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Summary 

Glutathione is a small thiol-containing tripeptide, which is found in all eukaryotes, and has 

numerous essential functions. In mammals and yeast, glutathione is synthesized exclusively in 

the cytosol, yet is found in nearly all subcellular compartments. This implies the existence of 

glutathione transporters in most intracellular membranes, although the identity of these proteins 

is largely unknown. In this study, I characterized the protein product of the Saccharomyces 

cerevisiae open reading frame, YGL114W, hereinafter referred to as Opt3, which is a homolog of 

the plasma membrane glutathione transporter, Opt1. I observed a strong synthetic negative 

genetic interaction between OPT3 and either GSH1 or GSH2, which encode the proteins 

responsible for glutathione biosynthesis. Furthermore, overexpression of OPT3 led to a strong 

decrease in cellular glutathione disulfide (GSSG) levels, which was independent of Ycf1-mediated 

vacuolar GSSG storage. I found that a genetic fusion construct between OPT3 and the ultra-bright 

green fluorescent protein, ymNeonGreen, showed an exclusive endoplasmic reticulum (ER) 

localization. I observed that the effect of OPT3 deletion and overexpression on cellular GSSG 

levels was strongly increased when glutathione biosynthesis was re-localized to the ER. Taken 

together, I propose that Opt3 is an ER-localized GSSG transporter, which functions to export 

GSSG from the ER to the cytosol, where it can be efficiently reduced.  
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Zusammenfassung 

Glutathion ist ein kleines Thiol-haltiges Tripeptid, das in allen Eukaryonten vorkommt und diverse 

wichtige Funktionen hat. In Säugern und Hefen wird Glutathion ausschließlich im Zytosol 

synthetisiert, ist aber in fast allen Zellkompartimenten zu finden. Dies impliziert eine Existenz von 

Glutathiontransportern in intrazellulären Membranen, obwohl deren Identität weitgehend 

unbekannt ist. In dieser Studie habe ich das Proteinprodukt des offenen Leserahmens von 

Saccharomyces cerevisiae, YGL114W, im Folgenden als Opt3 bezeichnet, charakterisiert, 

welches ein Homolog des Plasmamembran-Glutathiontransporters Opt1 ist. Ich stellte eine 

synthetisch negative genetische Interaktion zwischen OPT3 und GSH1 oder GSH2 fest, die für 

die Proteine der Glutathion-Biosynthese kodieren. Darüber hinaus führte die Überexpression von 

OPT3 zu einem starken Rückgang des zellulären Glutathion-Disulfid (GSSG)-Gehalts, der 

unabhängig von der Ycf1-vermittelten vakuolären GSSG-Speicherung war. Ich zeigte, dass ein 

genetisches Fusionskonstrukt zwischen OPT3 und dem ultrahellen grün fluoreszierenden Protein, 

ymNeonGreen, eine Lokalisierung im endoplasmatischen Retikulum (ER) aufweist. Außerdem 

war die Wirkung von OPT3-Deletion und -Überexpression auf den zellulären GSSG-Spiegel stark 

erhöht, wenn die Glutathion-Biosynthese in das ER verlagert wurde. Insgesamt denke ich, dass 

Opt3 ein im ER lokalisierter GSSG-Transporter ist, welcher GSSG aus dem ER in das Zytosol 

exportiert, wo es reduziert werden kann. 
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1 Introduction  

1.1 History of glutathione  

In 1888 J. de Rey-Paihade isolated a substance from yeast and different animal tissues and 

named it philothion what means “love and sulfur” in Greek. Only 33 years later in 1921 the later 

Nobel prize winner Sir Frederick G. Hopkins, isolated philothion, which he postulated to consist of 

glutamate and cysteine (Hopkins, 1921). He further described that the molecule was able to 

undergo reversible oxidation and reduction. Hopkins named it glutathione (Hopkins, 1921; 

Hopkins and Dixon, 1922). However, in 1927 Hunter and Eagles, using the same method as 

Hopkins for glutathione preparation, suggested that glutathione was rather a tripeptide than a 

dipeptide (Hanschmann et al., 2013; Hunter and Eagles, 1927; Simoni et al., 2002). After another 

two years, Hopkins confirmed Hunters and Eagles observation and proposed that glutathione is a 

tripeptide formed by glutamate, cysteine, and glycine (Hopkins, 1929). In the same year, Pirie and 

Pinhey reported that the structure of glutathione is γ-L-glutamyl-L-cysteinylglycine, by the titration 

of glutathione in water and formaldehyde (Pirie and Pinhey, 1929). Only six years later the 

prediction of Pirie and Pinhey was proven by Harington and Mead in 1935 who synthesized 

γ-glutamyl-cysteine out of N-carbobenzoxycystine and glycine ethyl ester (Harington and Mead, 

1935).  

In the past 133 years, the molecule glutathione was extensively studied. When searching for 

“glutathione” on the database PubMed, more than 8000 publications show up. Hopkins isolated 

glutathione from yeast cells, muscle tissue and mammalian liver. We now know that glutathione 

(γ-L-glutamyl-L-cysteinylglycine) is the most abundant small thiol present in nearly all eukaryotes 

with cellular concentrations of approximately 1-30 mM (Deponte, 2017; Iversen et al., 2010; 

Meister and Anderson, 1983; Schafer and Buettner, 2001). 

1.2 Chemical properties of glutathione 

Two reduced glutathione molecules (GSH) can be covalently linked between their cysteine 

residues (Figure 1). The resulting molecule is often referred to as oxidized glutathione (GSSG) 

(Deponte, 2013; Dickinson and Forman, 2002; Forman et al., 2009). However, more precise is the 
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designation glutathione disulfide (GSSG) as there are different oxidized glutathione species 

present in the cell (Meister and Anderson, 1983; Sies, 1999). 

 

Figure 1 Molecular structure of GSH and GSSG. Individual amino acids are highlighted in blue. Modified figure from 
Oestreicher et al., 2018. 

For the better understanding of glutathione redox homeostasis and how cellular glutathione can 

be studied, it is important to understand the basics of cysteine chemistry. Thereby, the thiol group 

(-SH) of the cysteine side chain is the reactive motif. As a nucleophile, cysteines can react with 

electrophiles and oxidants (McAlpine, 2019). The nucleophilicity of thiols is mostly dependent on 

the sulfur atom, which has two free electron pairs (LoPachin and Gavin, 2016). However, thiols 

are rather weak nucleophiles. The hydrogen and the sulfur atom of the thiol group are non-polar 

covalently bound because of minor changes in their electronegativity. Hence, thiols can be 

relatively easy deprotonated and are thus weak acids (McAlpine, 2019). The conjugate base of a 

thiol is often referred to as thiolate (-S−) (Ulrich and Jakob, 2019). Thiolates are much stronger 

nucleophiles, because of their negative charge. Consequently, deprotonation of the thiol is 

important to make the cysteine reactive. The protonation state of a thiol residue depends on the 

pH of the surrounding environment and the pKa, which can be different for individual thiols (Reddie 

and Carroll, 2008; Wall et al., 2012). For instance, the pKa of cysteines within a protein can be 

altered by chemical properties of neighboring groups (Awoonor-Williams and Rowley, 2016). The 

typical pKa of a cysteine residue is ~9. This implicates, that under the physiological pH of 

approximately 7, most cysteine residues are protonated (Krezel and Bal, 1999; Zeida et al., 2014). 
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However, the pKa of the cysteine residue alone does not determine glutathione reactivity (Matsui 

et al., 2020). 

Glutathione can spontaneously react with other molecules in a redox reaction if thermodynamically 

favorable. Thereby, glutathione can either be reduced or oxidized (Deponte, 2017). A parameter, 

which describes the tendency of a substance to get reduced or oxidized in a redox reaction is the 

reduction oxidation (redox) potential (E). Thus, the redox potential provides information if a 

reaction of glutathione with another molecule is thermodynamically favored or not (Deponte, 2013; 

Gutscher et al., 2008). 

 

Figure 2 Calculation of the glutathione redox potential. In Equation 1 the Nernst equation for determination of redox 
potentials is presented where E is the redox potential dependent on the standard redox potential, R is the universal gas 
constant (8.314 J*K-1*mol-1), F is the Faraday constant (96 485 C/mol), T is the absolute temperature in kelvin and z 
the number of electrons donated in the half reaction. Equation 2 demonstrates how EGSH can be determined using the 
Nernst equation. Due to the half reaction, [GSH] enters the Nernst equation in a squared term. 

The redox potential of glutathione (EGSH) can be calculated from the Nernst equation as illustrated 

in Figure 2 and is dependent on i. the total glutathione concentration (here referred to as [GSx]) 

and ii. the molar ratio between GSH and GSSG (GSH:GSSG). Since the half-cell reaction of 

glutathione is GSSG + 2e− + 2H+ ↔ 2 GSH, the GSH concentration enters the Nernst-equation in 

a squared term (Figure 2). Thus, to calculate either EGSH, GSH:GSSG ratio or [GSx] information 

on either two of these parameters are required or alternatively [GSH] + [GSSG] (Lismont et al., 

2017; Morgan et al., 2011; Schafer and Buettner, 2001). 

