1:mRuby2_TOK1
PLY240
+pGREG505-PTEF1:TOK1_mRuby2
PLY240
+pGREG505-PTEF1:mRuby3_TOK1
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PLY240; pGREG505-PTEF1:
mCherry_TOK1
PLY240; pGREG505-PTEF1:
TOK1_mCherry
PLY240; pGREG505-PTEF1:
mScarlet_TOK1
PLY240; pGREG505-PTEF1:
TOK1_mScarlet
PLY240; pGREG505-PTEF1:
mRuby2_TOK1
PLY240; pGREG505-PTEF1:
TOK1_mRuby2
PLY240; pGREG505-PTEF1:
mRuby3_TOK1

reference

This study
This study
This study
This study
This study
This study
This study
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PLY240
+pGREG505-PTEF1:TOK1_mRuby3
PLY240
+pSH2:KcvPBCV-1_eGFP
+pGREG505-PTEF1:TOK1_mRuby3
PLY240
+pSH2:KcvPBCV-1

PLY240; pGREG505-PTEF1:
TOK1_mRuby3

This study

PLY240; pSH2:KcvPBCV-1_eGFP;
pGREG505-PTEF1:TOK1_mRuby3

This study

PLY240; pSH2:KcvPBCV-1

This study

2.4.3 Yeast media
Strain PLY240 was routinely cultured in YPD +100 mM KCl (2% glucose; 2% peptone; 1% yeast
extract; 100 mM KCl).
PLY240 strains harboring indicated plasmids were selected and grown in corresponding synthetic
defined (SD) drop-out media (2% glucose; 0.69% yeast nitrogen base without amino acids;
0.077% CSM Drop-out -ura or 0.067% CSM Dropout -leu-ura or 0.062% CSM Drop-out -leu-trpura). Media with an elevated K+ concentration were set with KCl to the indicated concentrations.
Agar media contained 2% agar-agar.

2.4.4 Yeast transformation
Transformation of yeast strain PLY240 with plasmids was performed by using the Frozen-EZ Yeast
Transformation II kit (Zymo Research) according to manufacturer's instructions. Transformed
yeast were selected on SD-ura agar (or SD-leu-ura or SD-leu-trp-ura) plates +100 mM KCl at 30°C
for 72 h.

2.4.5 Growth assay conditions
All strains were grown overnight in corresponding SD +100 mM KCl medium. Grown cells were
washed twice with ddH2O and set to OD600 = 1.0. 10-fold dilutions were spotted on corresponding
agar plates +1 mM KCl and as a control on plates with +100 mM KCl. Plates were incubated at
30°C for 72 h and illuminated by an 8W Albrillo LED Daylight Lamp with constant 300 µEinstein
or placed in a sealed box to avoid any illumination.
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2.4.6 Single cell expression kinetics
Single cell expression kinetics were measured in collaboration with Jascha Diemer from AG Köppl,
TU Darmstadt using a microfluidic chip and a Nikon Ti-Eclipse microscope with a Nikon 100 x
1.45 NA objective equipped with a Hamamatsu ORCA Flash 4. A Lumencor SpectraX light source
was used with either a 470/24 filter for GFP or a beam splitter from Hamamatsu and a second
ORCA Flash 4.
The microfluidic chips were made of polydimethylsilane (PDMS) and designed and produced by
Jascha Diemer. Freshly grown yeast cells (OD600 = 0.1) were loaded onto the chips by syringe and
trapped between two columns. A constant flow of new medium washed away newly formed
daughter cells. This allowed the signal of one single cell at a time to be measured over time. Since
the chips contained 527 traps in each chamber, this system was considered as ideal for measuring
numerous cells simultaneously. However, the number of cells to be measured simultaneously was
determined by the loading efficiency, which varied between the chips and each experiment. These
variations in loading efficiency occurred because not all traps in each chamber of the chip were
fully functional, as each chip was handmade and variations occurred during production. It was
taken care in each experiment that although the total number of cells varied, the cells were still
well separated and evenly distributed to allow for semi-automatic evaluation and robust statistics.

2.4.7 Loading yeast cells with fluorescent dyes
A freshly grown overnight culture in corresponding SD +100 mM KCl medium was centrifuged (3
min, 1000 xg), washed twice with ddH2O and centrifuged (3 min, 1000 xg) again. The pellet was
resuspended in 5 ml loading buffer (50 mM HEPES-NaOH (pH7.0), 5 mM 2-deoxy-D-glucose, 20
µM FM4-64 or 1 µM DiBac4(3) or 1 µM FluoVolt) and incubated at 30°C for 1 h. The suspension
was centrifuged (3 min, 1000 xg) and the pellet was washed with 5 ml incubation buffer (10 mM
KCl, 5 mM CaCl2, 10 mM Tris/MES pH 7). The suspension was centrifuged (3 min, 1000 xg) again,
the pellet was resuspended in 3 ml incubation buffer (10 mM KCl, 5 mM CaCl2, 10 mM Tris/MES
pH 7) and the cells were used directly for microscopic analysis.

2.4.8 Microscopy
Cells loaded with dyes or expressing fluorescent proteins were analyzed using a microscopy setup
consisting of either a Leica TCS SP (Leica Microsystems) with a 63x water objective (HCX PL APO
63.0x1.20 W CORR UV) or a Leica TCS SP5 II (Leica Microsystems) with a 100x oil objective (HCX
PL APO CS 100x/1. 44). eGFP, DiBAC4(3), FluoVolt or the Tl+ indicator dye were excited at 488
nm and emission was detected between 505 and 555 nm. Red fluorescent proteins (mCherry,
mScarlet or mRuby2/3) were excited at 568 nm and emission was detected between 590 and 700
nm. Glass cover slips were coated with 0.01 % poly-L-lysine, using a spincoater.
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3 Chapter III:
Envelope protein of SARS-CoV-2
shows ion conductance in
Saccharomyces cerevisiae
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3.1 Introduction
Changes in biodiversity, the deforestation of rainforests and the consequences of climate change
favor the emergence and spreading of viruses that humans have never come into contact with
before (Lambin et al. 2010, Ellwanger et al. 2020). After SARS, the avian flu, the swine flu or
Ebola, COVID-19 is currently another pandemic of the 21st century. Like most pandemics before,
COVID-19 is caused by a pathogen of animal origin (zoonosis). Zoonoses result from the reciprocal
transmission of pathogens between humans and animals during direct contact. Wherever wild
animals are displaced from their natural habitat and have to move to new regions, unnatural
contacts occur and thus potentially new diseases can be passed on. Many known infectious
diseases, such as SARS (Drosten et al. 2003) or MERS (Zaki et al. 2012), can be traced back to
zoonoses and thus originate directly from animals (Sheahan et al. 2008). The causative agents of
these two diseases are both coronaviruses (SARS-CoV-1 (Drosten et al. 2003) or MERS-CoV (de
Groot et al. 2013)).
Coronaviruses are a large family of viruses that are common in many animal species, including
humans. Therefore, it is not a big surprise that the first discovery of coronaviruses in humans
described morphological similarities with particles of infectious avian bronchitis (Almeida and
Tyrrell 1967). Since then, many more coronaviruses have been described and the family
Coronaviridae has been divided into two subfamilies (Orthocoronavirinae and Letovirinae) and five
genera (alpha, beta, delta, gamma coronavirus and alpha lethovirus) with a continuously updating
number of species. While many of them have no negative effects on their hosts, they can cause
diseases ranging from the common cold to more serious conditions (Fehr and Perlman 2015, Wang
et al. 2020).
To date, only seven human pathogenic coronaviruses are known. Four of them are relatively
harmless and are the causative agents for 5 - 10% of all seasonal non-influenza respiratory diseases
such as common colds (Kesheh et al. 2021). The remaining three, however, cause severe diseases
such as SARS, MERS or currently COVID-19. What they all have in common is that they are
enveloped, +stranded RNA viruses. The envelope of a coronavirus contains, in varying numbers,
three structural proteins of different sizes embedded in a lipid bilayer; the spike protein (S protein,
180 - 220 kDa), the membrane protein (M protein, 23 - 35 kDa) and the envelope protein
(E protein, 9 - 12 kDa) (Masters 2006, Satarker and Nampoothiri 2020).
The trimeric S glycoprotein has the most important role in viral attachment, fusion and cell entry,
which is why it serves as the most prominent target for drug and vaccine development (Du et al.
2017). Therefore, many details are already known about the mechanism of action and viral entry
into host cells: In most coronaviruses, the S protein is cleaved into two separate polypeptides, S1
and S2, by a host cell furin-like protease. Via the receptor-binding domain (RBD) in the S1 subunit,
the S protein binds to a host receptor and subsequently fuses the viral and host membranes via the
S2 subunit, resulting in an internalization of the virion (Belouzard et al. 2012).
The M protein is the most abundant structural protein in the virion. It contains three
transmembrane domains and is probably responsible for its shape. The N-terminal part of the
protein forms an ectodomain, while the larger C-terminal part forms an endodomain (Neuman et
al. 2011). The latter interacts with the fourth structural protein of coronaviruses, the nucleocapsid
protein (N protein) (Wang et al. 2009), which together with the virus genome forms the
nucleocapsid inside the virion (Narayanan et al. 2000).
The E protein is the smallest structural protein of coronaviruses. It consists of a short hydrophilic
N-terminal region followed by a transmembrane domain and a hydrophilic C-terminal portion
(Torres et al. 2006, Torres et al. 2007). It is reported to play an important role in virion assembly
and formation/budding, forming pentameric ion-conducting pores (viroporins) (Wilson et al.
2006). This property may predispose the E protein of coronaviruses as an interesting drug target
(Verma et al. 2020). For instance, the first known viroporin (M2 from influenza A virus) was
identified as a good drug target to prevent cell entry of the virus (Pinto et al. 1992, Wang et al.
1993). Based on these data, several drugs based on adamantane and hexamethyleneamiloride
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compounds have been detected that can effectively treat influenza A infections by inhibiting the
M2 viroporin (Balgi et al. 2013, Jalily et al. 2016).
Also, for the E protein from SARS-CoV-1 there are reports that it forms viroporins and conducts
different cations like Na+, K+ or Ca2+ (Torres et al. 2006, Pervushin et al. 2009, Nieto-Torres et al.
2015). An inhibition of this conductance disturbs the replication and infectivity of the virus (Wilson
et al. 2006, Pervushin et al. 2009, Nieto-Torres et al. 2015). Because the amino acid sequences of
SARS-CoV-1 and SARS-CoV-2 are identical except for four amino acids (Fig. III.1) in the C-terminal
part, it is reasonable to assume that the E protein from SARS-CoV-2 could also have similar ion
conducting properties. Inhibition of this conductance could then potentially provide a new target
for fighting the ongoing SARS-CoV-2 pandemic.
E pSARS-C oV- 1
E pSARS-C oV- 2

E pSARS-C oV- 1
E pSARS-C oV- 2

1 MY SF VSE E TGTLI V N SVL LF LAF V V FL LV T L AI L T ALR LC A YC CN IVNV S
1 MY SF VSE E TGTLI V N SVL LF LAF V V FL LV T L AI L T ALR LC A YC CN IVNV S
** ** **** ******* *** ****** *** ** **** ******* *** ****** *
51 LV KPTVYV YS RV K NL N SSEG VPD L L V
51 LV KPSFYV YS RV K NL N SS-R VPD L L V
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Figure III.1: Protein sequence alignment of EpSARS-CoV-1 and EpSARS-CoV-2 shows a very high similarity for both
proteins. Amino acid sequences of EpSARS-CoV-1 and EpSARS-CoV-2 were aligned. With exception of four positions the
sequences are identical. The symbols below the sequence indicate fully conserved residues (*), conserved residues with
similar properties (:) and semi-conserved residues (.). The grey bar marks the predicted transmembrane domain.

3.1.1 Aim of this study
The aim of this study was to develop a simple and robust system to detect a cation conductance of
EpSARS-CoV-2 and to test possible inhibitor compounds. As mentioned above, a K+ conductance is
reported for the very similar EpSARS-CoV-1 (Liao et al. 2004, Wilson et al. 2004), so this study firstly
focusses on this characteristic.
To study the function of putative K+ channels, it has been shown in previous works (and the
previous chapters) that yeasts are a well-suited system for this purpose (Bertl et al. 2003, Balss et
al. 2008, Chatelain et al. 2009, Bagriantsev and Minor 2013). They combine the advantages of a
small but robust microbial eukaryote, are easy to culture in small to large volumes and still share
many characteristics of higher multicellular eukaryotes. Therefore, a yeast-based system should
also serve as the platform in this study. As shown in the previous chapters, the growth of a yeast
strain lacking the two major endogenous K+ uptake systems, Trk1p and Trk2p (trk1Δ/trk2Δ), can
be rescued in a low K+ medium by expression of heterologous K+ channel proteins. This allows a
simple readout of this system by the appearance or absence of cell growth in a low K+ medium
and should therefore be easily usable to identify possible inhibitory compounds for a K+
conductance of EpSARS-CoV-2.
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3.2 Results and Discussion
Previous studies have shown that SARS-CoV-1 Envelope proteins (Ep) work as cation conductive
channels (Liao et al. 2004, Wilson et al. 2004, Pervushin et al. 2009). The fact that the amino acid
sequence of SARS-CoV-1 and SARS-CoV-2 Envelope proteins show a high identity (Fig. III.1),
suggests that also EpSARS-CoV-2 could show cation conductive properties.

3.2.1 K+ conductance of EpSARS-CoV-2 in a trk1Δ/trk2Δ yeast strain
To test the cation conductance of EpSARS-CoV-2 and to use this as a base for a screening system for
antiviral drugs, the K+ conductance of EpSARS-CoV-2 in yeast was investigated in this study. For this
purpose, first a rescue assay on SD-ura-met agar plates with high (+100 mM KCl) and low K+ (no
added KCl, approx. 7 mM K+) concentrations was performed. The basic principle of this assay is
illustrated in Fig. III.2.

Figure III.2: Basic principle utilized for screening of K+ conductance of SARS-CoV-2 Envelope protein.
A potassium uptake deficient (trk1Δ/trk2Δ) yeast strain is transformed with a pYES2sh plasmid that encodes the
Envelope protein of SARS-CoV-2 (EpSARS-CoV-2) set behind the methionine repressible MET3 promoter. Expression of EpSARSCoV-2 is repressed by methionine; in medium without methionine the cells express EpSARS-CoV-2. If EpSARS-CoV-2 forms a
functional K+ channel, the cells are able to take up K+ and grow in low K+ medium.
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It is well known that the yeast mutant strain trk1Δ/trk2Δ grow well on media with a high K+
concentration, but does not grow on media with low K+ concentration (Ramos et al. 1985, Gaber
et al. 1988, Ko et al. 1990). Previous studies have demonstrated that this attribute can be utilized
to investigate the functionality of heterologous expressed K+ channels from various organisms by
rescuing the growth of these strains on low K+ media (Anderson et al. 1992, Sentenac et al. 1992,
Bertl et al. 1997). It was demonstrated previously that expression of KcvPBCV-1, a small viral K+
channel, is able to rescue the growth deficit of trk1Δ/trk2Δ cells on low K+ media (Minor et al.
1999, Balss et al. 2008). Therefore trk1Δ/trk2Δ cells expressing KcvPBCV-1 (PLY240 + pYES2sh:
KcvPBCV-1) served as positive control for this assay and trk1Δ/trk2Δ cells transformed with an empty
vector (PLY240 + pYES2sh (e.v.)) served as negative control.
All PLY240 cells grew well on SD-met-ura plates with high K+ but only the cells harboring
pYES2sh:KcvPBCV-1 or pYES2sh:EpSARS-CoV-2 were able to grow on SD-met-ura plates with a low K+
concentration (Fig. III.3). Since growth of the EpSARS-CoV-2 expressing cells on a low K+ medium was
almost identical to that of the positive control, it can be concluded that EpSARS-CoV-2 has a K+
conductance, which rescues the growth deficit of PLY240 cells.

Figure III.3: EpSARS-CoV-2 induces K+ conductivity in a trk1Δ/trk2Δ yeast strain. 10-fold serial dilutions of OD600 =
1.0 of PLY240 cells transformed either with empty pYES2sh (e.v., as negative control), pYES2sh:KcvPBCV-1 (as positive
control) or pYES2sh:EpSARS-CoV-2 plasmids were spotted on SD-met-ura plates with either low (+0 mM KCl) or high (+100
mM KCl) K+ concentration. The same spotting was done on the same plates with an elevated methionine concentration
(+5 mM met). All cells grew well on plates with high K+ concentration (+100 mM KCl), however the cells growing on
plates with high methionine concentration showed slightly reduced growth compared to those growing without
methionine. On low K+ plates without methionine, only the cells which expressed KcvPBCV-1 or EpSARS-CoV-2 grew. However,
on plates with low K+ and high methionine concentration no growth of any cells was detectable since the expression of
KcvPBCV-1 or EpSARS-CoV-2 was repressed.