However, it is not clear to which extend thermodynamic reactions are relevant within the cell. For 

instance, although a reaction might be less thermodynamically favorable, enzymes can catalyze 

the reaction. Thus, in a cellular system kinetics might be more important than thermodynamics 

(Berndt et al., 2014; Deponte, 2013; Flohé, 2013). Although EGSH might not necessarily be the 
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driving force of most reactions, it can provide information on glutathione dependent reactions 

mediated by enzymes. 

1.3 Measurement of intracellular glutathione 

Several methods are available to study glutathione homeostasis (Gutscher et al., 2008; Iversen et 

al., 2010; Morgan et al., 2011; Rahman et al., 2006). Early studies of glutathione mostly relied on 

glutathione concentrations determined in whole cell extracts. However, now we have a wide 

variety of genetically encoded biosensors to determine compartment specific glutathione redox 

potentials. 

1.3.1  Determination of whole cell [GSH] and [GSSG] 

One commonly used method to measure glutathione concentrations in whole cell lysates is based 

on the enzymatic recycling assay developed in 2006 by I. Rahman (Rahman et al., 2006). 

The assay relies on the reaction of GSH with 5,5`-dithio-bis(2-nitrobenzoic acid) (DTNB), in which 

GS-TNB and TNB are formed. The TNB formation can be monitored by absorption measurement 

at 412 nm and is proportional to [GSH] in the cell extract. The GS-TNB disulfide along with GSSG 

in the sample is reduced to GSH + TNB and 2 GSH, respectively by glutathione reductase in the 

presence of nicotinamide adenine dinucleotide phosphate (NADPH). Therefore, GSH enters 

another round of reaction with DTNB (Figure 3). Hence, the change in absorbance over time is 

proportional to the total glutathione [GSx] concentration in the sample. Glutathione disulfide can 

be determined by incubating the sample with 2-vinyl-pyridine before measurement. 

2-vinyl-pyridine covalently reacts with GSH but not with GSSG thus eliminating GSH from the 

reaction with DTNB. While both [GSx] and [GSSG] concentrations are experimentally determined, 

the [GSH] is calculated (GSx = GSH + 2 x GSSG → GSH = GSx - 2 x GSSG). 
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Figure 3 DTNB-recycling assay to determine [GSH] and [GSSG] in whole cell lysates. For [GSH] determination 
total glutathoine is measured and substracted from experimentally determined [GSSG]. [GSx] determination: GSH in 
the sample reacts with 5,5`-dithio-bis(2-nitrobenzoic acid) (DTNB) to TNB− and  GS-TNB. TNB− can be determined by 
measuring absorption at 412 nm. GS-TNB is reduced by glutathione reductase (Glr1) to GSH and another molecule 
TNB−. Also, GSSG in the sample is reduced to GSH by Glr1. Formed GSH enters the DTNB cycle. Thus, TNB− formation 
is proportional to glutathione concentrations in the media. Determination of [GSSG]: Before recycling assay is started, 
samples are incubated with 2-vinyl-pyridine, what covalently binds to reduced GSH. Hence, when DTNB assay is 
started, GSSG is reduced to GSH what rapidly reacts with DTNB, while 2-vinyl-pyridin bound endogenous GSH cannot 
enter the reaction. [GSH] is calculated as followed: [GSx]-2*[GSSG] since two GSH molecules form one molecule of 
GSSG. Modified figure from Rahman et al., 2006. 

With the absolute [GSH] and [GSSG] concentrations from whole cell extracts, the GSH:GSSG 

ratio and further the cellular EGSH can be calculated. Although, the analysis of glutathione 

concentration in whole cell extracts is remarkably useful in terms of reproducibility and high 

glutathione specificity, the technique has limitations (Schwarzländer et al., 2016). Beside a low 

temporal solution, subcellular glutathione pools get mixed during cell lysis. Therefore, it was 

previously not possible to study glutathione homeostasis in specific cellular compartments. Thus, 

novel genetically encoded biosensors were developed, which can be fused to compartment 

specific targeting sequences and expressed in vivo. 

1.3.2 Genetically encoded redox biosensors 

In 2004, Hanson and colleagues developed a redox sensitive GFP (roGFP) biosensor, based on 

the enhanced green fluorescent protein (eGFP) to measure redox potentials in vivo (Hanson et 

al., 2004). The chromophore of roGFP exists in an anionic or neutral state, depending on its 

protonation state. roGFP contains two cysteines close to the chromophore which can form a 

disulfide bond. Disulfide bond formation induces slight structural changes in the GFP β-barrel, 

which facilitates chromophore protonation. Depending on its redox state, roGFP has two excitation 

maxima. The anionic chromophore, predominantly in reduced roGFP, is excited at 490 nm, while 
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the neutral chromophore, predominantly in oxidized roGFP, is excited at 405 nm. Both states emit 

light at 512 nm (Morgan, 2014; Morgan et al., 2011; Zimmermann et al., 2020). This behaviour 

allows for a ratio metric readout making the probe independent of expression. 

Different roGFP variants were developed containing multiple point mutations, which change the 

midpoint potential of certain sensors (Cannon and Remington, 2006). One commonly used roGFP 

variant is roGFP2. roGFP2 has a midpoint potential of −280 mV, which perfectly suits to measure 

redox potentials in reducing subcellular compartments like the cytosol or the mitochondrial matrix 

(Dooley et al., 2004; Gutscher et al., 2008; Hanson et al., 2004). 

Remarkably, it was demonstrated that fluorescent protein-based biosensors expressed in the 

cytosol equilibrate with the 2GSH:GSSG redox couple. However, the equilibration was not directly 

and relied on the presence of highly abundant glutaredoxin 1 (Grx1) (Østergaard et al., 2004). 

Upon these findings, a fusion construct between Grx1 and roGFP2 (Grx1-roGFP2) was 

developed, which monitors exclusively EGSH (Gutscher et al., 2008). The fusion of Grx1 to roGFP2 

makes the probe independent from endogenous Grx1 and enhances the kinetics of the reaction. 

Thus, Grx1-roGFP2 allows for measurements of the glutathione redox potential in living cells with 

compartment-specific resolution (Figure 4) (Calabrese et al., 2017; Gutscher et al., 2008; Morgan 

et al., 2011). 

Interestingly, measurements with cytosolic localized Grx1-roGFP2 revealed a glutathione redox 

potential of approximately −320 mV, which suggest a GSH:GSSG ratio of ~50 000:1 with 

estimated cytosolic glutathione concentrations of 10 mM (Morgan, 2014). This observation is in 

massive discrepancy with GSH:GSSG ratios of 100:1 determined in whole cell extracts and hence 

suggests a compartmentalization of cellular GSSG (Morgan et al., 2013; Muller, 1996). 

We now have highly sensitive EGSH sensors e.g., in the cytosol, mitochondrial matrix or in 

peroxisomes. Furthermore, roGFP variants like roGFP1-iE or roGFP1-iL with midpoint potentials 

of approximately −230 mV, which are more suitable for oxidative compartments like the ER, are 

available. Please note that roGFP2 with a midpoint potential of approximately −280 mV is almost 

fully oxidized in the endoplasmic reticulum (Aller et al., 2013; Birk et al., 2013b; Hwang et al., 

1992). However, there is still a controversy going on in how specifically ER targeted sensors 

equilibrate to the ER glutathione redox couple and thus need further characterization (Oestreicher 

and Morgan, 2018). 
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Figure 4 Model of the determination of EGSH with genetically encoded Grx1-roGFP2 sensor. The fusion of Grx1 to 
roGFP2 leads to the thermodynamic equillibration of roGFP2 with the glutathione redox pair. Thereby, experimentally 
measured EroGFP2 equals EGSH as illustrated in the lower panel with the modified Nernst equation. EroGFP2 is determined 
via fluorescent emission measurement as described in “Material and Methods”. Modified figure from Morgan et al., 2011. 

Recently, the combination of the yellow fluorescent protein (YFP)-based EGSH sensor rxYFP, with 

a single cysteine Grx1 (sCGrx1p) sensor monitoring the GSH:GSSG ratio, was used to indirectly 

determine ER [GSx]. While the biosensor rxYFP underlies a similar mechanism then roGFP2 

based probes, sCGrx1p is in equilibrium with the GSH:GSSG redox couple through autocatalyzed 

glutathionylation. The percentage of glutathionylated sCGrx1 can be quantified through size shift 

experiments in combination with non-reducing SDS-page (Iversen et al., 2010; Montero et al., 

2013; Østergaard et al., 2004; Ponsero et al., 2017). 

The ongoing development of novel cellular glutathione sensors sharpens our understanding of 

cellular glutathione redox homeostasis. Thereby it is important to study glutathione homeostasis 

in a subcellular context and to understand how different glutathione pools are connected. 
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1.4 General functions of glutathione 

As a nucleophile and reductant, GSH is involved in a variety of different cellular processes 

including the detoxification of reactive oxygen species (ROS), the formation of iron sulfur clusters 

and the posttranslational modification of proteins (Grant et al., 1997; May et al., 1998; Wu et al., 

2004). 

1.4.1 GSH can reduce hydrogen peroxide 

Although uncontrolled production of ROS such as hydrogen peroxide (H2O2) can be harmful for 

the cell, the formation of ROS is unavoidable (Murphy, 2009). For example, H2O2 can be formed 

during respiration, oxidative protein folding or beta oxidation of fatty acids (Murphy, 2009; 

Nakamura et al., 2019; Paranagama et al., 2010; Quijano et al., 2016). ROS potentially can react 

with thiolates in (certain) proteins leading to the formation of sulfenic, sulfinic or sulfonic acids on 

cysteine residues. The latter is irreversibly and can therefore inactivate the protein. Thus, ROS 

formation and reduction need to be controlled (Amponsah et al., 2021; He et al., 2017; Huang et 

al., 2019; Ray et al., 2012). GSH can reduce H2O2 directly, however the second order rate constant 

of 30 M-1s-1 is slow (Van Laer et al., 2013; Winterbourn and Metodiewa, 1999). Thus, GSH is rather 

indirectly involved in H2O2 scavenging as electron donor of enzymes like glutathione peroxidases 

(Gpx), glutaredoxins (Grx) and peroxiredoxins (Prx) (Aoyama and Nakaki, 2012; Collinson et al., 

2002; Greetham and Grant, 2009; Pedrajas et al., 2010). However, it is nowadays suggested that 

at least in the yeast cytosol the thioredoxin system is sufficient enough for H2O2 scavenging, via 

the efficient reduction of highly abundant peroxiredoxins (Hanschmann et al., 2013; Paulo et al., 

2014). Thereby, it remains largely elusive to what extent glutathione-dependent peroxiredoxin 

reduction contributes (Calabrese et al., 2019; Deponte, 2013; Peskin et al., 2016). Please note, 

that these observations cannot be interpreted as ROS detoxification in the cytosol is completely 

GSH independent e.g., application of exogenous H2O2 leads to the formation of GSSG in the 

cytosol and deletion of the thioredoxin system together with the glutaredoxin system is lethal 

(Liedgens et al., 2020; Zimmermann et al., 2021, 2020). However, since the thioredoxin system 

can scavenge efficiently ROS in the cytosol when GSH is depleted, the vital role for the cell of 

GSH must be something different. 

1.4.2 GSH is essential for iron-sulfur cluster biogenesis 

GSH plays a crucial role in the formation of iron-sulfur clusters (FeS). Within the cell FeS clusters 

are incorporated into a variety of proteins where they act as an essential co-factor for several 
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reactions e.g., electron transfer and activation or regulation of gene expression (Cardenas-

Rodriguez et al., 2018; Johnson et al., 2005). In the yeast mitochondrial matrix, FeS clusters are 

formed in the iron-sulfur cluster (ISC) pathway, which consists out of at least 17 proteins (Daniel 

et al., 2020). One important component of the ISC is the monothiol Grx5, localized in the 

mitochondrial matrix, which can transfer FeS clusters to proteins. Thereby, GSH acts as the 

co-ligand, which allows binding of FeS to Grx5 (Deponte, 2013). Furthermore, it was 

demonstrated, that the Atm1 mediated export of a so far unknown FeS cluster containing 

compound to the cytosol is GSH dependent (Mühlenhoff et al., 2020). 

Interestingly, depletion of GSH causes the same cellular iron-starvation like response as observed 

in cells with depleted Atm1 and leads to an upregulation of the iron-responsive transcription factors 

Aft1 and Aft2 (Kumar et al., 2011). Aft1 and Aft2 enhance the expression of e.g., the 

ferro-O2-oxidoreductase encoding gene FET2 and the high affinity iron permease encoding gene 

FTR1 (Courel et al., 2005). Aft1 and Aft2 are activated upon interaction with the FeS cluster 

containing enzymes Grx2 and Grx3. Thereby it was demonstrated, that GSH is similar to Grx5 

important for Grx2 and Grx3 interaction with FeS clusters (Kumar et al., 2011; Sipos et al., 2002). 

Conclusively, the essential role of GSH in the cell might be rather linked to iron homeostasis and 

FeS cluster formation than the reduction of ROS (Kumar et al., 2011). 

1.4.3 GSH can post-translationally modify proteins 

The mixed disulfide formation between GSH and a protein thiol, is an important mechanism to 

either modulate enzyme activity, protect protein thiols from irreversible hyperoxidation, or 

modulate cellular signaling. The underlying mechanism of GSH-protein mixed disulfide formation 

is called protein-S-glutathionylation (Grant et al., 1997; Iversen et al., 2010; Mailloux, 2020). One 

example for protein S-glutathionylation is the plasma membrane localized Ca2+ transporter Cch1, 

which is activated upon glutathionylation on the four cysteines C587A, C606A, C636A and C642A 

by glutathione S-transferase Gtt1 during ER-stress (Chandel and Bachhawat, 2017). 
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Figure 5 Non-enzymatical mechanisms of protein-S-glutathionylation. Different mechanisms are proposed of how 
protein thiols can be glutathionylated. In the the two-electron mechanism (A) the protein cysteine resiude forms a 
sulfenic acid upon reaction with reactive oxigen species like H2O2. In a second step, the sulfenic acid reacts with GSH 
what forms a mixed disulfide bond between the thiol and glutathione. During the one electron meachnism (B) protein 
thiol and GSH form a radical after the reaction with reactive thiyl radicals. Protein-S-glutathionylation occurs via radical 
recombination. Another, although quite unlikely meachnism to glutathionylate protein thiols is the disulfide exchange 
between GSSG and the cysteine residue (C). This mechanism presupposes a relatively low GSH:GSSG ratio. Whether 
this occurs in most of the reduced cellular compartments remains elusive. 

Beside enzymatically mediated protein-S-glutathionylation by glutaredoxins or glutathione 

transferases, several mechanisms were supposed how protein thiols can become non 

enzymatically S-glutathionylated (Mailloux, 2020). In the two-electron oxidation model (Figure 5 

A), thiolates form a sulfenic acid when oxidized by e.g., hydrogen peroxides, alkyl hydroperoxides 

or peroxynitrite, followed by the rapid reaction with GSH. This leads to the formation of a mixed 

disulfide bond between the protein cysteine and glutathione (PSSG) (Gupta and Carroll, 2014). In 

the proposed one electron oxidation mechanism (Figure 5 B) protein thiols and GSH form reactive 

thiyl radicals after the reaction with hydroxyl, nitrogen dioxide or superoxide radical, which can be 

formed for example in the mitochondrial matrix during respiration. Protein S-glutathionylation may 

occur through radical recombination (Yun et al., 2010). 

In theory it is also possible that protein thiols get non enzymatically glutathionylated in a direct 

reaction with glutathione disulfide as demonstrated in Figure 5 C (Musaogullari and Chai, 2020). 

However, such a mechanism would need an extremely low GSH:GSSG ratio and is thus, taking 

into concern that the yeast cytosolic GSH:GSSG ratio is 50 000:1, highly unlikely in most cellular 

compartments (Morgan et al., 2013). In the cytosol the glutaredoxins Grx1 and Grx2 can either 

reduce intramolecular protein disulfides, or de-glutathionylate proteins using GSH as an electron 

donor (Mailloux, 2020). 
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1.5 Glutathione synthesis and degradation 

In S. cerevisiae glutathione synthesis takes exclusively place in the cytosol. Reduced GSH is 

synthesized in two steps. The first step of GSH synthesis is mediated by the enzyme 

γ-glutamylcysteine synthetase 1 (Gsh1) (Figure 6). In an ATP-dependent reaction, Gsh1 links 

glutamate to cysteine thereby introducing an atypical peptide bond between the amino group of 

cysteine and the side-chain carboxyl group of the glutamate. As a product of this reaction, the 

glutathione precursor γ-L-glutamyl-L-cysteine, often referred to as γ-EC or γ-GC is produced 

(hereinafter referred to as γ-GC) (Birk et al., 2013a; Hanschmann et al., 2013; Suzuki et al., 2011). 

In the second ATP consuming synthesis reaction, glutathione synthase (Gsh2) links a glycine 

molecule to γ-GC producing one molecule of reduced γ-L-glutamyl-L-cysteinylglycine (GSH) 

(Grant, 2001). As an important source of electrons, GSH is oxidized to glutathione disulfide in 

many different reactions for example during the reduction of protein disulfides by glutathione-

dependent oxidoreductases such as glutaredoxins. Cytosolic glutathione disulfide is rapidly 

reduced by glutathione reductase (Glr1) in a NADPH-dependent process. 

The synthesis of γ-GC by Gsh1 is negatively feedback regulated by GSH and thus is the rate 

limiting step in glutathione synthesis. Both, GSH1 and GSH2 have a YAP1 binding site in their 

promoter region (Trotter and Grant, 2002; Wheeler et al., 2003; Wu and Moye-Rowley, 1994). 

Yeast Activator (AP1-like) protein Yap1 is a redox dependent transcription factor, which 

accumulates upon oxidative stress in the nucleus and promotes the expression of several redox 

active proteins (Fernandes et al., 1997; Kuge and Jones, 1994; Rodrigues-Pousada et al., 2019). 