Cell growth was similar at high K+ concentrations ±5 mM methionine. No growth was observed
for any cells spotted on a low K+ medium with a high methionine concentration (Fig. III.3, bottom
row). Since expression of KcvPBCV-1 and EpSARS-CoV-2 is repressed by methionine, this supports the
previous interpretation that cell growth on a low K+ medium is induced by K+ uptake via the K+
conductance of KcvPBCV-1 or EpSARS-CoV-2. On media with a high methionine concentration, the cells
lack this heterologous K+ uptake system which prevents them from growing on low K+ media.
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3.2.2 Growth assays in liquid culture
Based on the experimental results, which show that EpSARS-CoV-2 generates a K+ conductance in yeast
and rescues growth on selective media on plates, the same system was transferred to liquid culture.
This offers the possibility of an upscalable and relatively fast test system, which also allows
screening for inhibitors of channel function of EpSARS-CoV-2. For this purpose, growth of PLY240 cells
harboring empty vector pYES2sh, pYES2sh:KcvPBCV-1 or pYES2sh:EpSARS-CoV-2 plasmids was
measured in media with K+ concentrations ranging from 7 mM to 77 mM K+. These experiments
should determine the optimal conditions for this kind of assay. Cells harboring an empty vector
again serve as negative growth control; as expected, they should not grow in a low K+ medium.
However, cells harboring pYES2sh:KcvPBCV-1, used as a positive control again, should show good
growth in this media (Gebhardt 2011). Cells expressing EpSARS-CoV-2 should show a good growth in
this media, too.
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Figure III.4: Growth of trk1Δ/trk2Δ cells transformed with pYES2sh (e.v.), pYES2sh:KcvPBCV-1 or
pYES2sh:EpSARS-CoV-2 in liquid medium with various K+ concentrations. PLY240 cells harbor pYES2sh plasmids with:
A) empty vector, B) KcvPBCV-1 or C) EpSARS-CoV-2. Cells transformed with the empty vector show no growth at low K+
concentrations (<17 mM K+) and almost linear increasing growth as a function of the K+ concentrations (>27 mM K+).
Cells expressing KcvPBCV-1 or EpSARS-CoV-2 show a robust growth in low K+ (<17 mM K+) media and an even better growth
in media with higher K+ concentrations (>27 mM K+). D) Maximal growth rate (µmax) for PLY240 cells transformed with
pYES2sh (e.v.), pYES2sh:KcvPBCV-1 or pYES2sh:EpSARS-CoV-2 in liquid medium with various K+ concentrations. µmax for cells as
a function of the K+ concentrations (7 mM K+ to 77 mM K+) was calculated as the maximal value of the differentiation
of the smoothed growth curves. Curves were fitted with hill equation, EC50 values are marked by dashed lines in
respective colors.
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Cells with an empty vector did not grow at low K+ concentrations (≤17 mM K+); they only showed
appreciable growth at K+ concentrations ≥27 mM K+ which increased as a function of the K+
concentration in the media (Fig. III.4 A, D). The EC50 value for these cells was calculated as 48.5
± 28.6 mM KCl. Cells expressing KcvPBCV-1 showed a good growth in low K+ (≤17 mM K+) medium
and an even better growth in medium with higher K+ concentrations (≥27 mM K). In media with
K+ concentrations >27 mM K+ the cells showed almost identical total growth (Fig. III.4 B) and an
increasing maximal growth rate (Fig. III.4 D). The EC50 value for these cells was with 4.8 ± 0.44
mM KCl very low. Total growth of EpSARS-CoV-2 expressing cells was almost identical to that of the
positive control (Fig. III.4 C). However, the maximal growth rate of these cells was shifted to
higher K+ concentrations compared to the positive control (Fig. III.4 D). The EC50 value for these
cells was calculated as 13 ± 2.9 mM KCl. The different EC50 values for the growth rescue by the
KcvPBCV-1 channel and the EpSARS-CoV-2 cannot be fully explained here. The data may indicate that
EpSARS-CoV-2 rather works as an unspecific viroporin and not as a specific K+ channel like KcvPBCV-1
(Liao et al. 2004, Liao et al. 2006, Mandala et al. 2020). Therefore, the K+ conductance of
EpSARS-CoV-2 could be lower than the specific K+ conductance of KcvPBCV-1. This would cause a
reduced K+ uptake of the cells, which in turn would result in a reduced growth rate in low K+
medium. However, a lower unitary conductance of the channel or a lower number of E proteins in
the plasma membrane of the yeast cells could also be responsible for this phenomenon.
Taken together, the results foster the conclusion that growth assays in liquid culture can be
performed for testing the K+ conductance of EpSARS-CoV-2. Using of two media with a low and high
K+ concentration for complementation-based assays offers a robust readout. Based on the data
from Fig. III.4 the following experiments were performed with one medium without additional K+,
giving a low K+ concentration of approx. 7 mM K+. This medium was used to test the
complementation potency of EpSARS-CoV-2 and to examine any possible effect by inhibitory
compounds. The second medium was prepared with an addition of 100 mM KCl. This medium
with a high concentration of K+ was employed for testing any unspecific like cytotoxic effects of
the tested compounds on yeast growth.

3.2.3 Full length EpSARS-CoV-2 is necessary to restore growth in low K+ medium
Previous studies in planar lipid bilayers reported that even the transmembrane domain (TMD) of
EpSARS-CoV-1 without the C-terminal region of the protein forms an ion conductive pore (Wilson et
al. 2004, Verdia-Baguena et al. 2012).
Furthermore, it was shown that two specific mutations in the transmembrane sequence of
E proteins lead to a dysfunctional ion conductance. One of these mutations, N15A, is assumed to
disturb the conductive pathway of the pore, while the second mutation, V25F, presumably disrupts
the interchain hydrogen bonds between the transmembrane domains (Torres et al. 2007, VerdiaBaguena et al. 2012).
Because of the high identity of the amino acid sequence for EpSARS-CoV-1 and EpSARS-CoV-2, it can be
anticipated that the results from the former protein can be transferred to the latter. In that case,
the TMD alone should be sufficient for a K+ conductance of the viral protein and it should hence
complement yeast growth on a low K+ medium. The structural information from the two point
mutations in contrast predicts that the N15A and V25F mutations should abolish K+ conductance.
Hence, the two mutant proteins should not be able to rescue yeast growth on low K+ medium. The
latter would further prove that the K+ uptake of the cells is caused by a K+ conductance of
EpSARS-CoV-2.
To investigate these hypotheses, growth of PLY240 cells expressing either the TMD of
EpSARS-CoV-2 only or the full length EpSARS-CoV-2 ± N15A or V25F mutations were measured in low
and high K+ media.
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Figure III.5: Mutations in E protein sequence abolish K+ conductivity. PLY240 cells harbor pYES2sh:EpSARS-CoV-2
plasmids with indicated modifications. Cells expressing the full length EpSARS-CoV-2 (black) grew well in low K+ medium.
Neither the cells expressing the EpSARS-CoV-2 TMD (blue) nor the cells with either the full length EpSARS-CoV-2 with N15A
(yellow) or V25F (red) mutation grew in low K+ medium. They also showed reduced total growth compared to nonmutated EpSARS-CoV-2 expressing cells in high K+ medium.

Cells expressing only the TMD of EpSARS-CoV-2 did not grow in low K+ medium and showed a reduced
total growth in high K+ medium compared to the full length EpSARS-CoV-2 expressing cells (Fig. III.5
blue graphs). These results support the conclusion that full length EpSARS-CoV-2 is necessary to restore
growth in yeast; the TMD alone is not sufficient to generate a K+ conductance, which is sufficient
for rescuing the K+ uptake deficit.
One reason for the discrepancy between the present data and literature reports on a channel
function of the truncated E protein could be that the truncated parts of the N- and C-terminus play
a crucial role in the trafficking of the protein to the plasma membrane. This could be further
investigated by creating fusion proteins of the TMD with fluorescent proteins and analyze the
location inside the cells via microscopic imaging.
The same results were obtained for cells expressing EpSARS-CoV-2 with N15A (yellow graphs) or V25F
(red graphs) mutations. These data are in good agreement with published data from EpSARS-CoV-1,
where the same mutations caused a loss of ion conductance (Torres et al. 2007). This supports the
present assumption that the complementation of the growth deficit is caused by K+ conductance
of EpSARS-CoV-2.

3.2.4 Complementation of growth deficit by EpSARS-CoV-2 is not influenced by K+
channel blocker TEA
Tetraethylammonium (TEA) is one of the simplest quaternary ammonium compounds and consists
of a central quaternary ammonium, coupled to 4 ethyl residues. It is well established that TEA
enters the pore of K+ channels and blocks these types of channels (Khodakhah et al. 1997). A TEA
sensitivity was reported previously also for the KcvPBCV-1 channel, which serves here as a positive
control (Tan et al. 2012, Winterstein 2020).
Here, it was tested if this canonical blocker of K+ channels is able to inhibit the growth of the yeast
cells in low K+ medium and if this can be related to a block of the respective positive control
(KcvPBCV-1) or EpSARS-CoV-2. The results of these experiments should additionally answer the question
on whether the complementation of the growth deficit is a real effect, caused by expression of a
heterologous K+ conductance like KcvPBCV-1. The data will further provide an initial indication on
whether the EpSARS-CoV-2 generated K+ conductance is sensitive to a well-established K+ channel
blocker.
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To address these questions, growth of PLY240 cells expressing either KcvPBCV-1 or EpSARS-CoV-2 was
measured in low and high K+ media ±10 mM TEA. Cells expressing KcvPBCV-1 grew normally in a
low K+ medium without TEA but did not grow in a low K+ medium supplemented with 10 mM
TEA (Fig. III.6).

Figure III.6: Growth of trk1Δ/trk2Δ cells expressing KcvPBCV-1 in low K+ medium is inhibited by TEA. PLY240
cells harbor pYES2sh:KcvPBCV-1 or pYES2sh:EpSARS-CoV-2 plasmids. KcvPBCV-1 expressing cells did not grow in low K+ medium
with additional 10 mM TEA, since KcvPBCV-1 is blocked by TEA. However, in high K+ medium addition of TEA had no
inhibiting effect on the growth of KcvPBCV-1 expressing cells. Growth of cells expressing EpSARS-CoV-2 was not affected by
addition of TEA in medium with low or high K+. However, the lag phase of cells growing in TEA supplemented low K+
medium was minimally prolonged.

In a high K+ medium ±10 mM TEA cells expressing either KcvPBCV-1 or EpSARS-CoV-2 grew almost
indistinguishable. This makes sense because trk1Δ/trk2Δ cells are not dependent on heterologous
K+ uptake systems in high K+ medium. They complement their K+ uptake deficit by a non-specific
cation uptake system. This system is insensitive to TEA and needs only an elevated K+
concentration in the medium to work properly (Bihler et al. 2002).
In a low K+ medium containing 10 mM TEA, cells expressing KcvPBCV-1 did not grow. In contrast,
the growth of cells expressing EpSARS-CoV-2 was not significantly affected by TEA. The cells had a
minimally prolonged lag phase in a medium with TEA, but otherwise grew similarly to those in
medium without TEA. This indicates that the K+ conductance of EpSARS-CoV-2 is not blockable by TEA
and thus EpSARS-CoV-2 probably does not act as a classical K+ channel.

3.2.5 Screening for EpSARS-CoV-2 ion conductance inhibitors
The experiments in this study have so far shown that expression of EpSARS-CoV-2 in trk1Δ/trk2Δ yeast
cells restores growth in a low K+ medium. Hence it can be assumed that this assay could be used
to screen for functional inhibitors of an EpSARS-CoV-2 generated ion conductance.
In pioneer experiments for inhibitor screening, EpSARS-CoV-2 expressing yeast cells were grown in
low and high K+ media, supplemented with different tested compounds. Because tested
compounds are generally dissolved in DMSO, cell growth in a medium with the respective solvent
concentration served as control.
It was previously reported that 100-200 µM of the compound hexamethylene amiloride (HMA)
blocks the ion conductance of EpSARS-CoV-1 in lipid bilayer experiments (Wilson et al. 2006); this
drug should hence also work as a blocker in the yeast complementation assay. In addition to HMA
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in this study also hydroxychloroquine (HCQ), amantadine and quinine were used. All these
compounds have been reported as inhibitors of either SARS-CoV-1/2 replication or EpSARS-CoV-1/2
generated channel function (Liu et al. 2020, Maisonnasse et al. 2020, Grosse et al. 2021). All
compounds were tested at a high concentration (100 µM). Only HMA had to be tested at a 10-fold
lower concentration because during the SARS-CoV-2 pandemic, the availability of this compound
was reduced.

Figure III.7: Screening for potential EpSARS-CoV-2 inhibitors. PLY240 cells harbor pYES2sh:EpSARS-CoV-2 plasmids. The
assay medium contains the indicated substances dissolved in DMSO. Cells with pure DMSO (black) serve as control. None
of the tested substances (HMA, HCQ, amantadine or quinine) showed any effect on growth of the cells in a low or high
K+ medium.

In the respective tests none of the tested substances (HMA, HCQ, amantadine or quinine) showed
any effect on the growth of the cells in low or high K+ medium (Fig. III.7). The results of these
experiments predict that the EpSARS-CoV-2 generated channel is not inhibited by either of these
compounds. In the case of HMA and amantadine the present data are in contrast to published data
in which the authors reported an inhibitory effect of 10 µM to 2 mM HMA or amantadine on the
EpSARS-CoV-2 (Mandala et al. 2020, Park et al. 2021) or EpSARS-CoV-1 (Wilson et al. 2006, Torres et al.
2007) generated channel activity. This study cannot provide a definite explanation for this
discrepancy, but from unpublished data of others, it is known that neither the published inhibitory
effect of HMA nor of amantadine on the ion conductance of EpSARS-CoV-2 was reproducible in other
laboratories.
Some reasons could be that either the tested compounds get stuck in the cell wall and therefore
are not able to reach the plasma membrane, that they need to be higher concentrated to show an
effect in this kind of assay or that they simply do not inhibit the ion conductance of EpSARS-CoV-2.
Therefore, it would be advisable for future research to scale this assay up and perform, maybe
automated, high-throughput screenings to find some functional inhibitors of EpSARS-CoV-2 ion
conductance for eukaryotic cells. These inhibitors could serve as a base to treat SARS-CoV-2
infections by inhibiting virus replication and budding (Pervushin et al. 2009, Gupta et al. 2020).
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3.2.6 Ca2+ conductance of EpSARS-CoV-2 in yeast
After confirming here the previously reported channel function of EpSARS-CoV-2 and after showing
that it is able to transport K+, in this study additional functional features of this channel were
examined. It has been reported that EpSARS-CoV-1 exhibits also a Ca2+ conductance in lipid bilayer
experiments (Nieto-Torres et al. 2015). Because of the aforementioned high similarity of EpSARS2+
CoV-1 and EpSARS-CoV-2, it was therefore reasonable to assume that also EpSARS-CoV-2 may conduct Ca .
2+
To investigate a potential Ca conductance of EpSARS-CoV-2 in yeast, luminometric experiments with
aequorin were performed.
Aequorin is a photoprotein, originating from the jellyfish Aequorea Victoria (Shimomura et al.
1962). The protein consists of Apoaequorin bound to the luciferin coelenterazine. It undergoes a
conformational change when Ca2+ binds to its three binding motifs and oxidizes coelenterazine
into excited coelenteramide under release of CO2. Blue light (465 nm) is emitted during relaxion
of the excited coelenteramide to its ground state. The used protein can be regenerated after release
of the bound Ca2+ by O2 and after binding of new coelenterazine (Shimomura et al. 1974). This
attribute, the emission of light when aequorin binds Ca2+, has been used previously in
luminometric assays in many different cell systems (Sheu et al. 1993, Grygorczyk et al. 1996)
including yeasts (Nakajima-Shimada et al. 1991). Luminometric assays are a versatile tool for
monitoring a Ca2+ conductance across the plasma membrane in yeast cells because they show a
very fast and reliable output. The assay is based on monitoring of the luminescence reaction of
aequorin in a luminometer in response to a stimulus, which elicits a Ca2+ conductance in yeast
cells. For this purpose, the previous described yeast cells were cotransformed with an apoaequorin
encoding plasmid (pEVP11/AEQ; Batiza et al. 1996). Aequorin was reconstituted with addition of
coelenterazine in Ca2+ free incubation buffer and the cells were used for luminometric assays in
response to a Ca2+ shock.
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Figure III.8: Yeast cells expressing Aequorin and EpSARS-CoV-2 show a strong calcium response. PLY240 cells
harbor pEVP11/AEQ and either empty pYES2sh (as control) or pYES2sh:EpSARS-CoV-2 plasmids. EpSARS-CoV-2 expressing cells
(red) showed a higher initial luminescence signal when shocked with CaCl2 (marked by an arrow) than control cells
(black). The signal decreased over time to the initial level, whereas the signal for control cells remained at an elevated
level. Signal strength remained almost at the same ratio for shocking with a 10-fold higher concentrated CaCl2 solution
(right column). Overall signal strength was enhanced by 10-fold higher aequorin substrate concentration (bottom row),
whereas the overall signal ratio for cells with and without expression of EpSARS-CoV-2 remained the same.

The data in Fig. III.8 A show the luminometric signal of cells expressing EpSARS-CoV-2 or harboring
the empty vector as a reaction to a steep increase of the extracellular Ca2+ concentration (+1 mM
CaCl2). In both cases the cells respond with a transient excursion in the luminescent signal with a
fast rising and a slower decaying kinetic. A more detailed comparison shows that cells which
express EpSARS-CoV-2 show in general a higher peak luminometric signal than those harboring only
the empty vector. Also, while the signal in the cells with EpSARS-CoV-2 fully recovers back to the
baseline it remains significantly elevated in the controls. The same pattern was observed when the
Ca2+ shock was increased 10-fold (+10 mM CaCl2). In this case, the signal strength remained
almost the same as in the case of a stimulation with a low Ca2+ shock (Fig. III.8 B).
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The finding that a 10-fold increase in the Ca2+ stimulus does not generate a higher luminescent
signal suggests that the coelenterazine concentration could be rate limiting in the luminescent
reaction. The same experiments as in Fig. III.8 A&B were therefore repeated with a 10-fold higher
coelenterazine concentration. In this case the overall signal strength was almost doubled, whereas
the relative luminescent signal between cells with and without expression of EpSARS-CoV-2 remained
almost the same (Fig. III.8 C, D).
This was very surprising and led to the hypothesis that the luminescent signal of EpSARS-CoV-2
expressing cells decreases more rapidly back to the baseline level because of a depletion of
coelenterazine inside the cells. This could occur because coelenterazine is used as a substrate for
the luminescence reaction of aequorin with Ca2+; during a strong initial reaction the coelenterazine
may be used up faster in the EpSARS-CoV-2 expressing than in the control cells. In this case, the fast
and complete decay of the luminescent signal in EpSARS-CoV-2 expressing cells would not result from
a rapid buffering of excess Ca2+ but from a depletion of the monitoring system.
This hypothesis was investigated by a luminometric experiment with an initial Ca2+ shock,
followed by a hypertonic shock. If the aforementioned hypothesis is correct, the EpSARS-CoV-2
expressing cells should no longer exhibit a luminescent response to a hypertonic shock because
they should not have enough coelenterazine left as substrate for a luminescence reaction of the
aequorin proteins.