Interestingly, yeast deleted for GSH1 is not viable without glutathione supplemented in the media, 

whereas cells lacking Gsh2 survive. In cells deleted for GSH2 the γ-GC concentration is increased 

(Quintana-Cabrera et al., 2012). Although γ-GC can substitute GSH, its ability to form mixed thiols 

with proteins is lower compared to GSH (Grant et al., 1997; Kumar et al., 2011). Counterintuitively, 

similar to GSH depletion a strong increase in intracellular GSH is also lethal (Kumar et al., 2011; 

Ponsero et al., 2017; Srikanth et al., 2005). 
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Figure 6 Cellular glutathione cycle. GSH is synthesized in the cytosol via the enzymes γ-glutamylcysteine synthetase 
(Gsh1) and glutathione synthetase (Gsh2). Reduced GSH is involved in a variety of different cellular functions for 
example electron donor for the enzymes glutaredoxin 1 (Grx1) or glutathione peroxidase 1 (Gpx1). It is also thought to 
be oxidized by peroxiredoxins like e.g., peroxiredoxin 1 (Prx1) and may directly reduce  reactive oxygen species (ROS). 
Formed GSSG is predominantely reduced via NADPH consuming glutathione reductase 1 (Glr1). Glutathione 
degradation can either be mediated via the cytosolic DUG-pathway, or the vacuolar γ-glutamyltranspeptidase (Cis2). 
Modified figure from Grant (Grant, 2001). 

Glutathione has a comparably long half-life in yeast cells of approximately 90 min (Baudouin-

Cornu et al., 2012). Two independent mechanisms of glutathione degradation were described. For 

a long time, it was assumed that glutathione degradation in yeast occurs exclusively in the 

vacuolar lumen. Until recently, the γ-glutamyltranspeptidase (Cis2) was the only known GSH 

degrading enzyme (Mehdi et al., 2001). However, the DUG pathway was identified as another 

novel cytosolic glutathione degradation pathway (Ganguli et al., 2007). In this mechanism the 

enzymes Dug2 and Dug3 form a heteromeric complex, which is crucial for the aminotransferase 

activity of Dug3. Furthermore Dug1 is able to function as Cys-Gly dipeptidase (Kaur et al., 2012, 

2009). 

Glutathione synthesis and degradation are both thought to play an important role for cellular 

glutathione redox homeostasis (Bachhawat et al., 2009; Bachhawat and Yadav, 2018). 
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1.6 Cytosolic glutathione homeostasis 

The cytosolic glutathione pool in S. cerevisiae is extremely reduced (EGSH = −320 mV) under 

physiological conditions (Morgan et al., 2013). This is consistent to cytosolic EGSH reported in other 

organisms like nematode worms, fish, plants, mice and human cell lines (Gutscher et al., 2008; 

Meyer et al., 2007; Morgan, 2014). 

Our traditional understanding of glutathione concentration in the cytosol of ~10 mM is mainly 

based on measurements of [GSx] in whole cell lysates. Thereby, it was assumed for a long time, 

that [GSx] measured in whole cell lysates must mostly represent the cytosolic glutathione pool, as 

it was postulated that the cytosol takes in the largest volume of the cell. However, recently the 

group of Michel Toledano re-estimated the cytosolic [GSx] to 30 mM by the combination of a rxYFP 

EGSH probe and the sCGrx1p sensor, which equilibrates with the GSH:GSSG ratio as mentioned 

above (Ponsero et al., 2017). Ponsero et al. pointed out, that their measurements are in line with 

glutathione values examined in whole cell lysates if a correction is made, which considers the 

large volume of the vacuole (Ponsero et al., 2017). 

Recently postulated [GSx] of 30 mM together with a reported EGSH value of −320 mV indicates a 

cytosolic GSH:GSSG ratio of ~17 000:1, which is equivalent to a cytosolic [GSSG] of ~1.8 µM. 

When the GSH:GSSG ratio is determined with the more traditionally reported cytosolic [GSx] of 

10 mM, the GSH:GSSG ratio is ~50 000:1 with cytosolic [GSSG] of approximately 200 nM. 

Conclusively this elucidates that GSSG in the cytosol is only present in a nanomolar to low 

micromolar range (Oestreicher and Morgan, 2018). 

The extremely reduced glutathione pool in the cytosol of S. cerevisiae is mainly maintained by the 

NADPH consuming enzyme Glr1 (Grant et al., 1996). Glr1 is a flavoenzyme belonging to the 

nucleotide-disulfide oxidoreductase family and has high affinity to both NADPH (Km ~15 µM) and 

GSSG (Km ~76 µM) (Massey and Williams, 1965; Yu and Zhou, 2007a). Glr1 forms a heterodimer 

of approximately 110 kDa in which both subunits hold a flavin-adenine-dinucleotide (FAD) binding 

domain, which is formed by a typical Rossmann fold (Yu and Zhou, 2007a). A Rossmann fold 

usually consists out of a repeating chain of a α-sheet, flanked by two β-sheets (Hanukoglu, 2015). 

Also, the NADPH binding site is formed by a Rossmann fold and is present in each of the Glr1 

subunits (Outten and Culotta, 2004). However, the substrate binding site, in which two GSSG 

molecules can be attached is created through dimerization of the two individual subunits, what 

implicates that just dimerized Glr1 is functional. Since the NADPH and GSSG binding sites are 

spatially separated from each other, Glr1 is first reduced by NADPH, before the electrons are 
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passed to GSSG (Deponte, 2013; Schulz et al., 1978). Although Glr1 is important for the reduction 

of GSSG in the cytosol, ∆glr1 cells are viable and just slightly more sensitive to oxidants like 

diamide (Muller, 1996). 

Interestingly, although the fruit fly Drosophila melanogaster (D. melanogaster) has no gene, which 

encodes for GLR1, the cytosolic glutathione pool is equally reduced as in yeast cells, with reported 

EGSH values of approximately −320 mV (Albrecht et al., 2011). Intriguingly, unlike in mammals, 

yeast or plants, the cytosolic thioredoxin system alone is responsible for the reduction of GSSG 

in D. melanogaster (Cheng et al., 2007; Kanzok et al., 2001). 

In yeast, the thioredoxin system consists of the two homologs thioredoxin 1 (Trx1) and thioredoxin 

2 (Trx2), which possibly developed through whole genome duplication (Garrido and Grant, 2002; 

Oliveira et al., 2010). Both Trx1 and Trx2 have a typical CXXC motif in their active sites, which is 

required for efficient reduction of substrate proteins. Oxidized Trx1 and Trx2 are reduced by 

thioredoxin reductase1 (Trr1), which ultimately relates its reduced state by the oxidation of 

reduced NADPH (Atkinson and Babbitt, 2009). Thioredoxins together with glutaredoxins belong 

to the TRX superfamily sharing the characteristic TRX fold and partial redundancy in their function 

(Toledano et al., 2013). Thus, structural differences between and within these two groups remain 

elusive and move into focus of recent research (Liedgens et al., 2020; Staudacher et al., 2018; 

Zimmermann et al., 2021, 2020) 

Remarkably, like in D. melanogaster, the thioredoxin system in yeast is thought to reduce GSSG. 

For example, ∆gsh1∆glr1 cells which are deficient in GSH synthesis and the reduction of GSSG, 

can accumulate GSH when grown in GSSG containing media, whereby the additional deletion of 

a single thioredoxin decreases the accumulation of GSH (Greetham and Grant, 2009). 

Additionally, causes the overexpression of TRX1, TRX2 or TRR1 in a ∆glr1 background decreased 

GSSG concentrations, whereas a ∆trx2∆glr1 strain has increased whole-cell GSSG (Morgan et 

al., 2013; Tan et al., 2010). Moreover, in vitro studies with purified Trx1 from S. cerevisiae revealed 

that indeed Trx1 can reduce GSSG with a second order rate constant of 100 M−1 s−1 (Bao et al., 

2009). This is comparable to second order rate constants determined in D. melanogaster (170 M−1 

s−1) (Kanzok et al., 2001, 2000). Nevertheless, it remains elusive to what extend GSSG reduction 

by Trx1 is physiological relevant in yeast. For example, the reduction of GSSG by Glr1 has a 

second order rate constant of 1.8 x 104 M−1 s−1 and is thus 180 times faster than Trx1 (Bulger and 

Brandt, 1971). 
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Figure 7 GSSG export from the cytosol. The formation of glutathione disulfide in the cytosol leads to both, the storage 
of GSSG into the vacuole via Ycf1 and the cytosolic reduction by glutathione reductase 1 (Glr1) or enzymes like Trx1, 
Trx2 and Grx1. Both mechanism exist in parallel and thus compete with each other. When Glr1 is missing, large amounts 
of GSSG are transferred and stored in the vacuole. Thus, a robustly reduced cytosol is maintained. Modified figure from 
Morgan et. al., 2013. 

In 2013, Morgan and colleagues identified a mechanism, in which GSSG is exported from the 

cytosol via the vacuolar ABC-C-transporter yeast cadmium factor 1 (Ycf1). Thereby, they 

impressively demonstrated that although Glr1 was missing in the cytosol, the cytosolic glutathione 

pool stayed robustly reduced even when GSSG was formed during the application of exogenous 

H2O2. However, GSSG found in cell lysates of ∆glr1 cells was massively increased compared to 

wild-type cells. When YCF1 was overexpressed in the ∆glr1 background, total [GSSG] further 

increased. This suggests, that GSSG formed in the cytosol is rapidly exported and stored in the 

vacuole. Vice versa, blocks Ycf1 depletion the import of GSSG to the vacuole and thus, GSSG 

remains in the cytosol. Hence, one might expect that in a ∆glr1∆ycf1 strain, in which Glr1 

dependent reduction of GSSG is missing, GSSG accumulates in the cytosol. Surprisingly, when 

YCF1 was deleted in a ∆glr1 strain, there was almost no GSSG detectable in whole cell lysates 

(Morgan et al., 2013). This must mean that in the absence of Glr1, cytosolic GSSG reducing 

backup systems exist e.g., the before-mentioned thioredoxin system. Beside the thioredoxin 
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system, it was suggested that glutaredoxin 2 (Grx2) is involved in a yet unidentified pathway to 

reduce GSSG in absence of Glr1 (Morgan et al., 2013). Such a mechanism seems to be plausible, 

since also glutaredoxin 1 (Grx1) in the well-established biosensor Grx1-roGFP2 is sensitively 

oxidized by low amounts of GSSG in a nanomolar range, and can transfer the disulfides to roGFP2 

(Gutscher et al., 2008). 