Figure III.9: Coelenterazine depletion is not the reason for the decreasing luminescence signal of EpSARS-CoV-2
expressing yeast cells. PLY240 cells harbor pEVP11/Aeq and either empty vector pYES2sh (control) or
pYES2sh:EpSARS-CoV-2. EpSARS-CoV-2 expressing cells (red) and control cells (black) were shocked with 1 mM CaCl2 (*). After
120 s, when the signal reached a constant level, they were shocked again with a hypertonic (5M) NaCl solution (**).

However, the cells exhibited also under these conditions a robust luminometric signal in both
strains to two subsequent stimuli (Fig. III.9). This excludes the possibility that a depletion of
coelenterazine is responsible for the decay in the luminescent signal. The signal of the control cells
was again much lower than the signal of the EpSARS-CoV-2 expressing cells. Also, the signal remained
in the controls much longer elevated than in the EpSARS-CoV-2 expressing cells.
The results of these experiments clearly show that EpSARS-CoV-2 expressing cells exhibit a
systematically different response in their Ca2+ concentration following a defined signal. At this
point I am not able to interpret the kinetics of the luminescent Ca2+ recording in relation to a Ca2+
conductance of EpSARS-CoV-2, but the data do not rule out the possibility that EpSARS-CoV-2 channels
also transport Ca2+.
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3.3 Conclusions and outlook
The aim of this study was to investigate whether a cation conductance of EpSARS-CoV-2 can be
detected. For this purpose, a simple and robust model system was used to keep the basis for further
research as simple as possible. Thus, a yeast strain that lacks both of the main potassium uptake
systems (Trk1p and Trk2p) was used. These trk1Δ/trk2Δ yeasts cannot grow on media with a low
K+ concentration. However, the growth on low K+ media can be restored by expression of various
potassium channels from viruses (Gazzarrini et al. 2003, Balss et al. 2008, Chatelain et al. 2009),
bacteria (Paynter et al. 2008, Paynter et al. 2010), plants (Anderson et al. 1992, Sentenac et al.
1992, Bertl et al. 1997), fungi (Bertl et al. 1998, Madrid et al. 1998) or mammals (Tang et al.
1995, Minor et al. 1999, Chatelain et al. 2005).
This study shows that expression of EpSARS-CoV-2 also rescues the growth deficit of trk1Δ/trk2Δ yeast
cells on a low K+ medium. This is in good agreement with previous reported data from lipid bilayer
recordings (Bianchi et al. 2020, Mandala et al. 2020, Singh Tomar and Arkin 2020) which advocate
a channel function of the viral protein. The data are also in agreement with an E. coli-based growth
assay which also supports the idea that EpSARS-CoV-1 (Liao et al. 2004) and EpSARS-CoV-2 (Singh Tomar
and Arkin 2020) have a channel function including a conductance for potassium ions. The data
show that expression of full length EpSARS-CoV-2 is necessary to restore growth of trk1Δ/trk2Δ cells
in low K+ medium, since expression of only the TMD does not restore the growth. Also, expression
of EpSARS-CoV-2 with N15A or V25F mutations did not restore cell growth on a low K+ medium. These
data support the present hypothesis that complementation of the growth deficit is caused by the
K+ conductance of EpSARS-CoV-2. They are in good agreement with published data from EpSARS-CoV-1,
where the same mutations caused a loss of ion conductance.
Initial proof of concept experiments with the yeast system do not confirm the effect of compounds
like HMA or amantadine, which were already reported as inhibitors for EpSARS-CoV-1. These results
are in agreement with unpublished data from other laboratories in which the same compounds
also failed to block EpSARS-CoV-2 generated channel activity.
Additional experiments indicate that EpSARS-CoV-2 may also cause a Ca2+ conductance in the cells;
this would be in agreement with literature reports in which EpSARS-CoV-1 generated a Ca2+
conducting channel in planar lipid bilayers (Nieto-Torres et al. 2015). Support for an EpSARS-CoV-2
generated Ca2+ conductance in yeast is based on luminescent experiments with aequorin as Ca2+
sensor. In these experiments, the luminescent signal from EpSARS-CoV-2 expressing cells is different
from that of control cells without the viral protein. The complex kinetics of EpSARS-CoV-2 expressing
cells compared to the controls do however not yet allow an insight into the underlying mechanism
which causes the difference in the Ca2+ concentration in the cells.
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3.4 Material und Methods
Chemicals used in this study were purchased from Carl Roth, Formedium, Merck or Sigma-Aldrich
unless otherwise indicated.

3.4.1 Oligonucleotides and plasmids
Oligonucleotides used in this study are listed in Table III.1. PCR was performed by using the Q5®
Hot Start High-Fidelity 2X Master Mix (NEB) according to manufacturer’s instructions. Plasmids
used and generated in this study are listed in Table III.2.
Table III.1: Oligonucleotides used in this study. The underlined parts of the sequence mark homologous regions of
overhang primers.

name
P1
(fw)
P2
(rv)
P3
(fw)
P4
(rv)
P5
(fw)
P6
(rv)
P7
(fw)
P8
(rv)
P9
(fw)
P10
(rv)
P11
(fw)
P12
(rv)

sequence (5’- 3’)
GCTACAGGGCGCGTGGGGATGATCCACTAGTAATCGTTTAATTTAGT
ACTAACAGAGAC
GCGGCCGTTACTAGTGGATCCGTTAATTATACTTTATTCTTG

amplicon
MET3 promoter

CGGCCGCCAGTGTGCTGGAATTCATGTTAGTGTTTAGTAAATTTCTA
ACG
GCGTGACATAACTAATTACATGACTCGAGGTCGACTCATAAAGTTAG
AACGATGAAGAACACTG
CCACTAGTAACGGCCGCCAGTGTGCTGGAATTCATGTACTCATTCGT
TTCGGAAGAG
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTAGACCAGAAG
ATCAGGAACTCTAG
CCACTAGTAACGGCCGCCAGTGTGCTGGAATTATGGAAGAGACAGGT
ACGTTAATAGTTAATAGC
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTATCGAAGCGC
AGTAAGGATG
GTACGTTAATAGTTGCTAGCGTACTTCTTTTTCTTGCTTTCG

KcvPBCV-1

GAAAAAGAAGTACGCTAGCAACTATTAACGTACCTGTCTCTTCCG
CTTCTTTTTCTTGCTTTCGTGTTCTTCTTGCTAGTTACACTAGCCAT
CC
CTAGTGTAACTAGCAAGAAGAACACGAAAGCAAGAAAAAGAAGTACG

MET3 promoter

KcvPBCV-1
EpSARS-CoV-2
EpSARS-CoV-2
EpSARS-CoV-2 (TMD)
EpSARS-CoV-2 (TMD)
N15A mutation in
EpSARS-CoV-2
N15A mutation in
EpSARS-CoV-2
V25F mutation in
EpSARS-CoV-2
V25F mutation in
EpSARS-CoV-2

Plasmid pYES2sh was generated by replacing the original PGAL1 of pYES2 (Invitrogen) by the
methionine repressible PMET3 as an analogue to the pYES2dm plasmid (Bagriantsev and Minor
2013). The PMET3 PCR fragment was amplified from S288C genomic DNA using respective overhang
primers (P1/P2) and cloned into AgeI and KpnI restricted pYES2. For all cloning steps the
NEBuilder HiFi DNA Assembly Master Mix (NEB) was used. DNA Fragments were amplified by
PCR (Q5® Hot Start High-Fidelity 2X Master Mix) with appropriate overhangs. Generated
plasmids were amplified in E. coli DH5a and sequence verified by Sanger sequencing (Microsynth
Seqlab GmbH).
pYES2sh:KcvPBCV-1, pYES2sh:EpSARS-CoV-2 and pYES2sh:EpSARS-CoV-2 (TMD) were generated by
inserting PCR amplified KcvPBCV-1 (P3/P4), EpSARS-CoV-2 (P5/P6) or EpSARS-CoV-2 (TMD) (P7/P8) DNA
fragments into EcoRI and NotI restricted pYES2sh. N15A (P9/P10) and V25F (P11/P12) mutations
of the EpSARS-CoV-2 CDS were generated by mutagenesis PCR of pYES2sh:EpSARS-CoV-2 as template with
corresponding primers.
As PCR template for the EpSARS-CoV-2 CDS a gene block (IDT) derived from the reference genome
(GenBank accession number NC_045512.2) was used.
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Table III.2: Plasmids used in this study. The table specifies the names and essential properties of the plasmids used
in this study.

name
pYES2
pYES2sh
pYES2sh:KcvPBCV-1
pYES2sh:
EpSARS-CoV-2
pYES2sh:
EpSARS-CoV-2 (TMD)
pYES2sh:
EpSARS-CoV-2 (N15A)
pYES2sh:
EpSARS-CoV-2 (V25F)
pEVP11/AEQ

properties
2µ; URA3; ampR; GAL1 promoter; MCS
pYES2; MET3 promoter in place of GAL1 promoter
pYES2sh; methionine repressible expression of
KcvPBCV-1
pYES2sh; methionine repressible expression of
EpSARS-CoV-2
pYES2sh; methionine repressible expression of
EpSARS-CoV-2 (TMD)
pYES2sh; methionine repressible expression of
EpSARS-CoV-2 (N15A)
pYES2sh; methionine repressible expression of
EpSARS-CoV-2 (V25F)
2µ; LEU2; ampR; constitutive expression of
apoaequorin from ADH promoter

reference
Invitrogen
This study
This study
This study
This study
This study
This study
Batiza et al.
1996

3.4.2 Yeast strains
S. cerevisiae cell lines used in this study are derived from strain PLY240 (Bertl et al. 2003) and
listed in Table III.3.
Table III.3: Yeast cells used in this study. In this table all names of yeast cell lines used in this study with corresponding
genotypes and harbored plasmids are listed.

name

genotype

reference

PLY240 +pYES2sh

MATa; his3Δ200; leu2-3,112; trp1Δ901;
ura3-52; suc2Δ9; trk1Δ51;
trk2Δ50::loxP-kanMX-loxP
PLY240; pYES2sh(e.v.)

PLY240 +pYES2sh:KcvPBCV-1

PLY240; pYES2sh:KcvPBCV-1

This study

PLY240 +pYES2sh:EpSARS-CoV-2
PLY240 +pYES2sh:EpSARS-CoV-2
(TMD)
PLY240 +pYES2sh:
EpSARS-CoV-2 (N15A)
PLY240 +pYES2sh:
EpSARS-CoV-2 (V25F)
PLY240 +pEVP11/AEQ
+pYES2sh
PLY240 +pEVP11/AEQ
+pYES2sh:EpSARS-CoV-2

PLY240; pYES2sh:EpSARS-CoV-2

This study

PLY240; pYES2sh:EpSARS-CoV-2 (TMD)

This study

PLY240; pYES2sh:EpSARS-CoV-2 (N15A)

This study

PLY240; pYES2sh:EpSARS-CoV-2 (V25F)

This study

PLY240; pEVP11/AEQ; pYES2sh(e.v.)

This study

PLY240; pEVP11/AEQ; pYES2sh:EpSARS-CoV-2

This study

PLY240
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3.4.3 Yeast media
Strain PLY240 was routinely cultured in YPD +100 mM KCl (2% glucose; 2% peptone; 1% yeast
extract; 100 mM KCl). Percentages correspond to weight/volume.
PLY240 cells harboring indicated plasmids were selected and grown in appropriate synthetic
defined (SD) drop-out media (2% glucose; 0.69% yeast nitrogen base (YNB) without amino acids;
0.077% drop-out -ura supplement or 0.067% CSM Dropout -leu-ura). YNB contains approx. 7 mM
K+. Media with elevated K+ concentrations were set with KCl to indicated concentrations. Agar
media contained 2% agar-agar.

3.4.4 Yeast transformation
Transformation of yeast strain PLY240 with plasmids was performed by using the Frozen-EZ Yeast
Transformation II kit (Zymo Research) according to manufacturer's instructions. Transformed
yeast were selected on SD-ura (or SD-leu-ura) +100 mM KCl +5 mM met agar plates at 30°C for
72 h.

3.4.5 Growth assay conditions
Yeasts were grown overnight in SD-ura +100 mM KCl medium. Grown cells were washed twice
with ddH2O and set to OD600 = 1.0 for agar plate assays and OD600 = 2.0 for assays in liquid
culture. 10-fold dilutions were spotted on SD-ura-met agar plates without supplemented KCl and
as a control on plates with supplemented +100 mM KCl. Plates were sealed and incubated at 30°C
for 72 h.
For growth assays in liquid culture 10 µl of the washed cells were used to inoculate 1 ml SD-uramet media per well in 24 well plates. The well plates were sealed with Breathe-Easy sealing
membranes. OD600 was measured in 30 min intervals on a BioTek Epoch™ 2 Microplate
Spectrophotometer with constant shaking at 30°C for 36 h.