However, the observations made by Morgan and colleagues imply that the cytosolic glutathione 

pool is robustly reduced even during oxidative stress, by an interplay between mainly Glr1 

mediated reduction and export of GSSG via Ycf1 (Figure 7). Thus, there is almost no GSSG 

present in the cytosol. This implies that GSSG measured in whole cell lysates cannot have a 

cytosolic origin. Further, causes YCF1 overexpression the enhanced export of GSSG from the 

cytosol, which increases GSSG concentrations in whole cell lysates. On the contrary, YFC1 

deletion decreases GSSG content in cell lysates. Thus, changes in whole cell GSSG upon the 

expression manipulation of a putative glutathione transporter can give an indirect indication of 

GSSG transport between the cytosol and a specific compartment. 

1.7 The vacuolar ABC-C-transporter Ycf1 

Unlike mammals, yeast has a vacuole. Due to a low pH, complex targeting of vacuolar proteins to 

the lumen and strong proteolytic activity in the vacuole, we lack efficient glutathione biosensors to 

study vacuolar glutathione redox homeostasis (Chiang, 1995; Hecht et al., 2014; Horst et al., 1999; 

Li and Kane, 2009). Thus, information gained about vacuolar glutathione relies mostly on either 

isolated vacuoles, or measurements of total [GSH] and [GSSG] in whole cell lysates (Li et al., 

1996). For example, when YCF1 is deleted, GSSG determined in whole cell lysates is decreased 

(Morgan et al., 2013). 

Ycf1 is a member of the ABC-C-transporter family, which transports substrates by the 

consumption of ATP (Gueldry et al., 2003; Paumi et al., 2009; Rees et al., 2009). While Ycf1 has 

a strong affinity to GSSG with a Km of 290 µM, it was also demonstrated that reduced GSH can 

be a substrate of Ycf1 (Lazard et al., 2011). However, the Km value for GSH is about 15 mM what 

demonstrates the preferred transport of GSSG over GSH (Rebbeor et al., 1998). Although the 

efficient export of GSSG from the cytosol seems to be important to maintain a high cytosolic 

GSH:GSSG ratio, it is little known what happens with GSSG after it is stored in the vacuole. 

Moreover, after treatment with hydrogen peroxide, GSSG stayed stable in the vacuole for at least 

60 min (Morgan et al., 2013). Whereas up to date no GSSG exporter in the vacuolar membrane 
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is identified, one possibility might be the GSSG degradation by γ-glutamyltranspeptidase in the 

vacuolar lumen as described before in chapter 1.5 (Jaspers and Penninckx, 1984; Mehdi et al., 

2001). 

Beside the storage of cytosolic derived glutathione disulfide, other glutathione 

conjugates/derivatives get transported to the vacuole (Penninckx, 2002). Interestingly, Ycf1 was 

first described as a vacuolar importer of Cd2+-glutathione conjugates (Km ~39 µM) (Li et al., 1997, 

1996). The importance of Ycf1 as a glutathione transporter was further demonstrated by the 

finding of other glutathione conjugated substrates e.g., arsenite (Ghosh et al., 1999), Pb2+ (Sousa 

et al., 2015) and Hg2+ (Gueldry et al., 2003). 

Since Ycf1 was extensively studied, a lot of different regulatory mechanisms and potential 

regulatory target sites are known. YCF1 has a YAP1 binding site in its promoter region and thus 

is stronger expressed under oxidative stress conditions (Wemmie et al., 1994). Additionally 

numerous different post translational target sites are known for e.g., Ser908 and Thr911 which 

activate Ycf1 upon phosphorylation (Eraso et al., 2004). Phosphorylation of Ser251 negatively 

regulates Ycf1 activity (Paumi et al., 2008; Pickin et al., 2010). While the finding of the specific 

phosphorylation sites was mostly by transport studies with mutated Ycf1, Khandelwal and 

colleagues presented more recently, in a up to date non-peer reviewed study, two cryo-EM 

structures of Ycf1 at 3.4Å and 4Å. Thereby, they identified a so far not shown regulatory domain 

(R-domain) with the before described phosphorylation sites Ser908, Thr911 and Ser914. It is 

furthermore suggested that the R-domain electrostatically and hydrophobically interacts with the 

nucleotide-binding-domain1 (NBD1) upon phosphorylation. Consequently Ycf1 needs R-domain 

phosphorylation for maximal ATPase activity (Khandelwal et al., 2021). Beside phosphorylation, 

the redox modification of Cys436 by protein S-glutathionylation negatively regulates Ycf1 (Wei et 

al., 2014). 

Except Ycf1, other transporters are present, which modulate vacuolar glutathione. The ABC-C-

transporter Bpt1 can import Cd2+-GS conjugates or GSH although it has a low Km of 3 mM for 

latter (Klein et al., 2002; Petrovic et al., 2000). While it was shown, that another ABC-C-transporter 

Vmr1 can transport glutathione conjugates, it is also speculated that the dual localized proteins 

Gex1 and Gex2 transport glutathione as proton coupled antiporters (Dhaoui et al., 2011; 

Wawrzycka et al., 2010). 
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1.8 Glutathione in the ER 

In yeast, glutathione is compartmentalized within different cellular organelles. While cellular 

sub-compartments like the mitochondrial matrix or peroxisomes have glutathione redox potentials 

comparable to the cytosol, the glutathione pool in the ER lumen is thought to be much more 

oxidized (Deponte, 2017; Morgan et al., 2013; Ponsero et al., 2017). 

The following section provides an overview about, i. the main oxidizing machinery in the ER, ii. 

the potential roles glutathione has in the ER and iii. glutathione transport between the ER and the 

cytosol. 

1.8.1 Oxidative protein folding 

The endoplasmic reticulum is part of the secretory pathway (Preuss et al., 1991). All proteins, 

which are either secreted or embedded into the plasma membrane, the vacuolar or Golgi 

membrane are translocated to the ER before targeted to their final destination (Delic et al., 2013). 

Protein translocation into the ER can occur either co-translationally or post-translationally. 

During co-translational integration, an N-terminal precursor signal peptide of the nascent protein 

chain is recognized by the signal recognition particle (SRP), which slows down translation and 

tethers the ribosome to the signal recognition particle receptors (SRPR) in the ER membrane. 

When the ribosome binds to the ER surface it translates the nascent protein chain through the 

Sec61 channel directly into the ER lumen (Potter et al., 2001; Potter and Nicchitta, 2002). 

Proteins which are post-translational integrated into the ER are fully translated in the cytosol. The 

heat shock proteins Hsp40 and Hsp70 bind to the hydrophobic motifs of the unfolded polypeptide. 

Post-translational integrated precursor proteins, as well as co-translational integrated peptides, 

are translocated into the ER via the Sec61 translocon (Ngosuwan et al., 2003; Zimmermann et 

al., 2011). 

In the ER lumen, protein precursors get processed e.g., by the degradation of the signal peptide, 

glycosylated, and oxidatively folded, before their transport to the Golgi apparatus via vesicles 

(Austriaco, O. P., 2012). Efficient protein folding (especially in membrane bound proteins) requires 

the formation of intramolecular disulfides. Therefore, the reduced cysteine residues of the unfolded 

protein must be oxidized (Hidaka and Shimamoto, 2013; Qin et al., 2015; Wiedemann et al., 2020). 

In S. cerevisiae oxidative protein folding is mediated by a well-studied redox relay system in which 
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reductive equivalents are transferred from peptides to molecular oxygen via protein disulfide 

isomerase 1 (Pdi1) and ER oxidoreductase 1 (Ero1) (Chakravarthi et al., 2006; Hogg, 2013; 

Parakh and Atkin, 2015). 

Ero1 contains two cysteine pairs, which are required for Pdi1 oxidation (Figure 8). Thereby, the 

inner site active cysteines (C352 and C355) of Ero1 form a disulfide upon oxidation by its 

FAD-cofactor, which transfers electrons to molecular oxygen (Gross et al., 2006; Kim et al., 2018; 

Tu et al., 2000). The reduction of molecular oxygen ultimately leads to the formation of hydrogen 

peroxide in the ER (Roscoe and Sevier, 2020). Oxidized cysteines in the active center of Ero1 

transfer the disulfide to the outer active cysteines C100 and C105, which further oxidize Pdi1 (Wang 

et al., 2009). 

Pdi1 consists of four TRX-like domains. While two domains are redox active (a, aꞌ), the two other 

domains possess no redox activity (b, bꞌ). The four TRX-like domains in Pdi1 are orientated in an 

abb’a’ manner. The Pdi1 motives b’ and a’ are connected via a linker loop (x-linker) and it has a 

carboxyl terminal c tail (Figure 8). The redox active a and a’ domains have a typical CXXC TRX 

active site (cys-gly-his-cys) while b and bꞌ forms a hydrophobic binding pocket for substrate 

binding. Intriguingly, the binding of Ero1 to Pdi1 in yeast is weaker compared to their homologous 

in humans and oxidation of the yeast Pdi1 a domain is faster than a’ (Masui et al., 2011; Vitu et 

al., 2010; Zhang et al., 2014). 