3.4.6 Ca2+ assay conditions
PLY240 cells harboring pEVP11/AEQ and either empty pYES2sh (as control) or pYES2sh:
EpSARS-CoV-2 plasmids were grown overnight in SD-leu-ura +100 mM KCl liquid medium. Grown
cells were washed twice with Ca2+ free incubation buffer (10 mM MES; 1% glucose; pH 4.5 with
TRIS) and set to OD600 = 10. The cell suspension was supplemented with coelenterazine to a final
of 6.3 µM (or 63 µM) coelenterazine concentration and incubated for 1 h at 30°C in the dark to
reconstitute aequorin proteins in the cells (Tisi et al. 2015).
100 µl of the cell suspension was loaded in cuvettes and used for luminometric assays in a Lumac
Biocounter M 2010.
Cells were shocked with either 50 µl test buffer (10 mM MES; 1% glucose; 3 (or 30) mM CaCl2;
6.3 µM (or 63 µM) coelenterazine; pH 4.5 with TRIS) and for hypertonic experiments with NaCltest buffer (10 mM MES; 1% glucose; 5 M NaCl; 6.3 µM (or 63 µM) coelenterazine; pH 4.5 with
TRIS)
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4 Chapter IV: Transformation selection of
Saccharomyces cerevisiae in complex
media using novel auto-selection
systems
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4.1 Introduction
In yeast, two strategies are mainly used for selection of transformants with episomal plasmids. The
most commonly used strategy is to transform auxotrophic yeast strains with vectors containing the
corresponding complementary prototrophic marker genes.
Deletions or mutations in common nutrient marker genes such as URA3, LEU2, HIS3 or TRP1 are
usually used as auxotrophic selection markers for these strains. The corresponding vectors contain
the appropriate prototrophic marker genes from S. cerevisiae or heterologous marker genes from
Kluyveromyces lactis (KlURA3/KlLEU2) or Schizosaccharomyces pombe (SpHIS5). It is recommended
to use corresponding heterologous marker genes especially if the corresponding marker genes are
not completely deleted as in strain BY4742, but inactivated by intentionally introduced or
spontaneously obtained mutations. Otherwise, there is a risk that the marker gene will be
integrated into the genome of the host strain by homologous recombination. This would lead to
prototrophic cells that could grow without carrying the corresponding vector with the required
marker gene.
Another commonly used strategy uses cassettes with heterologous antibiotic resistance genes as
selection markers. These render the otherwise sensitive yeast strain resistant to various antibiotics.
For example, the expression of the kanamycin resistance gene kanR by the kanMX cassette confers
resistance to geneticin (G418) (Jimenez and Davies 1980, Webster and Dickson 1983), the
hygromycin resistance gene hygr by the hphMX cassette confers resistance to hygromycin B (Kaster
et al. 1984) or expression of the nourseothricin resistance gene nrsr of the natMX cassette confers
resistance to nourseothricin in yeast cells (Krugel et al. 1993, Goldstein and McCusker 1999).
However, some antibiotics are ineffective at certain culture conditions. For example, the
functionality of G418 is impaired in YNB-based media or, more generally, in media with high salt
content, e.g., ammonium salts or CaCl2 (Cheng et al. 2000). This may even lead to partially or
completely resistant yeasts, which prevent reliable selection of transformants. Additionally, the
risk exists that mutations can develop spontaneously, making the cells resistant to some antibiotics
(Vickers et al. 2013).
The selection of transformants in both the above strategies therefore requires the use of defined
synthetic dropout media or the use of antibiotics. Both are well established on a small laboratory
scale and can be used without problems. However, in large-scale industrial applications, these are
significant costs to consider and can be uneconomical and poorly applicable as a result (Hensing
et al. 1995). One way to reduce these costs is therefore to use non-synthetic, complex media such
as YPD or other peptone-based formulations. However, it must be guaranteed that reliable
selection of transformed cells takes place without the use of expensive antibiotics or other
chemicals.
To ensure this, various auto-selection systems have been developed so far that allow stable
retention of episomal plasmids even in complex YPD media.
Auto-selection is the selection of cells that occurs independently of the composition of the growth
medium. It requires the existence of a plasmid that allows cells to grow due to the presence of an
essential marker gene, even in rich complex medium without external nutrient or antibiotic
selection.
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For this purpose, ura3∆fur1∆ strains were used as host cells for plasmids with URA3 as the selection
marker. The ura3∆fur1Δ double mutant is not viable. These cells lack both the enzymes orotidine5'-phosphate (OMP) decarboxylase (Ura3p) and uracil phosphoribosyltransferase (Fur1p). Ura3p
catalyzes the de novo biosynthesis of uridine-5'-monophosphate (UMP) from OMP. UMP is the
most important intermediate in pyrimidine biosynthesis, as all other pyrimidine nucleotides are
formed from UMP. Conversion of other pyrimidine nucleotides (e.g., those taken up from the
medium) to UMP also does not take place in these cells because the corresponding enzyme Fur1p,
as part of the salvage pathway, is also absent. Therefore, to obtain uracil-prototrophic ura3∆fur1Δ
cells, it requires a plasmid-encoded URA3 expression. However, this system is time consuming to
set up and requires two yeast strains (ura3∆ and fur1∆) with opposite mating type. The ura3Δ
strain must be transformed with the URA3-containing plasmid and mated with the fur1Δ strain.
The resulting diploid strain must then be sporulated and the resulting plasmid-harboring
ura3∆fur1∆ haploid cells selected for uracil prototrophy (Loison et al. 1986).
Another auto-selection system described for S. cerevisiae is also based on the use of ura3∆ strains.
In these cells, the essential genes MOB1 or CDC28 must also be deleted. However, these genes are
required by the cells as plasmid-encoded alternative copies for survival. So, host cells grow with
the complementary expression plasmids in synthetic media lacking uracil with the corresponding
URA3 rescue plasmids prior to transformation. These URA3 rescue plasmids additionally carry the
functional copies of the chromosomally deleted genes. By selecting the transformants on minimal
medium with 5-fluorotinic acid (5-FOA) to counter-select for URA3-containing cells, these URA3
rescue plasmids are subsequently exchanged with the actual expression plasmid (Geymonat et al.
2007). However, deletion of MOB1 or CDC28 in the plasmid-harboring Ura- host cells is timeconsuming and difficult to set up. Also, searching for transformants that have exchanged the URA3
rescue plasmids for the desired expression vector requires time and effort, which all together is a
disadvantage of the system.
A similar system uses the essential gene FBA1 instead of MOB1 or CDC28 but the selection strategy
is identical. FBA1 is required in glycolysis and gluconeogenesis. However, no rescue plasmid was
used in this system to ensure haploid viability. It is based on the selection of haploid segregants
that inherited the complementary expression vector from sporulated heterozygous (FBA1/fba1∆)
diploid progenitors. In these, the episomal vector was maintained by an auxotrophic LEU2 marker
(Compagno et al. 1993). However, the workload is as labor-intensive and time-consuming as for
the aforementioned ura3∆- and fur1∆-based system and also requires sporulation and selection of
haploid segregants.
An auto-selection system that, unlike the aforementioned systems, does not rely on intermediate
rescue plasmids or the use of diploids and allows easier handling of host cells was described
previously. This system is based on host cells that have a loss-of-function mutation of SRB1 (aka
PSA1). SRB1 encodes a mannose-1-phosphate guanyltransferase of which the synthesis product
(GDP-mannose) is required for normal cell wall structure (Yoda et al. 2000). A srb1-1 mutant can
therefore only be cultured in the presence of osmotic stabilizer such as sorbitol. However, the
growth dependence of the cells on the presence of the osmotic agent can be abolished if they are
transformed with a plasmid containing SRB1 as a selection marker. Growth media with normal
osmolality are thus selective for transformants harboring SRB1-containing plasmids. This enforces
stable retention of the plasmids. However, a disadvantage of this system is that srb1-1 mutants
grow very slowly and therefore may not be suitable for industrial applications (Rech et al. 1992).
The aim of this work was therefore to develop a new auto-selection system as an alternative to the
existing ones. This should allow plasmid selection in rich, complex media and be robust, flexible
and easy to set up.
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For this purpose, a host strain with a deletion or null mutation in an essential gene (OLE1 or
CDC19) was used in combination with episomal plasmids carrying corresponding complementary
genes as selection markers. This arrangement allows selection/propagation of positive
transformants and stable retention of the plasmid even in complex media based on peptone or
yeast extract.
OLE1 encodes the essential stearoyl-CoA 9-desaturase Ole1p. Ole1p is the sole fatty acid desaturase
in yeast and catalyzes the synthesis of ∆9 monounsaturated fatty acids (MUFA) from saturated
fatty acids in an oxygen- and NADH-dependent manner. MUFA are essential for the maintenance
of stable membrane fluidity. Decreased activity of Ole1p e.g. by inhibition of OLE1 expression
causes a reduction in the content of unsaturated fatty acids in cells. This leads to growth inhibition
and Flo1p-mediated cell-cell aggregation, so-called flocculation. A MUFA content of less than 50%
was previously identified as a strong trigger for Flo1p-mediated flocculation through the release
of the p90 domain of the known fluidity sensors Spt23p/Mga2p (Degreif et al. 2017).
Under standard conditions, OLE1 null mutations are not viable. However, in complex media
supplemented with inexpensive oleic acid, these cells can be stably cultured (Stukey et al. 1989).
This allows easy and straightforward handling of Ole- cells prior to transformation and is a major
feature of using OLE1 as a selection marker.
The heterologous OLE1 gene from K. lactis (KlOLE1) should be used as a selection marker for the
transformation of Ole- cells with an appropriate vector. This should avoid or minimize integration
of the marker into the genome by homologous recombination, especially if the chromosomal copy
of ScOLE1 is not completely deleted but only inactivated, e.g., by indel mutations introduced with
CRISPR/Cas9.
The gene products of ScOLE1 and KlOLE1 are 69.6% identical in amino acid sequence (Fig. IV.1),
suggesting strong functional similarity between the two enzymes. In previous studies, K. lactis
stearoyl-CoA desaturase Ole1 (KlOle1p) was shown to functionally replace the S. cerevisiae Ole1p
enzyme. Plasmid-based expression of KlOle1p in cells with inhibited Ole1p activity restored growth
and lipid composition comparable to wild-type cells with normal OLE1 expression (i.e. MUFA
content more than 75%; Degreif 2018).
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Figure IV.1: Protein sequence alignment of stearoyl-CoA desaturase from S. cerevisiae and K. lactis shows
high conservation in many regions. Consensus symbols indicate the degree of conservation: fully conserved residues
(*), conserved residues with similar properties (:) and semi-conserved residues (.). Alignments were performed using
Clustal Omega (Sievers et al. 2011, Madeira et al. 2019). Grey highlighted amino acids of ScOle1p mark predicted alphahelical transmembrane domains. Green highlighted amino acids mark conserved histidine clusters (HX4H;HX2HH)
required to coordinate catalytic iron ions. Blue highlighted amino acids mark a conserved NX3H cluster required to
coordinate a water molecule and red highlighted amino acids mark the conserved heme binding pocket of the
cytochrome b5 domain (Bai et al. 2015).

The use of CDC19 as a selection marker exploits the fact that cells in which CDC19 has been deleted
do not grow on media based on fermentable sugars such as glucose. However, growth of the cells
occurs, at least to some extent, on media containing respiratory carbon sources such as ethanol or
lactate (Sprague 1977). This also allows easy cultivation of non-plasmid-bearing cells in simple
complex lactate-containing media prior to transformation with the corresponding plasmid.
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4.2 Results and Discussion
A commonly used strategy for transformation selection in S. cerevisiae uses a host strain with a
genetic defect that results in an easily detectable phenotype (growth, colony color). This deficiency
can be complemented by the introduction of markers linked to that of the DNA to be expressed.
Among the nutrient markers, the URA3 marker is one of the most common markers that can be
used to select successfully transformed ura3 host strains. However, this strategy requires growth
in synthetic uracil dropout media, as complex media such as YPD contain sufficient uracil to allow
normal growth of ura3 yeast strains. To avoid the need for synthetic dropout media, one solution
would be to use marker genes that are essential under standard growth conditions and whose null
mutants are viable when supplemented with a substance not naturally occurring in YPD. For
instance, the OLE1 gene is essential for yeast under normal conditions, but null mutants in YPD
supplemented with oleic acid (C18:1) are viable. This would allow ole1 null mutants to be easily
maintained for further downstream applications such as transformation.

4.2.1 Construction of an OLE1 knockout strain
A BY4742 strain with a complete knockout of OLE1 was constructed as potential host for
transformation using OLE1 as marker. For this, the complete OLE1 ORF was replaced by
CRISPR/Cas9 supported integration of a loxP-flanked kanMX gene deletion cassette (kanR ORF
flanked by the Ashbya gossypii TEF promoter and terminator; Fig. IV.2 A). This strain, dubbed
“BY4742-ole1Δ”, grew well on YPD plates supplemented with oleic acid (+C18:1), while no growth
was detected without oleic acid supplementation (-C18:1, Fig. IV.2 B). In liquid YPD medium
supplemented with oleic acid, the ole1Δ strain grew as well as the wild-type strain. In the absence
of oleic acid, however, very poor growth and strong flocculation was observed for the ole1Δ strain,
while the wild-type strain grew normal with no sign of flocculation (Fig. IV.2 C + D).
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Figure IV.2: Supplementation with oleic acid restores growth of an OLE1 knockout strain. A) Schematic
representation of the OLE1 deletion procedure. The entire OLE1 ORF was knocked out by CRISPR/Cas9 assisted
integration of a loxP-flanked kanMX cassette. In the relevant DNA segment of the OLE1 ORF the PAM sequence
(underlined) and the Cas9 cutting site (arrow) are marked. B) The OLE1 knockout strain is viable on medium with oleic
acid supplementation. A 10-fold dilution series was spotted on YPD agar medium with and without 0.01% oleic acid
(±C18:1). C) BY4742 wild-type and ole1Δ cells were grown in liquid YPD media with and without C18:1 supplementation
and growth was monitored as OD600 for 24 h in 2 h intervals with a plate reader. D) C18:1 supplementation of YPD
medium had no visible effect on growth of wild-type cells, but prevents flocculation of the ole1Δ strain.
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4.2.2 Marker free OLE1 knockout by indel error
As a simple and marker-free alternative to the above described complete knockout of OLE1, Ole1pdeficiency was achieved by introducing indel mutations in the OLE1 ORF. For this, the wild-type
strain BY4742 was transformed just with the appropriate all-in-one pCas9c plasmid without repairDNA (i.e. loxP-flanked kanMX gene deletion cassette) to be integrated, plated on SD-ura
supplemented with oleic acid and grown for 3 days. Replicas were made on YPD and YPD
supplemented with oleic acid and colonies were picked that showed an Ole- phenotype, i.e. showed
growth in YPD supplemented with oleic acid, but no growth in YPD (without oleic acid).
In order to show that CRISPR/Cas9 assisted OLE1 inactivation and the resulting Ole- phenotype is
independent of the strain background, the same procedure was performed in the commonly used
laboratory strains W303-1A and in CEN.PK2-1C (Rothstein 1983, van Dijken et al. 2000).
Sequencing of the OLE1 ORF of three clones of BY4742 and one clone of CEN.PK2-1C and W3031A each with an Ole- phenotype revealed a thymine insertion at the expected Cas9-induced doublestrand break site (between T513 and C514) in all three strains, leading to a frame shift and a
dysfunctional protein (Fig. IV.3 A). This dysfunctional allele was dubbed “ole1-1”.
While all three wild-type strains grew independently of oleic acid on YPD medium, the respective
ole1-1 strains showed growth only on YPD medium supplemented with oleic acid (Fig. IV.3 B).
The phenotype of the ole1-1 strains is therefore identical to that of the ole1Δ strain shown in
Fig. IV.2 B.

Figure IV.3: CRISPR/Cas9-mediated OLE1 inactivation by indel mutations results in same phenotypes as
complete OLE1 deletions in all strain backgrounds tested. A) Sequencing of the relevant part of the OLE1 ORF
revealed that CRISPR/Cas9 mediated OLE1 inactivation resulted from a T insertion at the expected Cas9 cutting site (DSB)
in all clones tested. Five independent clones (3 clones for BY4742-ole1-1 and 1 clone for W303-1A-ole1-1 and CEN.PK21C-ole1-1, respectively) were tested. B) BY4742, W303-1A and CEN.PK2-1C wild-type strains grew on YPD independent
of C18:1 supplementation. Corresponding ole1-1 strains grew only on YPD medium supplemented with C18:1.
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4.2.3 pOLE plasmid construction and transformation
Since growth of yeast on/in YPD depends on the presence of an intact, functional OLE1 gene,
growth of the Ole1p-deficient strains, ole1Δ and ole1-1, should be restored by introducing a
functional OLE1 gene either by genomic integration or via a plasmid vector. Both methods require
a transformation step, for which the host strain (ole1Δ or ole1-1) needs to be grown up and made
competent. This can be done by supplementation of the growth medium with oleic acid, as shown
above. I decided to construct a versatile plasmid, that would contain a functional OLE1 gene as the
selection marker and a simple to use cloning site, that would allow cloning and expression of any
gene of interest.
A pGREG505 plasmid served as backbone, in which the galactose-inducible GAL1 promoter was
first replaced by the constitutive TEF1 promoter (= pGREG505-PTEF1). Subsequently, the LEU2
selection marker of pGREG505-PTEF1 (PLEU2-LEU2) was replaced by the heterologous KlOLE1 ORF
set behind the constitutive GAP promoter (PGAP-KlOLE1). The heterologous KlOLE1 ORF was
chosen, to minimize potential genomic integration of the selection marker and loss of the plasmid,
in particular when an ole1-1 strain is used as the host. This plasmid was dubbed “pOLE”. As in all
plasmids of the pGREG-series, any gene of interest can be cloned into pOLE by replacing the HIS3
stuffer using the SalI restriction sites and appropriate recombination sequences (Fig. IV.4 A;
Jansen et al. 2005).
The next step was to compare transformation efficiencies of the pOLE plasmid with the original
pGREG505-PTEF1 plasmid. For this, in both plasmids the HIS3 stuffer was replaced by the URA3
ORF, yielding plasmids pGREG505-PTEF1:URA3 and pOLE:URA3. The wild-type strain BY4742 was
then transformed with these plasmids and transformants were selected on SD-ura medium.
The number of colonies with both plasmids was in the same order of magnitude (Fig. IV.4 B, upper
panels), indicating similar transformation efficiencies in wild-type yeast (BY4742).
Since transformation efficiency was apparently independent of the plasmid, transformation
efficiency with pOLE was tested in both Ole1p-deficient BY4742 strains (ole1Δ and ole1-1). On
YPD plates no colonies appeared when transformation was performed with pGREG505-PTEF1:URA3
(Fig. IV.4 B, center and bottom left panels), but clear colonies developed with both strains (ole1Δ
and ole1-1), when transformed with pOLE:URA3 (Fig. IV.4 B, center and bottom right panels).
Transformation efficiencies for the ole1Δ and ole1-1 strains with pOLE were similar to those
observed for the BY4742 wild-type strain transformed with pGREG505-PTEF1. Transformation
efficiencies were calculated as approximately 1 x 104 CFU per 1 µg of plasmid DNA and 5 x 106
cells used per transformation, indicating the suitability of the pOLE plasmid for yeast
transformation.
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Figure IV.4: Growth of Ole1p-deficient strains is restored by transformation with the pOLE plasmid. A) The
pOLE plasmid was constructed using pGREG505 as the backbone. The GAL1 promoter was first replaced by the
constitutive TEF1 promoter, followed by replacement of the LEU2 marker by the KlOLE1 ORF set behind the constitutive
GAP promoter. As all plasmids from the pGREG-series, the pOLE plasmid can be linearized by SalI to introduce a gene of
interest in place of the HIS3 marker (Jansen et al. 2005). B) For testing transformation efficiency and comparing different
strain backgrounds and plasmids, the BY4742 wild-type strain was transformed with pGREG505-PTEF1:URA3 or
pOLE:URA3 and spread on SD-ura (upper panels) to select for the Ura+ phenotype. The corresponding Ole1p-deficient
strains (BY4742-ole1Δ and BY4742-ole1-1) were transformed with the same plasmids and spread on YPD (center and
lower panels) to select for the Ole+ phenotype.
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Transformation of CEN.PK2-1C-ole1-1 and W303-1A-ole1-1 with pOLE or pGREG505-PTEF1 and
selection on YPD medium also resulted in colonies when transformation was done with pOLE
(Fig. IV.5). However, the colony number obtained was significantly lower than the colony numbers
shown in Figure IV.4 B.
This is certainly due to the fact that the intention was on proofing the principle, rather than on
quantitative analysis and reproducibility (different initial cell number, plasmid concentration,
etc.). Nonetheless, these results indicate that the pOLE plasmid is suitable to complement the
Ole1p-deficiency of CEN.PK2-1C-ole1-1 and W303-1A-ole1-1 in YPD and can therefore be used for
transformation selection with these strains.

Figure IV.5: Transformation with the pOLE plasmid also restores growth of other ole1-1 strain backgrounds.
CEN.PK2-1C-ole-1-1 and W303-1A-ole1-1 were transformed with either pGREG505-PTEF1 or pOLE and selected on YPD.
Colonies were formed only by the strains transformed with pOLE.
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4.2.4 Plasmid maintenance
In a transformation selection system for high capacity, long term production processes in an
industrial setting, expression plasmids should be stably maintained and propagated. In order to
test whether this applies to the OLE1-based system in complex YPD media, BY4742-ole1Δ and
BY4742-ole1-1 were transformed with the above described centromeric pOLE:URA3 plasmid (or
the corresponding 2µ plasmid pOLE(2µ):URA3). The cells were serially cultured in liquid YPD and
plasmid retention was quantified.
It can be assumed that maintenance of uracil prototrophy in BY4742 strains (ura3∆0) linked to
the Ole+ phenotype in Ole1p-deficient strains must be related to stable retention of the circular
episomal pOLE-based plasmid, excluding (partial) genomic integration of the plasmid.
Spontaneous integration of both selection markers together is highly unlikely. The BY4742 wildtype strain transformed with the respective corresponding pGREG505-PTEF1 plasmids (pGREG505PTEF1:URA3 or pGREG505(2µ)-PTEF1:URA3) served as control.
Initially, all four cell lines were grown in SD-ura to ensure that all cells carried the respective URA3
containing plasmid, followed by serial cultivation in YPD. Cells from the indicated passages were
harvested, plated on YPD agar and replica plated on SD-ura agar (schematically illustrated in
Fig. IV.6). Each experiment was performed at least with three independent replicates.

Figure IV.6: Schematic illustration of the experimental procedure for testing pOLE retention during serial
cultivation in liquid YPD medium. Yeast strains harboring centromeric or 2µ-based pGREG505-PTEF1:URA3 or
pOLE:URA3 plasmids were first cultured in SD-ura medium to ensure that all cells harbor the respective plasmid. Cells
were then serially cultured in liquid YPD medium by diluting cells from fully grown overnight cultures 1:100 in fresh YPD
medium. Cells from pass0, pass1, pass3 and pass5 were harvested and plated on YPD agar. Replica plating on SD-ura
agar was used to select for cells still containing the respective URA3-containing episomal plasmid.

In the BY4742 wild-type strain carrying the centromeric pGREG505-PTEF1:URA3 plasmid, loss of the
plasmid already occurred when grown in liquid SD-ura and plated on YPD (pass0). Only 78 ± 9%
of colonies grown on YPD also grew on SD-ura, i.e. still carried the plasmid. After one passage, 58
± 7% of the cells still grew on SD-ura (pass1) and after five passages, only 49 ± 8% still grew on
SD-ura. The corresponding 2µ plasmid was significantly less stable. With this plasmid, only 52 ±
7% of the cells grew on SD-ura after pass0, and after five serial passages the rate was only 8 ±
7%, indicating a correspondingly strong loss of the plasmid (Fig. IV.7).
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In contrast, the results were completely different for the Ole1p-deficient strains transformed with
pOLE:URA3 or pOLE(2µ):URA3. In these cells, all the colonies plated on YPD also grew on SD-ura,
regardless of the passage number (Fig. IV.7 B, D). This indicated that the Ole+ phenotype (by cell
growth on YPD or SD-medium without oleic acid supplementation) and uracil prototrophy were
associated with the respective plasmid. The plasmids were stably present in the cells over all
generations and no genomic integration of the KlOLE1 from pOLE or spontaneous reversion of the
indel mutation of the OLE1 gene in the BY4742-ole1-1 strain occurred.

Figure IV.7: Quantification of the plasmid retention after indicated passage number. A+B) Plasmid retention
was quantified by determining the percentage of replica-plated cells (from YPD to SD-ura agar) showing an Ura+
phenotype. It was assumed that uracil-prototrophy can be fully accounted to the presence of the respective episomal
plasmid containing a PTEF1:URA3 expression cassette (N ≥ 3, error bars = ± SEM). C) Exemplary photographic images of
corresponding plates for data in A). BY4742 wild-type harboring centromeric or 2µ-based pGREG505-PTEF1:URA3 after
pass0, pass3 and pass5. D) Exemplary photographic images of corresponding plates for data in B). BY4742 wild-type (left
panels), -ole1Δ (center panels) or -ole1-1 (right panels) harboring centromeric or 2µ-based pGREG505-PTEF1:URA3 or
pOLE:URA3 after pass5.
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In these experiments each overnight culture allows approximately 7 to 8 cell generations. This
number was calculated based on the number of cell duplications required to increase the OD600 of
a 1:100 diluted culture to the optical density of the fully-grown overnight culture (approximately
OD600 of 5-10 in SD-ura and 20-40 in YPD). In total, more than 40 cell generations with robust
and stable propagation of pOLE-based plasmids were thus realized from pass0 to pass5.
Even in common microbial batch or fed-batch fermentation processes including seed train
(preculture) and main culture, this number of generations is not exceeded (Hohnholz et al. 2017).
An additional 20 generations, commonly generated in the creation of master and working cell
banks in industrial processes, need not be considered because antibiotics can be used in these
small-volume cultivations without great expense or regulatory risk. Overall, this highlights the
general applicability of the plasmid retention system presented in this study in an industrial setting.

4.2.5 yEGFP expression from the pOLE plasmid
In addition to the above-described demonstration of simple plasmid retention, stable expression
and functioning of a gene product was investigated. For this the HIS3 stuffer in pOLE was replaced
with yEGFP, resulting in pOLE:yEGFP. Protein synthesis was analyzed by Western blotting and
fluorescence microscopy. BY4742-ole1Δ cells harboring pOLE:yEGFP grown in YPD, showed clear
cytosolic GFP fluorescence, whereas in cells, harboring the empty pOLE plasmid, no GFP
fluorescence was detected (Fig. IV.8 A). Fluorescence micrographs showed a heterogeneous cell
population with either high or low cytosolic fluorescence intensity. This is probably due to the
different number of plasmids in the cells, which has already been previously observed with
CEN/ARS-containing yeast plasmids elsewhere (Karim et al. 2013, Gnugge and Rudolf 2017).
However, the Western blot results showed similar GFP content in the whole cell population in
three independent clones (Fig. IV.8 B).
Flow cytometric analysis confirmed the presence of two main populations with different GFP
fluorescence intensities (Fig. IV.8 C). A BY4742-ole1Δ strain harboring pOLE:yEGFP and grown in
YPD clearly showed two peaks (representing low and high fluorescence intensity, respectively)
(blue graphs). It is also noticeable that there was no population of cells without any fluorescence
signal (BY4742-ole1Δ harboring pOLE; red graphs).
The fluorescence intensities and the ratio of cells with low/high fluorescence of two independent
clones were almost identical (data not shown). Interestingly, two populations also occurred in the
BY4742 wild-type strain harboring pGREG506-PTEF1:yEGFP and grown in SD-ura (yellow graph),
highlighting that this effect is not an artifact of the pOLE-based selection system.
This also demonstrates that transformation selection using the KlOLE1 marker in an Ole1pdeficient strain in complex YPD medium works as robust and reliable as selection using a
nutritional marker such as URA3 in a Ura3p-deficient strain in selective dropout medium.
Of course, an alternative to using nutritional markers in selective dropout media is the use of
antibiotic resistance cassettes (such as kanMX) in complex YPD medium supplemented with the
appropriate antibiotic (G418). However, it should be noted that both intrinsic antibiotic resistances
and the emergence of resistances in serial cultures can lead to problems.
This is shown by a flow cytometry analysis with cells of the before mentioned BY4742 wild-type
strain transformed with pGREG506-PTEF1:yEGFP and grown in YPD supplemented with G418
(pGREG plasmids contain a kanMX cassette). This experiment revealed a population of fluorescent
cells and a significant population of cells that did not exhibit fluorescence (green graph). This
latter population was apparently G418-resistant but did not contain a plasmid or did not express
GFP from the plasmid for other reasons.
Artifacts, such as a high number of dead cells that could cause the large proportion of nonfluorescent cells, were excluded because identical cultivation conditions were applied to all
cultures analyzed by flow cytometry. These cultivation conditions have generally been shown to
prevent non-fluorescent cells, for example in the case of pOLE- and pGREG506-harboring strains
in antibiotic-free media. However, if the antibiotic itself was responsible for such an enormous
increased proportion of dead cells, this would be another strong argument to avoid antibiotics.
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Figure IV.8: Functional expression of yEGFP from the pOLE plasmid. A) Cytosolic yEGFP fluorescence with two
populations with different fluorescence intensities was detectable in all BY4742-ole1Δ cells transformed with
pOLE:yEGFP. No GFP-related fluorescence was detectable in cells transformed with the empty pOLE vector (e.v.). B)
Western blot analysis revealed reproducible yEGFP expression for three independent clones of the cells harboring
pOLE:yEGFP. No GFP protein was detected in the strain transformed with the empty pOLE plasmid. C) Flow cytometry
analyses showed a large population of cells without fluorescence in BY4742-ole1Δ cells, transformed with pOLE and
grown in YPD (red). Two populations with different GFP fluorescence intensities were revealed in BY4742-ole1Δ cells
transformed with pOLE:yEGFP and grown in YPD (blue). A similar distribution was observed for wild-type cells
transformed with pGREG506-PTEF1:yEGFP and grown in SD-ura (yellow). Using the kanMX cassette of pGREG506PTEF1:yEGFP as selection marker in YPD supplemented with G418 (green) revealed a small population with high
fluorescence intensity but also a large population with no fluorescence.

To further complement the previously described URA3 marker-based plasmid retention assay, the
maintenance of pOLE plasmids was investigated by serial cultivation of pOLE:yEGFP-harboring
ole1Δ cells in complex YPD medium followed by flow cytometric analysis of single cell fluorescence
intensity.
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No change in the expression profile of the culture was observed even after three passages of
cultivation in YPD (Fig. IV.9). All cells showed fluorescence and expressed yEGFP (blue graphs).
This indicates that the selection system described in this study is superior to plasmid maintenance
by antibiotic selection even in YPD medium without the need to add any media supplements. These
data are fully consistent with the observed 100% maintenance of pOLE in the ole1Δ background
of the previous experiments. This provided additional support for the stable preservation of pOLE
in an assay that does not rely on an auxotrophic marker but on a GFP-based approach. This is not
thought to exert any selection pressure at all but, in contrast, imposes an additional metabolic
burden on the cells.

Figure IV.9: Robust propagation of pOLE in YPD. BY4742-ole1Δ harboring pOLE or pOLE:yEGFP were serially
cultured in liquid YPD medium by diluting cells from fully grown overnight cultures 1:100 in fresh YPD medium. Cells
from pass1, pass2 and pass3 were harvested and analyzed via flow cytometry for detection of GFP-fluorescence
intensities. Fluorescence intensity of pOLE:yEGFP harboring cells (blue) showed two populations as described before
(Figure IV.8 C), while no fluorescence was detected for any cells harboring the empty pOLE (red). The fluorescence
distribution for the strains remained stable over 72 h with three serial dilutions.
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4.2.6 Expression of complex constructs from the pOLE plasmid
Finally, it should be demonstrated that the selection system described in this study is also suitable
for expressing complex constructs (e.g. whole biosynthetic pathways for valuable compounds) in
cells without any problems. For this purpose, the beta-carotene biosynthetic pathway consisting of
three heterologous enzymes from Xanthophyllomyces dendrorhous (crtYB, crtI, and crtE) was
chosen. Successful expression of the enzymes was expected to induce a clearly visible orange
coloration of the colonies by the synthesis of the apocarotenoid beta-carotene. For expression of
the enzymes, the ole1Δ strain was transformed with a pOLE plasmid that contained a polycistronic
beta-carotene expression cassette (crtYB-T2A-crtI-T2A-crtE; Beekwilder et al. 2014). As a control,
the same strain was transformed with the empty pOLE plasmid, which should result in white
colonies.
The substantial majority of transformants formed homogeneous orange colonies, apart from a few
minor colorless or "just" yellow colonies (Fig. IV.10, left top). This could be due to spontaneous
mutations in either the promoter/terminator region or the three genes occurring in the betacarotene expression cassette of these cells, thus leading to a non (fully) functional biosynthetic
pathway in each case and resulting in white or “just” yellow colonies. Therefore, for direct
comparison, two independent clones of the transformed cells were again streaked out on a separate
YPD plate. The clones of pOLE:crtYB-T2A-crtI-T2A-crtE harboring cells clearly showed a
homogeneous orange color, whereas the clones of empty pOLE harboring cells remained colorless
(Fig. IV.10, right).
This result again highlights the robust retention of plasmids and shows that this selection system
is suitable for expressing complex constructs in the cells.

Figure IV.10: Expression of a polycistronic beta-carotene biosynthetic pathway from the pOLE plasmid.
BY4742-ole1Δ cells were transformed with pOLE:crtYB-T2A-crtI-T2A-crtE (top plate) or empty pOLE (bottom plate) and
selected on YPD (left picture). Two clones each were streaked on the same YPD plate for direct comparison (right
picture). Colonies harboring pOLE:crtYB-T2A-crtI-T2A-crtE showed homogenous orange color (top), while colonies with
empty pOLE were colored white (bottom).
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4.2.7 Proof of principle: CDC19 as selection marker
Based on the so far presented strategy, this study also tested the applicability of another essential
gene for the strategy of plasmid selection in rich complex media as a proof of principle. For this
purpose, the pyruvate kinase 1 (Pyk1p), encoded by the CDC19 gene (aka PYK1) was chosen.
Pyk1p catalyzes the conversion of phosphoenolpyruvate to pyruvate, the final step in glycolysis.
Yeasts with a cdc19 null mutant (cdc19Δ) do not grow in glucose-containing media. The lack of
the enzyme prevents them from generating the substrate pyruvate for aerobic (TCA cycle) or
anaerobic (glucose fermentation) respiration and synthesis of some amino acids (alanine, valine
and leucine). However, it was previously shown that growth can be restored with lactate or ethanol
as the sole carbon source, indicating that there must be an alternative way to generate pyruvate.
This pathway probably uses the malic enzyme (encoded by MAE1), which catalyzes the oxidative
decarboxylation of malate to pyruvate. Cells with a double deletion of CDC19 and MAE1 cannot
grow with ethanol as the sole carbon source (Boles et al. 1998). Therefore, the aim was to culture
Pyk1p-deficient yeast cells in lactate-containing media and transform them with a plasmid, which
restores growth in glucose-containing YPD medium.
First, a cdc19Δ deletion strain was constructed as a host strain for plasmid-based gene expression
using KlCDC19 as a selection marker. For this, the first 472 bases of the 5' end of the CDC19 gene
in yeast strain BY4742 were deleted by simultaneous CRISPR/Cas9-assisted integration of a loxPflanked KlLEU2 deletion cassette (Illustrated in Fig. IV.11 A). Only the 5' part of the CDC19 ORF
was deleted because of a dubious open reading frame in the 3' part of the CDC19 ORF. This
“cdc19Δ”-dubbed strain did not grow on YPD agar (Fig. IV.11 B) or liquid medium (Fig. IV.11 E),
whereas growth occurred in/on YPLac.
Plasmid construction of the corresponding plasmid with KlCDC19 as the selection marker (dubbed
“pPYK”) was done analogously to pOLE. The LEU2 marker of the pGREG505-PTEF1 backbone was
replaced by the KlCDC19 ORF set behind the GAP promoter (PGAP-KlCDC19; Fig. IV.11 C).
BY4742-cdc19Δ was transformed with pGREG505-PTEF1 (as control) or pPYK and spread on YPD
agar plates for transformation selection. While colonies were clearly visible for the cdc19Δ strain
transformed with pPYK, no colonies were formed on the plates with the cdc19Δ strain transformed
with pGREG505-PTEF1 (Fig. IV.11 D). This clearly demonstrates that KlCDC19 is also a good marker
for selection of plasmid-based transformation in a Pyk1p-deficient background, even in complex
YPD medium.
However, in contrast to OLE1, the heterologous KlCDC19 ORF cannot be used as a marker in
combination with a Cdc- host strain generated by a CRISPR/Cas9-induced indel mutation in
CDC19. KlCDC19 is 85% identical to ScCDC19 at the DNA level. Therefore, the likelihood of
integration of KlCDC19 localized in the plasmid into the hosts CDC19 locus is readily possible,
which would then lead to loss of the plasmid.
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Figure IV.11: In analogy to OLE1 as a selection marker, CDC19 can also be used. A) The 5’ part (472 bp) of the
CDC19 ORF was knocked out by CRISPR/Cas9 assisted integration of a loxP-flanked KlLEU2 cassette. In the relevant DNA
segment of CDC19 the PAM sequence (underlined) and the cut (arrow) are marked. B) The cdc19Δ strain is viable on
medium with lactate. 10-fold dilution series of the BY4742 wild-type and the cdc19Δ strain were spotted on YPD and
YPLac agar medium. Replacing glucose with lactate as sole carbon source complements partially for the growth defect
of the BY4742-cdc19Δ strain. C) The pPYK plasmid was constructed analogously to the pOLE plasmid as described before
but with the KlCDC19 ORF in place of KlOLE1. D) BY4742-cdc19Δ was transformed with either pGREG505-PTEF1 or pPYK
and selected on YPD medium. Colonies were formed only for the strain transformed with pPYK. E) BY4742 wild-type
and cdc19Δ strains were grown in YPD or YPLac. Growth was measured as OD600 in 1 h intervals for 72 h. The cdc19Δ
strain showed clear growth in YPLac but no growth in YPD. Transformation with the pPYK plasmid substantially restored
growth in YPD (n = 3, error bars = ± SEM).
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4.3 Conclusions and Outlook
The use of episomal plasmids offers important advantages over integrative vectors in the industrial
environment, especially in respect to extensive expression screenings and routine fermentation in
production processes. Episomal plasmids offer a much higher transformation efficiency (Struhl et
al. 1979, Gietz and Woods 2001) as well as high flexibility in controlling gene expression (Redden
et al. 2015) compared to genomically integrated expression cassettes. Additionally, episomal
multicopy plasmids can also confer higher protein production efficiencies, for example, due to
higher copy numbers/gene dosages (Chen et al. 2012), which are beneficial for industrial
production applications. Genomically integrated expression cassettes, on the other hand, are often
limited to low copy numbers (Lopes et al. 1989).
However, the need for transformation selection and plasmid maintenance is a drawback of using
episomal plasmids. This requirement is usually accomplished by using synthetic drop-out media or
antibiotic-supplemented media, which can lead to non-negligible costs, especially when used in
large-scale industrial applications.
Apart from the higher cost and more complicated production of synthetic or antibiotic-enriched
media, yeast also grows better/faster in the presence of cheap and easy-to-produce complex media
components such as peptone/yeast extract. In YPD medium, a doubling time of about 90 min was
measured for normal haploid laboratory strains, compared to 140 min in synthetic media
(Sherman 2002). Auxotrophic markers such as LEU2 or incorporation of an antibiotic resistance
marker such as kanMX also affect plasmid copy number and growth of their host cells (Cakar et al.
1999, Karim et al. 2013, Lee et al. 2014).
In complex media, yeasts (and other microorganisms) not only grow significantly better than in
minimal media, they also show much higher heterologous protein production because the
nitrogen-composition of the production medium strongly influences the heterologous protein
production (Zhang et al. 2003, Hahn-Hagerdal et al. 2005). For example, production of the
thrombin-specific inhibitor hirudin by S. cerevisiae was enhanced 20-fold in complex medium
compared with minimal selective medium (Choi et al. 1994). A 24-fold increase in production of
heterologous xylanase by S. cerevisiae was obtained when switching from yeast nitrogen base
(YNB) to complex YPD medium (la Grange et al. 1996). In an auto-selection strain of S. cerevisiae,
biomass yield and invertase production increased with medium complexity (minimal medium SD
< semidefined SDC < rich complex YPD; (Wang and Dasilva 1993)).
In addition, the identification and optimization of synthetically defined media for industrial
applications that confer sufficient growth and expression performance is time consuming and binds
many human and technical resources. This can conflict with the tight project schedules and
financial goals of commercial companies. Therefore, complex media, especially in early
development phases, are predestined to meet these demanding business requirements.
Of course, the system described here also has some limitations and is not optimally suited for all
applications. For example, it is likely to interfere with metabolic studies focusing on lipid-related
products. This is especially the case when the desaturation of fatty acids and subsequent regulatory
mechanisms (mediated by membrane fluidity or physicochemical membrane characteristics) are
key parameters and need to be fine-tuned. However, scenarios are also conceivable in which both
aspects may well fit together, e.g., when overexpression of OLE1 or artificial regulation of OLE1
outside its native genetic context is required.
Another limitation worth mentioning is the influence of additives, such as antifoams, which are
routinely used in industrial fermentation. In this process, defoamers containing free or esterified
unsaturated fatty acid moieties could be released and serve as an externally available UFA source.
This could relieve selection pressure from Ole1p deficiency and result in plasmid loss. However,
alternative silicone-based defoamers (e.g. SILFOAM® Antifoam Agents from Wacker Chemie AG)
are commercially available for such cases, which should circumvent these problems. However, it
would still be interesting to investigate in further studies how plasmid maintenance performs with
different additives in the external medium to make an estimation which of the common additives
can be used without problems.
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The combination of host strain and vector system described here, eliminates the need for synthetic
drop-out media or the use of antibiotics for transformation selection and maintenance of stable
plasmids in expression cultures. This can significantly reduce the costs of growth media, which
could be particularly important for high-volume applications. It can also reduce the risk of plasmid
loss in cultures that do not use antibiotic-enriched complex media and thus do not exert a selection
pressure on genetically modified strains using standard selection procedures.
The general applicability to other yeast strains should provide an additional argument for this
system. This new strategy should therefore be of general interest to the yeast research community
in academia and industry, as the use of complex media such as YPD for transformation selection
and plasmid retention offers significant advantages in terms of time and cost savings in media
preparation.
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4.4 Material and Methods
Chemicals used in this study were purchased from Carl Roth, Formedium, Merck or Sigma-Aldrich
unless otherwise indicated.