 

Figure 8 Protein structure of S. cerevisiae protein disulfide isomerase 1 (Pdi1) and ER oxidoreductase 1 (Ero1). 
Pdi1 consists out of the 4 TRX like domains abb'a', a linker domain x between b' and a' and a carboxylic tail c. The 
domains a and a' are catalytical active and have both the typical CXXC active site TRX motive (C61-C64 and C406-C409). 
Domain a has a second cysteine pair which is thought to be important for Ero1 regulation (C61-C64). The domains b and 
b' form a hydrophobic substrate binding pocket. Ero1 has two active inner site cysteines (C352 and C355) and two active 
outer site cysteines (C100 and C105), which transfer oxidative equivalents to Pdi1 by the reduction of molecular oxygen 
via a FAD cofactor. Beside the active site cysteines three regulatory cysteine pairs are present, which inhibit Ero1 
function upon disulfide bond formation (C90-C349, C143-C166, C150-C295). Modified figure from Nui et al., 2016. 
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To prevent the endoplasmic reticulum from over-oxidation, the Ero1-Pdi1 redox relay is feedback 

regulated. Yeast Ero1 has three cysteine pairs (C90-C349, C143-C166, C150-C295) beside its active site 

cysteines, which regulate its activity. Especially the cysteines C150 and C295 are crucial to modulate 

Ero1 activity (Sevier et al., 2007). The formation of disulfides between the regulatory cysteines 

connect the outer active loop of Ero1 to the inner helical core, which impairs the oxidation of Pdi1 

(Baker et al., 2008; Vitu et al., 2010). Consequently, the oxidation of Ero1 regulatory cysteines 

switches Ero1 into a low active state. Vice versa, reduction of regulatory cysteines lead to  

activation of Ero1 (Zhang et al., 2014). Ero1 regulatory cysteine reduction is mediated by reduced 

Pdi1. Please note that yeast Pdi1 has another non-catalytically active cysteine pair (C90-C97) in its 

active site, which forms a disulfide under steady state conditions. Reduction of this third cysteine 

pair is required for Ero1 reduction through the reduced Pdi1 active site cysteines (Byrne et al., 

2009; Niu et al., 2016; Pirneskoski et al., 2004). Interestingly, in vitro experiments suggested that 

the reduction of the relatively stable C90-C97 disulfide only occurs in the presence of the reductant 

dithiothreitol (DTT) or when the glutathione redox potential is quite low. Consequentially, Ero1 is 

mostly in its low active state (Niu et al., 2016; Sevier et al., 2007; Wilkinson et al., 2005). 

1.8.2 Role of glutathione in the ER 

First insights in ER glutathione were given 1992 by the group of Harvey Lodish. For analysis they 

expressed a N-acetyl-Asn-Tyr-Thr-Cys-NH2 peptide in yeast, which freely diffuses through 

membranes and gets trapped in the ER upon glycosylation. The peptide equilibrates with the 

glutathione redox-couple via a thiol disulfide exchange mechanism and hence a ER GSH:GSSG 

ratio of 3:1 was determined (Hwang et al., 1992). Further the measurement with ER targeted EGSH 

sensors suggested a glutathione redox potential of approximately −208 mV to −230 mV 

(Appenzeller-Herzog, 2011; Avezov et al., 2013; Bass et al., 2004; Delaunay-Moisan et al., 2017; 

Delic et al., 2010; van Lith et al., 2011). 

In the study from 1992, Hwang et al. considered, that GSSG might be the major oxidant required 

for disulfide bond formation in the ER (Figure 9) (Hwang et al., 1992). However, the findings of 

Hwang and colleagues, were made six years before Ero1 was identified. We now know, that the 

Ero1-Pdi1 redox relay is required for oxidative protein folding in the ER (Frand and Kaiser, 1998; 

Pollard et al., 1998). For example: in vitro studies revealed that Ero1 was able to force the 

oxidation of RNAse1 when Pdi1 was present, regardless if GSSG was in the buffer or not (Tu et 

al., 2000). Nevertheless, these findings do not exclude that GSSG act as a backup system, which 

can provide oxidative equivalents to Pdi1 if necessary, as recently demonstrated for human PDI, 

which can reduce GSSG in vitro (Neves et al., 2017). 
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However, if the particular role of glutathione in the ER is to function as backup system for oxidative 

protein folding, where would GSSG be formed in the first place? Although Hwang et al. suggested 

that GSSG might be imported into the ER lumen from the cytosol, we now know that almost no 

cytosolic GSSG is present. Moreover it was proposed, that GSH and not GSSG diffuses into the 

ER from the cytosol, which will be explained in the following chapter in detail (Ponsero et al., 

2017). Nevertheless, this indicates that glutathione in the ER must be primarily a reductant and 

not an oxidant. 

An obvious idea how GSSG is formed in the ER is the direct oxidation of GSH via Ero1. Indeed, 

already early studies on Ero1 mentioned a link between GSSG formation and Ero1 activity. In 

1999, Cuozzo and Kaiser demonstrated that GSSG re-generation after DTT treatment in an ero1-1 

mutant strain was slower compared to wild-type cells. Vice versa caused the overexpression of 

ERO1 higher GSSG formation (Cuozzo and Kaiser, 1999). However, later in vitro studies 

suggested that GSH was a poor substrate of Ero1 (Tu and Weissman, 2002). 

Thus, oxidation of ER GSH seems rather to be indirect and not directly mediated by Ero1. One 

explanation to this might be that H2O2 produced by active Ero1 gets reduced by GSH (Chakravarthi 

et al., 2006). Another model suggested that GSH has a role in reducing non-native disulfide bonds 

of nascent protein chains (Chakravarthi and Bulleid, 2004). Intriguingly, depletion of cellular GSH 

increases the formation of non-native intramolecular disulfides (Chakravarthi and Bulleid, 2004). 

However, although proteins were able to slowly fold in a glutathione containing buffer, the addition 

of Pdi1 increased the folding rate noticeably (Weissman and Kimt, 1993). Thus, it remains unclear 

to what extend GSH reduces non-native disulfide bonds directly under physiological conditions. It 

is now believed, that GSH has rather an indirect effect on non-native cysteine disulfides through 

the reduction of ER oxidoreductases e.g., Pdi1 (Chakravarthi et al., 2006; Ponsero et al., 2017). 

This theory is supported by recently made in vitro experiments, which demonstrated that the 

reduction of Pdi1 and thus indirect activation of Ero1 is dependent on the GSH:GSSG ratio in the 

buffer solution as mentioned above (Niu et al., 2016). 

While it was thought that GSH alone delivers the main reductive power necessary to maintain Pdi1 

isomerase activity in the ER, and thus ensures correct protein folding, this model was challenged 

by a study published in 2014 (Bertoli et al., 2004; Cuozzo and Kaiser, 1999; Ponsero et al., 2017; 

Trotter and Grant, 2002; Tsunoda et al., 2014). Thereby, Tsunoda et al., targeted the 

GSH-degrading enzyme ChaC1 to the ER lumen of cultured mammalian cells. Interestingly neither 

oxidative protein folding, nor the reduction required degradation of alpha-1-antitrypsin was 

impaired when GSH was depleted from the ER (Tsunoda et al., 2014). Please note, one product 
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of ChaC1 mediated GSH degradation is cysteinyl-glycine, which might be sufficient to provide 

reduced PDI (Crawford et al., 2015; Tsunoda et al., 2014). However, Tsunoda and colleagues 

concluded from their experiments, that GSH cannot be the exclusive electron donor in the ER 

(Tsunoda et al., 2014). 

 

Figure 9 Multiple roles of glutathione in the ER. Glutathione is thought to fulfill multiple roles in the ER. One role is 
the detoxification of ROS, derived during oxidation of Ero1 (1). It was also suggested that GSSG can oxidize Pdi1 (2). 
Furthermore, GSH is reported to provide reductive equivalents to Pdi1 to maintain isomerase activity (3). Additionally, 
it was speculated whether GSSG can oxidize cysteines from nascent protein chains to enable disulfide bond formation 
and thus protein folding (4). Lastly it was shown that glutathione can modify cysteine residues of different proteins e.g., 
Kar2 to modulate their molecular function (5). 

It was demonstrated in human cells that under nitrosative stress conditions PDI gets 

S-glutathionylated inhibiting thereby its isomerase and chaperone activity (Townsend et al., 2009; 

Xiong et al., 2012). Beside PDI many other ER localized proteins are target of protein-S-

glutathionylation. For example, the yeast ER localized HSP70 chaperone Kar2 is glutathionylated 

upon increasing H2O2 formation during high Ero1 activity and changes in the ER GSH:GSSG ratio 

(Wang et al., 2014). Thereby the holdase function of Kar2 is increased, which causes a stronger 

binding to exposed hydrophobic domains of an unfolded protein and blocks the Sec61 translocon 

(Wang et al., 2014; Wang and Sevier, 2016). Thus, it was suggested that Kar2 glutathionylation 

upon H2O2 formation by Ero1 and changes in ER GSH:GSSG ratio, functions as a mechanism to 
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sense the oxidative load of the ER and hence, i. block the import of new nascent protein chains 

and ii. provide accumulation of unfolded proteins in the lumen (Wang et al., 2014; Wang and 

Sevier, 2016). 