4.4.1 Oligonucleotides and plasmids
Oligonucleotides used in this study are listed in Table IV.1. Plasmids used and generated in this
study are listed in Table IV.2.
Table IV.1: Oligonucleotides used in this study. The underlined parts of the sequence mark homologous regions of
overhang primers.

name
P1
(fw)
P2
(rv)
P3
(fw)
P4
(rv)
P5
(fw)
P6
(rv)
P7
(fw)
P8
(rv)
P9
(fw)
P10
(rv)
P11
(fw)
P12
(rv)
P13
(fw)
P14
(rv)
P15
(fw)
P16
(rv)
P17
(fw)
P18
(rv)
P19
(fw)
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sequence (5’- 3’)
GTATTACGTAGAATAGAACATCATAGTAATAGATAGTTGTGGTGA
TCATATTATAAACAGCACTAAAACATTACAACAAAGCTGAAGCTT
CGTACGCTGCAG
TTTTTAATTTATGATTTTTCAATTTTTTTTTATGGTAGTTGCAGT
TTTGTTATTGTAATGTGATACGCATAGGCCACTAGTGGATCTG
ACAGATCTTACTCCGCTCACGTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAG
GTGAGCGGAGTAAGATCTGTGATCATTTATCTTTCACTGCGGAG

amplicon
loxP-kanMX-loxP
deletion cassette for
OLE1 KO
loxP-kanMX-loxP
deletion cassette for
OLE1 KO
gRNA_antiOLE1
gRNA_antiOLE1

GTTACGGCTATGGGGATGGC

OLE1 KO colony PCR

GGCAACGCTACCTTTGCCATG

OLE1 KO colony PCR

AGAATAGAACATCATAGTAATAGATAGTTGTGG

OLE1 sequencing

AGTTGCAGTTTTGTTATTGTAATGTG

OLE1 sequencing

AACAAAAGCTGGAGCTCGTTTAAACGGCGCGCCATAGCTTCAAAA
TGTTTCTACTCCTT
CCTGCAGCCCGGGGGATCCACTAGTGCGGCCGCAAACTTAGATTA
GATTGCTATGCTTTCT
GCGCCTGATTCAAGAAATATCTTGACCGCAGTTTCATTATCAATA
CTCGCCATTTCAAAG
GGCCAACACATTAGCGTTCACTAAATCCACTTGCTCCATGGATCC
ACTAGTTCTAGAATCCG
TCGACGGATTCTAGAACTAGTGGATCCATGGAGCAAGTGGATTTA
GTGAACG
GCATCAGAGCAGATTGTACTGAGAGTGCACCATATCCTACTTCTT
TTCGTAAACTTCACCTCTTC
GAATTCGATATCAAGCTTATCGATACCGTCGACAATGTCGAAAGC
TACATATAAGGAACG
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTAGTTTTGC
TGGCCGCATC
GCACATTTCCCCGAAAAGTGCCACCTGGGTCCTTTTCATGATCCA
ATATCAAAGGAAATGATAGC
ACAGACAAGCTGTGACCGTCTCCAACGAAGCATCTGTGCTTCATT
TTGTAG

TEF1 promoter

GAAAAGGACCCAGGTGGCACTTTTCG

pGREG/pOLE
backbone

TEF1 promoter
GAP promoter
GAP promoter
(KlOLE1)
KlOLE1
KlOLE1
URA3
URA3
2µ ori
2µ ori
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P20
(fw)
P21
(fw)
P22
(rv)
P23
(fw)

GGAGACGGTCACAGCTTGTCTG

P24
(rv)

GCGTGACATAACTAATTACATGACTCGAGGTCGACTCACAGAGGG
ATATCGGCTAGC

P25
(fw)

CTCTCTTGTTTCTATTTACAAGACACCAATCAAAACAAATAAAAC
ATCATCACCTGAAGCTTCGTACGCTGCAG

P26
(rv)

GAACAGATCTTACCGGCGTTCAAAGCCTTGACCTTCAAAGTCTTG
TCGTCAAGCATAGGCCACTAGTGGATCTG

P27
(fw)
P28
(rv)
P29
(fw)
P30
(rv)
P31
(rv)
P32
(fw)
P33
(rv)

ATCACCAAGGTCATCTCCGCGTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAG

GAATTCGATATCAAGCTTATCGATACCGTCGACAATGTCTAAAGG
TGAAGAATTATTCAC
GCGTGACATAACTAATTACATGACTCGAGGTCGACTTATTTGTAC
AATTCATCCATACCATGG
GAATTCGATATCAAGCTTATCGATACCGTCGACATGACGGCTCTC
GCATATTACC

pGREG/pOLE
backbone
yEGFP
yEGFP
polycistronic betacarotene pathway:
crtYB-T2A-crtI-T2AcrtE
polycistronic betacarotene pathway:
crtYB-T2A-crtI-T2AcrtE
loxP-KlLEU2-loxP
deletion cassette for
CDC19 KO
loxP-KlLEU2-loxP
deletion cassette for
CDC19 KO
gRNA_antiCDC19

GCGGAGATGACCTTGGTGATGATCATTTATCTTTCACTGCGGAG

gRNA_antiCDC19

CAAGACACCAATCAAAAC

CDC19 KO colony
PCR
CDC19 KO colony
PCR
GAP promoter
(CDC19)
KlCDC19

CGTTATGACGACAATTGG
GGTCAACCAGCCTAATCTAGATTCCATGGATCCACTAGTTCTAGA
ATCCG
CACCAGAACTTAGTTTCGACGGATTCTAGAACTAGTGGATCCATG
GAATCTAGATTAGGCTG
CTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATCTT
AAACGGTCAAGACACGTAG

KlCDC19

PCRs to amplify DNA fragments for cloning procedures or Sanger sequencing were performed by
using the Q5® Hot Start High-Fidelity 2X Master Mix (NEB) according to manufacturer’s
instructions. For all cloning steps the NEBuilder HiFi DNA Assembly Master Mix (NEB) was used.
Generated plasmids were amplified in E. coli DH5a and sequences were verified by Sanger
sequencing (Microsynth Seqlab).
Colony PCRs were performed by using the OneTaq 2X Master Mix with Standard Buffer (NEB)
according to manufacturer's instructions with following modifications. To prepare the DNA
template cells from a single colony were resuspended in 30 µl 0.02% SDS, incubated 10 min at
95°C and vortexed vigorously for 1 min. 0.5 µl of the cell suspension was used as template for the
PCR reaction with corresponding colony PCR primers.
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Table IV.2: Plasmids used in this study. The table specifies the names and essential properties of the plasmids used
in this study.

name

properties
reference
Gueldener
PCR template for amplification of the kanMX deletion
pUG6
et al. 1996
cassette for the OLE1 knockout
CEN/ARS; LEU2; kanMX; ampR; GAL1 promoter; HIS3-stuffer Jansen et al.
pGREG505
2005
This study
pGREG505; constitutive TEF1 promoter in place of GAL1
pGREG505-PTEF1
promoter
pGREG505This study
pGREG505-PTEF1; constitutive expression of URA3 from TEF1
PTEF1:URA3
promoter
pGREG505(2µ)This study
pGREG505-PTEF1:URA3, 2µ ori in place of CEN/ARS
PTEF1:URA3
Jansen et al.
CEN/ARS; URA3; kanMX; ampR; GAL1 promoter; HIS3pGREG506
2005
stuffer
PCR template for amplification of 2µ ori
Christianson
pRS425
et al. 1992
This study
pGREG506; constitutive TEF1 promoter in place of GAL1
pGREG506-PTEF1
promoter
pGREG506This study
pGREG506-PTEF1; constitutive expression of yEGFP from TEF1
PTEF1:yEGFP
promoter
This study
pGREG505-PTEF1 backbone; KlOLE1 under control of the GAP
pOLE
promoter in place of the LEU2 marker
This study
pOLE:yEGFP
pOLE; constitutive expression of yEGFP from TEF1 promoter
pOLE:crtYBpOLE; constitutive expression of a polycistronic biosynthetic
This study
T2A-crtI-T2Apathway (crtYB-T2A-crtI-T2A-crtE) from TEF1 promoter
crtE
This study
pOLE:URA3
pOLE; constitutive expression of URA3 from TEF1 promoter
This study
pOLE(2µ):URA3
pOLE:URA3; 2µ ori in place of CEN/ARS
Degreif et
2µ; URA3; ampR; constitutive expression of S. pyogenes Cas9
al. 2018
endonuclease from TEF1 promoter and gRNA from SNR52
pCAS9c
promoter, gRNA expression cassette contains protospacer
stuffer
pCAS9cpCAS9c; gRNA expression cassette contains protospacer
This study
antiOLE1
sequence for OLE1
Gueldener
PCR template for amplification of the KlLEU2 deletion
pUG73
et
al. 2002
cassette for the CDC19 knockout
Degreif et
2µ; URA3; ampR; inducible expression of S. pyogenes Cas9
al. 2018
endonuclease from GAL1 promoter and gRNA from SNR52
pCAS9i
promoter, gRNA expression cassette contains protospacer
stuffer
pCAS9ipCAS9i; gRNA expression cassette contains protospacer
This study
antiCDC19
sequence for CDC19
pGREG505-PTEF1 backbone; KlCDC19 under control of the GAP This study
pPYK
promoter in place of the LEU2 marker
CRISPR/Cas9 plasmids were generated by using KpnI and PmeI restricted pCAS9c or pCAS9i with
corresponding gRNA primers for plasmid assembling with the NEBuilder: P3/P4 for
pCas9c_antiOLE1 (protospacer sequence: ACAGATCTTACTCCGCTCAC) and P27/P28 for
pCas9i_antiCDC19 (protospacer sequence: ATCACCAAGGTCATCTCCGC).
The protospacer sequences were designed by using the ATUM gRNA Design Tool
(https://www.atum.bio/eCommerce/cas9/input).
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Generation of pGREG505-PTEF1 and pGREG506-PTEF1 was done by cloning the PCR amplified TEF1
promoter (P9/P10, S288C genomic DNA as template) in the corresponding AscI and NotI restricted
pGREG backbone.
The pOLE plasmid was generated by cloning the PCR amplified GAP promoter (P11/P12, pUDC082
as template) together with the PCR amplified KlOLE1 ORF (P13/P14, K. lactis MWL9S1 genomic
DNA as template) in PflFI and HpaI restricted pGREG505-PTEF1.
The pPYK plasmid was generated analogous to pOLE. The PCR amplified GAP promoter (P11/P31,
pUDC082 as template) was cloned together with the PCR amplified KlCDC19 ORF (P32/P33, K.
lactis MWL9S1 genomic DNA as template) in PflFI and HpaI restricted pGREG505-PTEF1.
Plasmids pOLE:URA3 and pGREG505-PTEF1:URA3 were generated by cloning the PCR amplified
URA3 ORF (P15/P16, pGREG506 as template) in corresponding SalI restricted pOLE or pGREG
backbone. For generation of pOLE(2µ):URA3 and pGREG505(2µ)-PTEF1:URA3 containing the 2µ ori
in place of the CEN/ARS sequence, the PCR amplified 2µ ori (P17/P18, pRS425 as template) was
cloned in PCR linearized (P19/P20) pOLE or pGREG plasmids.
Plasmids pOLE:yEGFP and pGREG505-PTEF1:yEGFP were generated by cloning the PCR amplified
yEGFP ORF (P21/P22, pKT103 as template) in corresponding SalI restricted pOLE or pGREG
backbone.
Generation of pOLE:crtYB-T2A-crtI-T2A-crtE was done by cloning the PCR amplified beta-carotene
biosynthetic pathway encoded in a polycistronic expression cassette (crtYB-T2A-crtI-T2A-crtE)
(P23/P24, pUDC082 as template) in SalI restricted pOLE backbone.
K. lactis strain MWL9S1 was a kind gift of Prof. Dr. Michele M. Bianchi; Sapienza University of
Rome. pUDC082 was a kind gift of Dr. Jules Beekwilder; Wageningen University.

4.4.2 Yeast strains
S. cerevisiae strains used in this study are derived from BY4742, CEN.PK2-1C or W303-1A, obtained
from EUROSCARF (Scientific Research and Development GmbH, Frankfurt, Germany)
and listed in Table IV.3.
Table IV.3: Yeast strains used in this study. In this table all strains used in this study with corresponding genotypes
are listed.

name

genotype

BY4742

MATa; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0

BY4742-ole1Δ

BY4742; ole1::loxP-kanMX-loxP

reference
Brachmann
et al. 1998
This study

BY4742-ole1-1

BY4742; ole1-1

This study

BY4742-cdc19Δ

BY4742; cdc19::loxP-KlLEU2-loxP
MATa; ura3-52; trp1-289; leu2-3,112; his3Δ1
MAL2-8C; SUC2
CEN.PK2-1C; ole1-1
MATa; leu2-3,112; ura3-1; trp1-1; his3-11,15;
ade2-1; can1-100
W303-1A; ole1-1

This study
van Dijken
et al. 2000
This study
Rothstein
1983
This study

CEN.PK2-1C
CEN.PK2-1C-ole1-1
W303-1A
W303-1A-ole1-1

Chapter IV

120

4.4.3 Construction of ole1Δ, ole1-1 and cdc19Δ strains
BY4742-ole1Δ was generated by replacing the OLE1 ORF with a loxP-kanMX-loxP cassette. BY4742
was transformed with plasmid pCAS9c_antiOLE1 and the PCR amplified loxP-kanMX-loxP deletion
cassette (P1/P2, pUG6 as template). Transformants were selected on SD-ura agar supplemented
with 0.01% C18:1. Replica plating on YPD and on YPD with 0.01% C18:1 and 200 µg·mL-1 G418
supplementation, followed by colony PCR (P5/P6) of solely on YPD with 0.01% C18:1 and
200 µg·mL-1 G418 grown clones indicated successful OLE1 knockout clones. Sanger sequencing of
the PCR amplified (P7/P8) OLE1 ORF confirmed OLE1 knockout by integration of the loxP-kanMXloxP cassette.
BY4742-ole1-1, W303-1A-ole-1-1 and CEN-PK2-1C-ole1-1 were generated by introduction of
random indel errors by error-prone NHEJ DNA repair in response to CRISPR/Cas9-induced DSB
within the OLE1 ORF. BY4742, W303-1A and CEN.PK2-1C were transformed with plasmid
pCAS9c_antiOLE1 and transformants were selected on SD-ura agar supplemented with 0.01%
C18:1. Replica plating on YPD with and without 0.01% C18:1 supplementation revealed successful
OLE1 inactivation of solely on YPD + 0.01% C18:1 grown clones. Sanger sequencing of the PCR
amplified (P7/P8) OLE1 ORF confirmed the OLE1 inactivation by a T insertion at the predicted
Cas9-induced DSB.
BY4742-cdc19Δ was generated by replacing the first 472 bp of the CDC19 ORF with a loxP-KlLEU2loxP cassette. BY4742 was transformed with plasmid pCAS9i_antiCDC19 and the PCR amplified
KlLEU2 deletion cassette (P25/P26, pUG73 as template). Cas9 was expressed for 2 h in galactose
containing transformation mix. Transformants were selected on SLac-leu agar. Replica plating on
YPD and YPLac, followed by colony PCR (P29/P30) of solely on YPLac grown clones confirmed
successful CDC19 knockout by integration of the loxP-KlLEU2-loxP cassette.