Although it is not clear, whether GSH is the unique ER electron donor to provide reductive 

equivalents to the ER, changes in the GSH:GSSG ratio clearly affect oxidative protein folding. 

Thus, the glutathione pool in the ER has to be precisely controlled. One proposed mechanism to 

maintain the ER glutathione pool, is the controlled import of GSH from the cytosol into the ER. 

1.8.3 ER glutathione transport 

GSH is negatively charged under physiological pH and can thus not diffuse freely across cellular 

membranes. Hence transporter must exist, which mediate the transport of glutathione between 

the cytosol and other cellular compartments (Oestreicher and Morgan, 2018; Zimmermann et al., 

2021). 

Glutathione import into the ER was already addressed in the early study of Hwang and colleagues 

1992. Therefore, they purified microsomes from rat liver and measured the import of radioactive 

labeled GSH and GSSG in vitro (Hwang et al., 1992). While Hwang et al. suggested that only 

GSSG but not GSH is taken up into microsomes, this was questioned by Banhegyi et al., who 

demonstrated that only GSH was transported into purified microsomes from mammalian liver and 

the sarcoplasmic reticulum of muscle cells (Bánhegyi et al., 1999; Hwang et al., 1992). 

Recently, two groups determined ER glutathione concentrations by using a combination of ER 

targeted EGSH sensor together with a reporter for GSH:GSSG ratio. Both reported an ER 

GSH:GSSG ratio of approximately 7:1, which correlates with the findings of Hwang in 1992. Also, 

the total glutathione concentrations of approximately 30 mM and 15 mM are in line with each other. 

However, their model starts to divide from each other with measured cytosolic glutathione 

concentrations. While Montero et al. measured ~7 mM cytosolic glutathione, and thus suggested 

that glutathione must be actively transported into the ER against the chemical concentration 

gradient, Ponsero et al. measured equally high glutathione concentrations in the cytosol and ER, 

and thus mentioned that an active transport of glutathione into the ER is not necessary (Montero 

et al., 2013; Ponsero et al., 2017). 

Ponsero and colleagues demonstrated that glutathione diffuses from the cytosol into the 

endoplasmic reticulum. Therefore, they overexpressed the plasma membrane localized GSH 

transporter OPT1 in yeast cells. OPT1 overexpression causes an import of GSH from the growth 

media into the cytosol, which leads to the enormous accumulation of total [GSx] in whole cell 
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lysates (~30 – 40 mM) (Kumar et al., 2011; Ponsero et al., 2017; Zimmermann et al., 2021). 

Thereby, they assumed that high cytosolic [GSH] upon OPT1 overexpression, increases the GSH 

diffusion gradient between the cytosol and the ER. Indeed, the ER total glutathione concentration 

increased when OPT1 was overexpressed, but in parallel the glutathione redox-potential in the 

ER became more oxidized (Ponsero et al., 2017). Thus, imported GSH was oxidized to GSSG. 

Further they demonstrated that the diffusion of GSH into the ER is facilitated by the channel 

forming translocon Sec61. Additionally, glutathione diffusion through Sec61 is negatively 

controlled (Figure 10). 

 

Figure 10 Model of ER glutathione uptake in yeast. GSH can enter the ER via facillitated difussion from the cytosol 
through Sec61. Thereby GSH promotes indirectly the reduction of Ero1 regulatory disulfides, which leads to its 
activation. When Ero1 is highly active hydrogen peroxide is formed by the reduction of molecular oxygen. Additionally 
GSSG is fomed by oxidation of GSH. H2O2 formation leads to the oxidation of Sec61 associated chaperon Kar2, which 
plugs the Sec61 channel. This mechanims prevents further influx of GSH. Thereby the activity of Ero1 can be 
downregulated to prevent the ER from oxidative poise. Modified figure from Ponsero et al., 2017. 



 
  Introduction 

25 
  

The influx of reduced glutathione into the ER leads indirectly to the reduction and subsequent 

activation of Ero1. Active Ero1 produces hydrogen peroxide, which forms a sulfenic acid at a 

cysteine residue of Kar2, which is associated to the Sec complex (Ponsero et al., 2017). As 

mentioned above, sulfenic-acid formation leads to glutathionylation of Kar2 (Wang and Sevier, 

2016). However, oxidized Kar2 clogs the Sec61 channel, and thereby inhibits further GSH influx 

what allows the re-oxidation of Ero1 regulatory cysteines to prevent non-native disulfide bond 

formation through hyperactive Ero1 (Ponsero et al., 2017). 

Vice versa, promotes the accumulation of unfolded proteins, often referred to as ER-stress, the 

expression of ERO1 and the formation of newly synthesized GSH, what indirectly increases ER 

[GSx]. Both, more Ero1 and its indirect activation through GSH influx might increase the ER folding 

capacity during ER stress (Ponsero et al., 2017; Wu et al., 2014). 

 

Figure 11 Model of glutathione export from the ER. GSSG is formed in the ER. Different models exist of how GSSG 
is depleted from the lumen. Left panel: GSSG is packed into vesicles and transferred to the Golgi apparatus and/or the 
vacuole. Right panel: A so far unidentified GSSG exporter in the ER membrane exports GSSG from the lumen to the 
cytosol where glutathione reductase 1 (Glr1) reduce it back to GSH. 
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Under ER-stress conditions the unfolded protein response (UPR) pathway is activated, stimulating 

the expression of several genes to increase the ER protein folding capacity e.g., by expression of 

ERO1, KAR2 or PDI1 (Chawla et al., 2011; Travers et al., 2000). In yeast UPR is mediated via the 

stress sensing membrane protein Ire1. ER-stress causes Ire1 autophosphorylation and 

oligomerization, which activates its endo-RNase activity at the cytosolic site (Lee et al., 2008; 

Shamu and Walter, 1996). Activated Ire1 splices the intron of inactive HAC1 mRNA and thus 

allows the translation of the Hac1 transcription factor (Cox and Walter, 1996; Kawahara et al., 

1998; Travers et al., 2000). 

GSH mediated activation of Ero1, most likely indirectly by the direct reduction of Pdi1, leads to the 

formation of GSSG, which is reflected by low ER EGSH and GSH:GSSG ratios. To maintain a stable 

glutathione redox homeostasis in the ER, GSSG must be either reduced to GSH or get removed 

from the lumen. Unlike the mitochondrial matrix, the ER lumen does not possess glutathione 

reductases or comparable reductive systems (Toledano et al., 2007). For GSSG export, two 

different non-exclusive mechanisms were supposed: i. Either GSSG is transported through the 

secretory pathway via vesicles towards the vacuole or ii. a transporter mediated direct export of 

GSSG from the lumen to the cytosol (Figure 11) (Appenzeller-Herzog, 2011; Oestreicher and 

Morgan, 2018). 

1.9 Glutathione in the Golgi apparatus 

Newly synthesized proteins in the ER which are secreted, are transported via vesicles to the Golgi 

apparatus, where they get further processed (Papanikou and Glick, 2009). Although the Golgi 

apparatus was extensively studied in terms of compartmental organization and protein processing, 

very little is known about its glutathione homeostasis (Suda and Nakano, 2012). 

Interestingly, yeast has the two enzymatically active glutaredoxins Grx6 and Grx7 present in the 

Golgi apparatus. This further indicates the existence of a Golgi glutathione pool. Although 

ER/Golgi dual localized Grx6 is thought to play a role in the binding of iron-sulfur clusters it has a 

oxido-reductase activity (Mesecke et al., 2008b). Grx7 localizes exclusively to the Golgi and has 

a sensitive oxido-reductase activity, which was recently demonstrated in vitro and in vivo 

(Liedgens et al., 2020; Mesecke et al., 2008a; Zimmermann et al., 2020). In 2010, Braun et al. 

suggested that Golgi function is linked to cytosolic glutathione redox homeostasis. They showed 

that cells lacking Gef1, a transporter normally involved in proton coupled chloride transport across 

the Golgi membrane, had a decreased ability to maintain cytosolic reduced EGSH, after H2O2 
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treatment. Interestingly this phenotype was mainly dependent on the proton antiporter function of 

Gef1. Thus, it was speculated that the proton gradient across the Golgi-membrane is important 

for cytosolic glutathione homeostasis (Braun et al., 2010).  

Another hint for the importance of glutathione in the context of Golgi apparatus was recently given 

by Li et al., in 2019: The human papillomavirus (HPV) is a small DNA virus. HPV needs to integrate 

its viral DNA (vDNA) into the nucleus via retrograde vesicle trafficking from the plasma membrane 

to the trans-Golgi network (Braaten and Laufer, 2008; Day et al., 2013). Interestingly, depletion of 

cellular glutathione leads to decreased integration of vDNA towards the Golgi. This suggests that 

glutathione might play an important role for retrograde trafficking from endosomes to the trans-

Golgi network during virus infection in mammals (Li et al., 2019).  