4.4.4 Yeast media
Wild-type strains were grown in YPD medium (2% glucose; 2% peptone; 1% yeast extract). Strains
harboring plasmids with LEU2 or URA3 as selection marker were grown in appropriate synthetic
defined (SD) drop-out media (2% glucose; 0.69% yeast nitrogen base without amino acids;
0.077% drop-out -ura supplement or 0.069% CSM Dropout -leu). The ole1Δ or ole1-1 strains were
grown for transformation in YPD supplemented with oleic acid (C18:1). For that, 1% oleic acid
dissolved in 5% tergitol and 70 mM NaOH was added to the YPD medium to a final concentration
of 0.01%. Percentages correspond to weight/volume. Media containing lactate as the sole carbon
source was made of 37 g·L-1 of 85% lactic acid instead of glucose and NaOH was added to adjust
the pH to 5.5 to make YPLac or SLac-leu. Agar media contained 2% agar-agar.

4.4.5 Microscopy
Cells expressing yEGFP were analyzed using a microscopy setup consisting of a Leica TCS SP5 II
spectral confocal laser scanning microscope (Leica Microsystems) equipped with a 100-x oil
objective (HCX PL APO CS 100x/1.44). GFP was excited at 488 nm and emission was detected
between 510 – 585 nm.
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4.4.6 Flow cytometry
Cell cultures analyzed by flow cytometry were generated from cells of a single colony. The cell
cultures were grown over night (30°C, 200 rpm) in appropriate liquid media. Prior to analysis, cell
cultures were diluted to OD600 = 1.0 ± 0.05 in 1XPBS and kept on ice until further processing.
Single-cell fluorescence was determined using a SH800SA cell sorter (Sony Biotechnology Inc.,
San Jose, CA, USA) equipped with an argon laser (emission at 488 nm) and a 525/50 nm bandpass filter. For each sample, 100,000 events were collected at a rate between 500 and 1000 events
per second. The data was analyzed by using FlowJo software version 10.6.1 (Treestar, Inc. San
Carlos, CA, USA) and plots were generated with Adobe Illustrator CC (Adobe Systems Software,
Dublin, Ireland).

4.4.7 Plasmid retention
Yeast strains BY4742-ole1Δ and BY4742-ole1-1 transformed with plasmid pOLE:URA3 or
pOLE(2µ):URA3 and the corresponding wild-type strain BY4742 transformed with the plasmids
pGREG505-PTEF1:URA3 or pGREG505(2µ)-PTEF1:URA3 were grown overnight in liquid SD-ura, to
yield starting cultures with all cells containing a plasmid.
These starting cultures (pass0) were subjected to 5 serial cultivations in liquid YPD with an
approximate culturing time of 12 h, respectively. For serial cultivation, cells of fully-grown
overnight cultures were passed into fresh YPD medium, diluting the starting culture by 1:100
(100 µL into 10 mL). From each overnight culture of pass0, pass3 and pass5 aliquots containing
100-300 cells were plated onto YPD agar plates, grown for 2-3 days and replica plated onto SDura agar to check for plasmid retention. This procedure is also illustrated in Figure IV.6.

4.4.8 Determination of transformation efficiency
Strain BY474 was grown in YPD and the Ole1p-deficient strains (ole1Δ and ole1-1) were grown in
YPD + C18:1. The Frozen-EZ Yeast Transformation II Kit (Zymo Research) was used for
preparation of competent cells and transformation according to manufacturer's instructions. For
transformation, 50 µL of competent cells, containing approximately 5 x 106 cells and 1 µg plasmid
DNA were used. From the transformation mixture of 550 µL, aliquots of 150 µL (approx. 1.4 x 106
cells) were spread onto appropriate agar plates and incubated at 30°C for 3-4 days. Transformation
efficiencies were calculated from the number of colonies per plate.

4.4.9 Western blots
For analysis of pOLE-mediated yEGFP expression, cell extracts from BY4742-ole1Δ + pOLE or
pOLE:yEGFP were prepared by using a urea/SDS protein extraction method (Printen and Sprague
1994) as previously described (Degreif et al. 2017). For western blotting, total protein extracts
were separated by SDS-PAGE (7.5% Mini-PROTEAN-TGX gels; BioRad), blotted onto a PVDF
membrane and probed with 9E10 primary antibodies mAbGEa primary antibodies (mouse anti
actin; Thermo Fisher Scientific, Waltham, MA, USA) or Anti-GFP IgG primary antibodies (mouse
anti GFP, Roche) in 1 X PBST. Primary antibodies were detected with a goat anti mouse IgG
secondary antibody conjugated with horseradish peroxidase (Santa Cruz Biotechnology Inc.,
Dallas TX, USA). Horseradish peroxidase activity was detected with SuperSignal™ West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA, USA).
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5 Chapter V: A yeast-based screen to
identify inhibitors of Trypanosoma
stearoyl-CoA desaturases
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5.1 Introduction
Trypanosomes are worldwide occurring, unicellular parasitic hemoflagellates of the genus
Trypanosoma. During their life cycle, all trypanosomes known to date (except Trypanosoma
equiperdum) switch between an invertebrate vector and a vertebrate host. In most cases, the
reproduction of trypanosomes already occurs in the invertebrate vectors; only Trypanosoma
evansi are transmitted mechanically by insects without reproduction in the insect vectors (Brun
et al. 1998, Magez and Radwanska 2014).
In various agricultural animals in tropical and subtropical countries, trypanosome infections are
of great economic importance. Important animal diseases caused by trypanosomes are nagana
(caused by various species, including Trypanosoma brucei) and surra (caused by Trypanosoma
evansi) (Cohen et al. 2016, Rohde 2017).
Human infections with trypanosomes are referred to as trypanosomiasis and are causing a
significant medical problem, especially in Africa and Latin America: subspecies of Trypanosoma
brucei (T. b. gambiense and T. b. rhodesiense) are mostly endemic in sub-Saharan areas and the
causative agents of human African trypanosomiasis, also referred to as “African sleeping
sickness”. The parasites infect the body through the bites of infected tsetse flies and multiply in
the human host. When they cross the blood-brain barrier and invade the central nervous system
(CNS), they are associated with disruption of the host's sleep-wake cycle, which gives the disease
its name. Without an early diagnosis and treatment, the neurological disturbances caused by the
parasites usually lead to coma, systemic organ failure and end fatal (Welburn and Coleman
2015).
Trypanosoma cruzi is the causative agent of American trypanosomiasis, better known as “Chagas
disease”. Like Trypanosoma brucei, these parasites are transmitted by insect vectors. However, the
infection process is different: The parasites are contained in the feces of blood sucking predatory
bugs. To make room for a new blood meal, the bugs defecate at the same time as they bite. The
bites of the bugs cause itching and by scratching the bite site, the feces loaded with T. cruzi enter
the bite wound or uninjured mucosa and cause the acute phase of the infection (Echeverria and
Morillo 2019).
In the acute phase, the infection is often asymptomatic or causes nonspecific symptoms such as
fever or headache. In few cases, a swollen nodule develops at the site of infection. This swollen
nodule is referred to as either Romaña's sign (when localized on the eyelid) or chagoma (when
localized elsewhere on the body). The acute phase usually progresses to the chronic phase of the
disease after about four to eight weeks through a latency phase of varying length. In the chronic
phase, chronic heart disease or damage to the digestive system often occurs (Bern 2015). If left
untreated, Chagas disease can be fatal in up to 10% of infected individuals (Echavarria et al.
2021).
Currently, there is no preventive drug therapy for any of these diseases and only a few drugs are
available for their treatment (WHO 2009, Baker and Welburn 2018, Ribeiro et al. 2020).
Moreover, these drugs often cause severe side effects and have only a limited spectrum of efficacy.
For example, pentamidine, which is used as a primary drug for treating infections with T. b.
gambiense, very often causes disturbances in glucose metabolism with acute hypoglycemia, as
well as hyperkalemia, renal dysfunction, gastrointestinal disorders or skin rashes and is not used
for infections with T. b. rhodesiense due to its low sensitivity. However, without an early diagnosis
and treatment, the disease is usually fatal because the parasites multiply in the body, cross the
blood-brain barrier and invade the CNS. Unfortunately, pentamidine does not cross the bloodbrain barrier and is therefore not an appropriate treatment of CNS infections with T. brucei
gambiense (Doua et al. 1996).
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For treating CNS infections with trypanosomes, the relatively well-tolerated eflornithine is
therefore frequently used. However, this drug is mainly administered against the causative agent
of West African sleeping sickness (T. brucei gambiense), but not against the causative agent of
East African sleeping sickness (T. brucei rhodesiense). In T. brucei rhodesiense, the drug target
(ornithine decarboxylase) is already regenerated after a few hours, which is the reason why the
efficacy of eflornithine is limited in these cells (Burri and Brun 2003).
Therefore, the arsenical melarsoprol is usually used as an alternative drug to treat T. brucei
rhodesiense infections. However, this drug can cause severe and life-threatening side effects such
as convulsions, fever and even encephalopathy (Milord et al. 1992, Pepin et al. 1995).
Additionally, there is a risk that the parasites may develop resistance to the currently used drugs.
For example, this can occur for the aforementioned eflornithine due to loss of function of the
amino acid transporter TbAAT6, resulting in eflornithine-resistant Trypanosoma brucei gambiense
(Vincent et al. 2010, Medina and Mingala 2016). This emphasizes the urgent need to find new
and potent drugs for the treatment of diseases caused by infections with trypanosomes.
For instance, both stearoyl-CoA desaturase (SCD) and oleate desaturase from T. cruzi and
T. brucei could serve as good targets for this purpose. Previous studies have shown that both
enzymes are essential for parasite development and can be used as plausible targets for new antitrypanosomal drugs. Using chemical (various inhibitors) and genetic approaches (RNA
interference), these studies demonstrated a decrease in the activities of both desaturases,
resulting in a significant growth inhibition of the cultured parasites (Alloatti et al. 2009, Alloatti
et al. 2011). Curiously, there are no further reports on any use of the compounds that were used
in these studies (isoxyl or 10-thiastearate) as drugs to treat Trypanosoma infections.
The yeast Saccharomyces cerevisiae has been successfully used in previous studies as a
heterologous expression system for several protein-coding sequences of trypanosomal origin,
each of which was able to complement loss-of-function of homologous endogenous genes
(Balliano et al. 2009, Carrillo et al. 2010, Bilsland et al. 2011). For example, in a recent study,
plasmid-based expression of SCDs from T. b. or T. c. was shown to complement for an inhibition
of the stearoyl-CoA desaturase Ole1p, which is the sole fatty acid desaturase of yeast (Degreif
2018).
This essential enzyme is encoded by the OLE1 ORF and catalyzes oxygen- and NADH-dependent
the synthesis of ∆9 monounsaturated fatty acids from saturated fatty acids. Cells lacking the
activity of Ole1p, do not grow in standard media without supplementation of monounsaturated
fatty acids, like for example oleic acid, because they require monounsaturated fatty acids to
establish a stable membrane fluidity. Reduction in membrane fluidity however causes growth
inhibition and Flo1p-dependent flocculation of cells (Degreif et al. 2017).
However, plasmid-based expression of heterologous SCDs (e.g. K. l. OLE1) can complement this
growth defect and prevent flocculation of cells (see chapter IV and Degreif 2018, respectively).
Trypanosoma SCDs can be functionally expressed in yeast, complement a growth defect caused
by reduced OLE1 expression and preventing flocculation of the cells (Degreif 2018).
Therefore, in the present study, growth inhibition and flocculation of ole1Δ-yeast expressing
Trypanosoma SCDs from a plasmid should be used as a simple read-out for an assay to identify
new compounds that inhibit Trypanosoma SCDs. In this proof of concept three potential inhibitors
should be tested, all of which were previously described as selective inhibitors of human stearoylCoA desaturase-1. This could prove the used assay a valuable tool for screening of potential drugs
for treating sleeping sickness or Chagas disease. Compounds that reduce Trypanosoma SCD
activity, either by inhibiting the SCD gene product (protein) itself or by inhibiting SCD gene
expression, would lead to reduced lipid unsaturation in the yeast cells and are expected to induce
the well described Ole- phenotype (Degreif 2018). This should result in a simple readout as
illustrated in Fig. V.1: either robust growth of the cells (if the tested compound does not work as
a Trypanosoma SCD inhibitor = negative result) or flocculation of the cells (if the tested
compound works as a Trypanosoma SCD inhibitor = positive result).
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Figure V.1: Yeast strain BY4742-ole1Δ harboring a pCM188 plasmid that encodes a SCD protein of interest
allows screening for SCD inhibitors. SCD expression is repressible by doxycycline. This can be used as a control to
show flocculation of the cells, caused by reduction of the lipid unsaturation as a result of a lack of SCD activity. If no
doxycycline is present in the medium, the SCD protein of interest is expressed and the cells show robust growth.
Addition of the tested SCD inhibitor results in an easy readout: flocculation (tested compound inhibits SCD, positive
result) or robust growth (tested compound does not inhibit SCD, negative result). Modified from (Degreif 2018).
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5.2 Results and Discussion
5.2.1 SCD1 inhibitor A-939572 and PluriSIn 1 are potent inhibitors for
Trypanosoma SCDs
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A yeast strain with methionine-repressible OLE1 expression has previously been shown to be very
useful to study OLE1-related phenotypes (Cucu et al. 2017, Degreif et al. 2017) or the function
of heterologous stearoyl-CoA desaturases (SCDs) from Trypanosoma brucei (T. b.) or
Trypanosoma cruzi (T. c.) (Degreif 2018). However, such a host strain is time-consuming in the
construction and also slightly complicated to handle, so in this study a yeast strain with an OLE1
knockout was used to allow an easy and straightforward handling. Yeast cells with an OLE1
knockout (BY4742-ole1∆) do not grow in standard media unless they express functional SCD
enzymes from yeast or the medium is supplemented with oleic acid (see chapter IV). Therefore,
it was assumed that this strain can also be utilized in this study for an inhibitor screening of the
heterologous expressed T. b. and T. c. SCDs.
Three compounds, all described previously as selective inhibitors for the human Stearoyl-CoA
desaturase-1, were used in this study for a pilot experiment to show the proof of concept of this
assay: Cay 10566 (Liu et al. 2007, dubbed “Cay” in this study), SCD1 inhibitor A-939572 (Xin et
al. 2008, dubbed “SCD1”) and PluriSIn 1 (Ben-David et al. 2013, dubbed “Pluri”). Growth of
BY4742-ole1∆ was restored by plasmid-based expression of either the endogenous Saccharomyces
cerevisiae (S. c.) SCD OLE1 or the heterologous T. b. and T. c. SCDs, which were previously
characterized as functional for complementation of the endogenous OLE1 (Degreif 2018).
As a negative growth control and demonstration of the flocculation phenotype in this pilot
experiment, the SCD expression of the cells was repressed by 90 µM doxycycline. Cells grown
with 1% DMSO in the medium served as controls. Compounds tested were dissolved in DMSO
and added to the assay media at the concentrations indicated, while the concentration of DMSO
was kept constant at 1%.
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Figure V.2: Pilot growth assays for SCD inhibitor screening. Yeast strain BY4742-ole1Δ harbors a pCM188
plasmid that encodes the SCD from the indicated organism (S. cerevisiae, T. brucei or T. cruzi). The three tested SCD
inhibitors (Cay, SCD1 or Pluri) were dissolved in DMSO. Cells expressing the SCDs growing in media with 1% DMSO
(black) serve as controls. Flocculation and growth inhibition (red) were caused by repression of the SCD expression by
90 µM doxycycline. Fuzzy growth curves are the result of flocculation of the cells. Growth was not impaired at 100 µM
Cay (dark magenta) for any cells expressing the indicated SCDs. Flocculation and a slight reduction of growth was
observed at 100 µM SCD1 (blue) for cells expressing the S. c. and T. c. SCDs. A strong growth inhibition was observed
for cells expressing the T. b. SCD. Also, a slight flocculation and reduction of growth was observed at 100 µM Pluri
(yellow) for cells expressing the S. c. SCD, while growth of the cells expressing the T. b. and T. c. SCDs was strongly
inhibited.
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Plasmid-based expression of all SCDs from the indicated organisms led to robust growth of the
cells in the control medium (Fig. V.2, black). Growth inhibition and flocculation occurred when
SCD expression was repressed by 90 µM doxycycline (red). Flocculation of the cells is indicated
by fuzzy growth curves. 100 µM of the tested compound Cay (dark magenta) showed no effect
on growth of any cells, whereas 100 µM SCD1 (blue) or Pluri (yellow) caused flocculation and a
clear reduction of growth for all cells expressing the indicated SCDs. However, flocculation and
growth reduction were different for BY4742-ole1Δ expressing the respective SCDs.
Flocculation and a reduction of growth (40%) was observed for cells expressing the S. c. SCD in
media containing 100 µM SCD1 or Pluri. Cells in the medium containing 90 µM doxycycline
showed a stronger decline in growth (67%) and more flocculation. However, cells expressing the
T. b. SCD showed very strong growth inhibition and flocculation in medium containing 100 µM
SCD1 (96%) or Pluri (99%), which was comparable to the 90 µM doxycycline control. Cells
expressing the T. c. SCD showed also very strong growth inhibition and flocculation in medium
with 100 µM Pluri (99%), comparable to the 90 µM doxycycline control (85%), and slight
flocculation and reduction of growth in medium containing 100 µM SCD1 (40%). These results
show clearly, that Cay did not work as an inhibitor for any of the expressed SCDs. However, SCD1
and Pluri inhibited both of the heterologous expressed Trypanosoma SCDs and both had a reduced
inhibitory effect to the fungal SCD from S. cerevisiae. Therefore, SCD1 and Pluri were handled as
promising candidates and used for further characterization.

5.2.2 Oleic acid supplementation reverses growth inhibition/flocculation
caused by SCD1 inhibitor
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Because supplementation of the growth medium with monounsaturated fatty acids can
compensate an impaired SCD expression (Stukey et al. 1989), it was tested if supplementation
with oleic acid also restores growth and prevents flocculation of cells growing in media containing
a SCD inhibitor. A SCD inhibitor should induce the same phenotype as an impaired SCD
expression in the cells; the cells should show flocculation and a growth inhibition in a medium
containing a SCD inhibitor, but grow robustly in a medium containing a SCD inhibitor when it is
supplemented with oleic acid. This experiment was also designed to show that flocculation and
growth inhibition was not caused by a nonspecific cytotoxic effect of the tested compounds, but
by inhibition of the SCD activity and a resulting reduction of the unsaturated fatty acids of the
cells.
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Figure V.3: Flocculation and growth inhibition at 100 µM SCD1 is reversed by oleic acid supplementation. Yeast
strain BY4742-ole1Δ harbors a pCM188 plasmid that encodes the SCD from the indicated organism. Because oleic acid
was dissolved in EtOH, cells expressing the indicated SCDs growing in media with 1% DMSO + 1% EtOH served as
controls (black). Growth of the cells was strongly reduced at 100 µM SCD1 (blue) and restored by supplementation
with 0.01% oleic acid (red).
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All BY4742-ole1Δ cells in the control media expressing the indicated SCDs showed robust growth
(Fig. V.3, black). As in the pilot experiment, growth of all strains was reduced in the presence of
100 µM SCD1 and flocculation occurred (blue). However, addition of 0.01% oleic acid to the
media containing 100 µM SCD1 effectively reversed this effect and restored growth of all strains
almost to control level (red). This result supports the hypothesis that growth inhibition and
flocculation of the cells were indeed caused by inhibition of the expressed SCDs by SCD1.

5.2.3 Dose dependent growth inhibition and flocculation
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Since in the previous experiments the concentration of the tested compounds was kept constant
at a high concentration of 100 µM, it was further investigated whether lower doses, would also
induce a strong effect and how the inhibition of the Trypanosoma SCDs compares to that of the
S. cerevisiae enzyme Ole1p.
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Figure V.4: SCD1 shows reduced inhibitory effect at lower concentration. Yeast strain BY4742-ole1Δ harbors
a pCM188 plasmid that encodes the SCD from the indicated organism. Cells growing in media with 1% DMSO (black)
serve as controls. Slight growth reduction and flocculation occurred in media with 10 µM SCD1 (green) for all cells. A
strong flocculation and reduction of growth took place in media with 100 µM SCD1 (blue).

Growth for all BY4742-ole1Δ strains expressing the indicated SCDs in media containing 10 µM
SCD1 was reduced and flocculation occurred (Fig. V.4, green). However, growth was reduced by
just 15% (for cells expressing S. c. SCD), 36% (T. b. SCD) and 30% (T. c. SCD) compared to the
cells growing at control conditions (black). Nevertheless, growth in media containing 100 µM
SCD1 (blue) was reduced by 85% (S. c. SCD), 90% (T. b. SCD) and 74% (T. c. SCD) also
compared to growth of the controls. These results clearly show that 10 µM SCD1 was sufficient
to inhibit the activity of the S. c., T. b., and T. c. SCDs at least to some degree and the inhibition
of the Trypanosoma SCDs by SCD1 was stronger than that of the S. cerevisiae enzyme Ole1p.
Unfortunately the potency of about 30 - 40% inhibition at 10 µM for the Trypanosoma SCDs was
rather poor.
Therefore, it was further investigated whether Pluri, the second compound that showed an
inhibitory effect in the pilot screen, would have a higher potency for the inhibition of the
Trypanosoma SCD activity.
For this approach, growth of BY4742-ole1Δ cells expressing the S. c. or Trypanosoma SCDs was
measured in media containing a high (100 µM) or a 10-fold lower (10 µM) Pluri concentration
and compared to growth of cells growing in media containing 0 µM Pluri (control).
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Figure V.5: Pluri strongly inhibits growth of the cells expressing the Trypanosoma SCDs and shows a
reduced inhibitory effect for the S. c. SCD expressing cells. Yeast strain BY4742-ole1Δ harbors a pCM188 plasmid
that encodes the SCD from the indicated organism. Cells expressing SCDs growing in media with 1% DMSO (black)
serve as controls. Growth of cells expressing the S. c. SCD was hardly impaired by 10 µM Pluri (red) but showed a clear
growth reduction and flocculation at 100 µM Pluri (yellow). However, the growth of the cells expressing the
Trypanosoma SCDs was already very strong inhibited at 10 µM Pluri (red) and showed an almost complete inhibition at
100 µM Pluri (yellow).

The growth of BY4742-ole1Δ cells expressing the Trypanosoma SCDs was strongly inhibited (85%)
already at 10 µM Pluri (Fig. V.5, red), while growth was only slightly reduced (5%) for cells
expressing the S. c. SCD. In 100 µM Pluri (yellow), growth of the cells expressing the T. b. and
T. c. SCDs was almost completely inhibited (95%), whereas growth of cells expressing the
S. c. SCD was reduced by only 50%.
In summary, Pluri proved to be a much stronger inhibitor than SCD1 and both compounds
showed a stronger inhibition of the Trypanosoma SCDs as compared to the Saccharomyces SCD,
Ole1p.

5.2.4 PluriSIn 1 is a very potent inhibitor for Trypanosoma SCDs
Since Pluri turned out to be the most effective SCD inhibitor tested, growth inhibition was studied
over a wide range of Pluri concentrations (98 nM to 100 µM) in BY4742-ole1Δ expressing either
of the two SCDs from S. c. or from T. c. and the half maximum inhibitory concentration (IC50)
were determined.
For this, only the strain expressing the T. c. SCD was used for the IC50 determination and
compared to the S. c. enzyme, since the basic test (Fig. V.5) revealed similar sensitivities of the
T. c. and T. b. SCDs towards Pluri.
For this purpose, growth of BY4742-ole1Δ cells expressing the S. c. or T. c. SCDs was measured in
media containing Pluri concentrations ranging from 98 nM to 100 µM (Fig. V.8 A). The resulting
growth curves are shown in Fig. V.6. Based on these data the relative maximum growth rate for
cells expressing the indicated SCDs at each Pluri concentration was calculated (Fig. V.7).
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Figure V.6: Low doses of Pluri cause growth inhibition and flocculation of cells expressing the T. c. SCD but
do not impair growth of cells expressing the S. c. SCD. Yeast strain BY4742-ole1Δ harbors a pCM188 plasmid that
encodes the SCD from the indicated organism. Cells expressing SCDs growing in media with 1% DMSO (black) serve as
controls. Growth of cells expressing the S. c. SCD was not impaired at Pluri concentration <1.56 µM but showed
increasing reduction at rising (>3.12 µM) Pluri concentrations. In contrast, growth of cells expressing the T. c. SCD was
already slightly reduced at 98 nM Pluri and strong flocculation and growth inhibition occurred at Pluri concentrations
>781 nM. (N = 3)

Already the lowest dose of Pluri tested in this assay (98 nM) caused a slight growth reduction of
cells expressing the T. c. SCD (5%), which implies that this SCD was very sensitive to this
compound (Fig. V.6). Virtually no growth inhibition of cells expressing the S. c. SCD was observed
at concentrations up to 1.56 µM.
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Figure V.7: Dose-response curves reveal >100-fold difference in Pluri IC50 values for the strain expressing
the S. c. or T. c. SCDs. µmax was calculated as the maximal value for the smoothed and differentiated growth curves
at indicated Pluri concentrations and normalized to the respective value at 0 µM Pluri. Curves were fitted with a
nonlinear regression curve fit, IC50 values are marked by dashed lines in respective colors. IC50 (T. c.) = 0.4 µM,
IC50 (S. c.) = 50 µM.

The IC50 values of Pluri for cells expressing the S. c. or T. c. SCDs were calculated as a function of
the relative maximum growth rate. The relative maximum growth rate was calculated as the
maximum growth rate (µmax) of the cells at each Pluri concentration divided by the maximum
growth rate of the cells at control conditions. The maximum growth rate was calculated as the
maximum value for the smoothed and differentiated growth curves before the cells started to
flocculate. The data in Fig. V.7 clearly show that the dose-response curves had a >100-fold
difference in their IC50 values for cells expressing the S. c. (50 µM) or T. c. (0.4 µM) SCDs. This
result reveals that Pluri was indeed a highly specific inhibitor for the Trypanosoma SCD.

5.2.5 Flocculation as an easy readout for SCD inhibitor activity
The assay plates used for the Pluri IC50 determination were loaded as illustrated in Fig. V.8 A.
After the run in the plate reader the previous mentioned flocculation phenotype was clearly
visible for the cells expressing the S. c. SCD at Pluri concentrations ≥3.12 µM. However, for cells
expressing the T. c. SCD flocculation was detectable already at Pluri concentrations ≥781 nM
(Fig. V.8 B). To have a closer look at the flocs in the wells and to study whether the flocs might
be the result of a disturbed cell division or an altered morphology, aliquots of the cell suspensions
from wells A1, B1, C1, and D1 were imaged using a Zeiss Axiovert 135 microscope (Fig. V.8 C).
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Figure V.8: Pluri induces flocculation of BY4742-ole1Δ cells expressing the S. c. or T. c. SCDs. A) Exemplary
scheme for the loading of a 24-well plate with Pluri concentrations increasing from 0 to 100 µM. Rows A and B are
loaded with yeast strain BY4742-ole1Δ expressing the S. c. SCD (black). Rows C and D are loaded with the same strain
expressing the T. c. SCD (red). B) Photographic documentation of a corresponding plate at the end of a run after 36h.
Wells were loaded as indicated in A. Cells expressing the S. c. SCD showed flocculation at Pluri concentrations ≥3.12 µM.
The T. c. SCD expressing cells showed flocculation at ≥781 nM. C) Micrographs showed no aggregates of cells expressing
the S. c. and T. c. SCDs at control conditions (0 µM Pluri, A1 and C1). Cells expressing the S. c. SCD formed many small
to medium sized cell aggregates (flocs) at 3.12 µM Pluri (B1), while cells expressing the T. c. SCD at the same
concentration formed fewer but very big flocs (D1). Scale bar = 100 µm.

The micrographs in Fig. V.8 C demonstrate that the flocs in the wells containing 3.12 µM Pluri
consisted of different sized cell-cell aggregates but the cell morphology was comparable to that
of the cells growing at control conditions (0 µM Pluri; Fig. V.8 C: A1 + C1). However, the cells
expressing the S. c. SCD showed only small to medium sized, fuzzy cell-cell aggregates at 3.12 µM
Pluri (Fig. V.8 C: B1), while the cells expressing the T. c. SCD showed large cell-cell aggregates
with an almost sharp border at the same concentration (Fig. V.8 C: D1).
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5.3 Conclusions and outlook
Infections with trypanosomes occur in several regions of the world and cause diseases known in
humans as African (Trypanosoma brucei, reviewed in Buscher et al. 2017) and American
trypanosomiasis (Trypanosoma cruzi, reviewed in Echeverria and Morillo 2019). Both diseases
occur almost exclusively in economically weak countries in tropical regions and are classified as
neglected tropical diseases (WHO 2009, WHO 2010, WHO 2021). So far, only a few drugs are
available for effective treatment of the diseases; they also often cause severe side effects.
For example, melarsoprol, an organic arsenic compound often used in African countries, causes
convulsions, fever and even reactive encephalopathy as common side effects (Campbell 1986,
Pepin et al. 1995). Nifurtimox, commonly used for treating American trypanosomiasis, has been
reported to cause anorexia, central nervous system disorders or gastrointestinal disturbances
(Marr and Docampo 1986). The fairly well-tolerated difluoromethylornithine, also referred to as
eflornithine, on the other hand, is unfortunately not everywhere available and is also ineffective
against certain subspecies of Trypanosoma brucei (e.g. T. brucei rhodesiense (Milord et al. 1992,
Ribeiro et al. 2020)).
Therefore, it seems reasonable and urgent to find simple and highly effective drugs without severe
side effects to treat these diseases effectively. A promising way to identify new effective
antitrypanosomal drugs could be a screening of compounds that are already available for the
treatment of other diseases. The challenge for such screening, however, is to develop a simple
and robust assay with an appropriate drug target. It would be beneficial for this assay to be both
safe and cheap to enable drug discovery in less well-equipped laboratories around the world.
Fortunately, previous studies have shown that the inhibition of Trypanosoma SCDs can serve as
good drug targets (Alloatti et al. 2009, Alloatti et al. 2011). However, there are no further reports
on any use of the compounds that were used in these studies (isoxyl and 10-thiastearate) as drugs
to treat Trypanosoma infections. Perhaps the two compounds did not show the expected effect in
further studies. Therefore, the rationale behind this study was to use Trypanosoma SCDs as a drug
target for the development of an assay for identification of new candidates for inhibition of the
Trypanosoma SCDs.
Previous studies have shown that the inhibition of the sole fatty acid desaturase Ole1p in yeast
encoded by OLE1 results in a decrease in lipid unsaturation; this inhibits cell growth and induces
flocculation (Degreif et al. 2017). Heterologous expression of Trypanosoma SCDs in these cells,
however, complements these effects. Inhibition of Trypanosoma SCD expression in these cells,
again causes a decrease in lipid unsaturation, which again results in growth inhibition and Flo1pdependent flocculation of the cells (Degreif 2018). This characteristic should thus be used in this
study as a simple and robust assay to identify compounds already described as selective inhibitors
for the human Stearoyl-CoA desaturase-1 but specifically inhibit the T. brucei and/or T. cruzi SCD
activity.
For this assay, the BY4742-ole1Δ strain described in the previous chapter was used. Growth of
BY4742-ole1∆ was restored by plasmid-based expression of either the endogenous S. c. SCD OLE1
or the heterologous T. b. and T. c. SCDs, which were previously characterized elsewhere (Degreif
2018). Three compounds, all described previously as selective inhibitors for the human StearoylCoA desaturase-1, were used in this study for pilot experiments to show the proof of concept of
this assay: Cay 10566 (Liu et al. 2007), SCD1 inhibitor A-939572 (Xin et al. 2008) and PluriSIn 1
(Ben-David et al. 2013).
The experiments identify SCD1 and Pluri as potent inhibitors for Trypanosoma stearoyl-CoA
desaturases, while showing only reduced effect on the yeast SCD Ole1p. Cay, however, was
inactive against both Trypanosoma SCDs and yeast SCD Ole1p; the latter is consistent with
findings in a recent study (Vincent et al. 2018).
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However, before Pluri or SCD1 can be considered for use as a drug to treat Trypanosoma
infections in higher eukaryotes, such as humans, it should be determined how their specificity
compares to human SCD. This could also be easily investigated in future experiments based on
the assay presented in this study. It would only require to "humanize" the ole1Δ strain by
expression of the human SCD1, as shown in a recent study (Vincent et al. 2018) and performing
the growth assays from above again.
Since the flocculation phenotype is so prominent that it can be easily detected by eye (Fig. V.8),
the use of this assay also provides an opportunity for fast and easy high-throughput screening of
an entire library of SCD inhibitor compounds even in less well-equipped laboratories around the
world. For this purpose, it would not even be necessary to use a plate reader for continuous
measurement of cell growth, but simply to detect the flocculation of cells by eye after just a few
hours. Compounds that cause flocculation could then be characterized in more detail to
determine their IC50 values before they could eventually be considered for (pre) clinical trials and
medical applications.
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5.4 Material und Methods
5.4.1 Chemicals
Chemicals used in this study were purchased from Carl Roth, Formedium, Merck or SigmaAldrich. SCD inhibitors Cay 10566, SCD1 inhibitor A-939572 and PluriSIn 1 were purchased from
abcam and added to the cultures as solutions in DMSO.

5.4.2 Yeast strains
S. cerevisiae cells used in this study are derived from BY4742-ole1Δ (see chapter IV) and listed in
Table V.1. The pCM188 plasmids encoding S. c., T. b. and T. c. SCDs were previously described
(Degreif 2018) and used without modifications for transformation of BY4742-ole1Δ.
Table V.1: Yeast cells used in this study. This table lists all names of yeast cells used in this study with corresponding
genotypes and harbored plasmids.

name

genotype

reference

BY4742-ole1Δ

MATa; his3Δ1; leu2Δ0; lys2Δ0;
ura3Δ0; ole1Δ::loxP-kanMX-loxP

This work,
chapter IV

BY4742-ole1Δ; pCM188:S. c. OLE1

This study

BY4742-ole1Δ; pCM188:T. b. SCD

This study

BY4742-ole1Δ; pCM188:T. c. SCD

This study

BY4742-ole1Δ +
pCM188:S. c. OLE1
BY4742-ole1Δ +
pCM188:T. b. SCD
BY4742-ole1Δ +
pCM188:T. c. SCD

5.4.3 Yeast media
BY4742-ole1Δ cells were routinely cultured in YPD medium supplemented with oleic acid (2%
glucose; 2% peptone; 1% yeast extract, 0.01% oleic acid). BY4742-ole1Δ cells harboring pCM188
plasmids with SCDs were grown in synthetic defined (SD) -ura media (2% glucose; 0.69% yeast
nitrogen base without amino acids; 0.077% drop-out -ura supplement). Agar medium for
transformation selection contained 2% Agar-Agar.

5.4.4 Yeast transformation
Transformation of BY4742-ole1Δ was performed using the Frozen-EZ Yeast Transformation II Kit
(Zymo Research) according to the manufacturer's instructions.

5.4.5 Growth assay conditions
All strains were grown overnight in SD-ura medium. Grown cells were washed twice with ddH2O
and set to OD600 = 1.0. 5 µl of the washed cells was used to inoculate 1 ml SD-ura media in 24
well plates. The well plates were sealed with Breathe-Easy sealing membranes. Growth was
measured as OD600 in 5 min intervals on a BioTek Epoch™ 2 Microplate Spectrophotometer with
continuous orbital shaking at 30°C for 36 h. Compounds tested were dissolved in DMSO and
added to the assay media at the concentrations indicated, while the concentration of DMSO was
kept constant at 1%.
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