Measurements of the glutathione redox potential in the Golgi apparatus is extremely difficult due 

to its high morphological dynamics (Presley et al., 1998). However, cellular microdomains within 

a specific cell compartment move into focus of redox biology (Ahmad et al., 2020). For that reason, 

Hatori et al. anchored a Grx1-roGFP2 sensor N-terminally to different cellular membranes in 

human HeLa cells. When Grx1-roGFP2 was fused to the cytosolic part of giantin, a Golgi 

membrane resident protein, the GSH:GSSG ratio close to the Golgi was lower compared to overall 

cytosolic GSH:GSSG. To determine EGSH on the luminal site Grx1-roGFP2 was N-terminally fused 

to galactosyltransferase 1 (GALT1). Intriguingly, the sensor was almost fully oxidized when 

targeted to the Golgi lumen, which suggests a very oxidized glutathione pool (Hatori et al., 2020; 

Koreishi et al., 2013). However, if the reported oxidized glutathione pool in the Golgi of HeLa cells 

correlates with the Golgi in yeast remains to be shown. 

So far it is not known how glutathione enters the Golgi network. Thereby different models are 

conceivable. To the best of my knowledge, there is no glutathione transporter identified in the 

Golgi to mediate GSH or GSSG import and/or export. Alternatively, glutathione might be shuttled 

via vesicles retrograde from the vacuole or anterograde from the ER to the Golgi. 

1.10 The oligopeptide transporter (OPT) family in S. cerevisiae 

Glutathione belongs to the large group of oligopeptides. Oligopeptides are normally defined as 

small peptides with a molecular mass smaller than 1 kDa, which in average, refers to less than 10 

amino acids (Becerra-Rodríguez et al., 2020). The transport of oligopeptides across membranes 

requires energy. But, unlike Ycf1, members of the oligopeptide transporter family are not 
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ATP-dependent. Oligopeptide transporters are rather secondary active transporters and thus 

mostly energized via a proton-coupled symport mechanism (Osawa et al., 2006). Interestingly, 

members of the oligopeptide transporter family are not just found in yeast but also in other 

eukaryotes such as the plant Arabidopsis Thaliana (A. Thaliana) with its glutathione transporters 

AtOPT4 and AtOPT6 (Cagnac et al., 2004; Koh et al., 2002; Pike et al., 2009). 

The best studied member of the oligopeptide transporter family in S. cerevisiae is Opt1/Hgt1 

localized in the plasma membrane. Opt1 has a high affinity to GSH (Km = 54 µM) and GSSG  

(Km = 92 µM) and imports them into the cytosol (Bourbouloux et al., 2000; Osawa et al., 2006). 

While deletion of OPT1 is not lethal under physiological conditions, it becomes essential in cells 

lacking Gsh1 for glutathione synthesis. Interestingly cells deleted for GSH1 had 30% less cellular 

GSH compared to wild-type, although they grew in growth media supplemented with 100 µM GSH. 

However, when OPT1 was overexpressed in the same deletion background, cells accumulated 

massive amounts of cellular GSH up to 7 times higher compared to wild-type, leading to cell death 

(Kumar et al., 2011). Combining these findings suggests, that Opt1 activity is predominantly 

regulated via its expression level. Under endogenous conditions, expression levels of OPT1 are 

relatively low. This raises the question of why and how wild-type yeast cells accumulate up to 10 

mM cellular GSH? The reason for this remains elusive. 

The second member of the oligopeptide transporter family, Opt2, is localized in the peroxisomal 

membrane. Although it was so far not experimentally demonstrated that Opt2 actively transports 

glutathione, it has a relatively high sequence homology to Opt1. However, Opt2 function seems 

to be linked to cellular glutathione, since its deletion not only oxidizes the peroxisomal glutathione 

pool but also lowers the cytosolic capacity to maintain a reduced glutathione pool after H2O2 

treatment (Elbaz-Alon et al., 2014). 

In 2002, Pearson et al., analyzed six so far uncharacterized open reading frames (ORF) in yeast 

by sequence homology analysis. Thereby, the ORF YGL114W was described as a putative 

member of the oligo peptide transporter family (Pearson and Schweizer, 2002). Interestingly, the 

developed algorithm of Wiles and colleagues did not group YGL114W as a member of the OPT 

family due to missing homologous in other organisms and sequence homology less than 40% 

compared to Opt1 and Opt2 (Wiles et al., 2006). So far, very little is known about YGL114W. Cells, 

which were deleted for YGL114W are viable (Aouida et al., 2009; Pearson and Schweizer, 2002). 

However, performed genome wide screens searching for genetic interaction partners of GSH1, 

suggested a synthetic lethality between YGL114W and GSH1 (Costanzo et al., 2016, 2010). 

Recently, Ho et al. bundled the information of 21 independent published quantitative analyses of 
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the yeast proteome. Thereby, they estimated the copy number of the protein encoded by 

YGL114W (Ygl114w) of approximately ~1160 copies per cell. This is comparable low e.g., the 

same study reported that cells have three times more molecules of Opt1 (Ho et al., 2018). Also, 

the localization of Ygl114w remains unclear since different high-throughput screens revealed 

different localizations for Ygl114w. The protein was localized in the ER when N-terminally tagged 

with GFP under the expression of the constitutive NOP1 promoter. However, when expressed 

under a strong TEF1 promoter in a split-Venus screen, Ygl114w was detected in the vacuole 

(Breker et al., 2014, 2013). In the split-Venus screen, the C-terminal part of the fluorescent protein 

Venus was N-terminally fused to genes of the S. cerevisiae genome library, whereas the 

N-terminal part of Venus was expressed in the cytosol (Breker et al., 2014, 2013). Please note, 

only when N- and C-terminal parts of Venus are in close proximity a fluorescent signal is detectable 

(Ohashi and Mizuno, 2014). Thus, independent of its endogenous localization, the N- terminus of 

Ygl114w must be exposed to the cytosol. However, GFP-tagged Ygl114w under expression of its 

endogenous promoter was not detectable, since fluorescence intensity was below the threshold 

of the preformed screen (Breker et al., 2014, 2013). 

1.11 Aim of this thesis 

Recently, the uncharacterized open reading frame YGL114W was described as a putative 

member of the oligopeptide transporter family (OPT family). The OPT family in S. cerevisiae 

consists out of the two transmembrane transporters Opt1 in the plasma membrane and Opt2 in 

peroxisomes. While it was shown, that Opt1 transports GSH and GSSG, it was suggested that 

Opt2 function is also linked to regulation of the cytosolic glutathione homeostasis. So far, our 

knowledge about YGL114W is based on genomic wide screens and high throughput analysis. 

Thus, the aim of this thesis is to characterize the open reading frame YGL114W (hereafter referred 

to as OPT3). Therefore, fundamental questions must be addressed. To get an idea of functions 

and importance of Opt3, genomic screens will be employed, to identify potential genetic interaction 

partners. Following the initial broad characterization, subcellular localization of Opt3 will be 

investigated using novel ultra-bright fluorescent protein tags. Based on these studies, assays will 

be applied to understand the compartment specific function of Opt3. Given that Opt3 is another 

member of the oligo peptide transporter family, determination of total glutathione concentrations 

paired with subcellular EGSH measurements will be used to gain indirect information about a 

potential glutathione transport activity. Furthermore, the relationship between Opt3 function and 

important cellular reduction pathways e.g., the thioredoxin system will be analyzed. 
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2 Results 

Glutathione is a highly abundant small thiol present in all eukaryotic cells. It plays a major role in 

a variety of cellular processes and thus its total depletion is lethal (Grant et al., 1997; Montero et 

al., 2013). In nearly all eukaryotes, glutathione can either be imported from the extracellular space 

or synthesized exclusively in the cytosol by the enzymes Gsh1 and Gsh2 except of plants, which 

have dual localized Gsh1 in the cytosol and in plastids (Galant et al., 2011; Grant, 2001; 

Hanschmann et al., 2013). Glutathione is found in different cell organelles (Deponte, 2017). 

Therefore, reduced glutathione (GSH) and the glutathione disulfide (GSSG) are transported 

between the cytosol and other compartments. However, under physiological pH 7 GSH and GSSG 

are negatively charged and can thus not cross cellular membranes (Deponte, 2017; Montero et 

al., 2013; Zimmermann et al., 2021). Therefore cellular glutathione shuttling is mediated by 

different transporters (Oestreicher and Morgan, 2018). In yeast, one group of glutathione 

transporters is the oligopeptide transporter (OPT) family with the two members Opt1 and Opt2 

(Bourbouloux et al., 2000; Elbaz-Alon et al., 2014). However, there might be a third so far 

uncharacterized isoform encoded on the open reading frame (ORF) YGL114W. The protein 

encoded by YGL114W was described as a putative member of the oligopeptide transporter family 

by analyzing sequence homology (Pearson and Schweizer, 2002). However, it remains 

completely uncharacterized and a potential role in glutathione trafficking has thus far not been 

addressed. Hereinafter, the ORF YGL114W will be named OPT3 throughout this thesis. 

Therefore, the primary aim in this work was to identify physiological functions of Opt3. 

2.1 Opt3 genetically interacts with genes encoding Gsh1 and Gsh2 

2.1.1 Synthetic gene array to identify genomic interaction partners of OPT3 

Almost nothing is known about Opt3. Thereof, to gain first insights a synthetic genetic array (SGA) 

was performed to screen for genetic interaction partners of OPT3. This high throughput analysis 

is a very powerful tool and delivers a brought overview in which cellular processes the gene of 

interest might be involved and thus builds a solid base for further studies. In the SGA, as in the 

Material and Methods section explained in detail, a S. cerevisiae SGA-starter strain deleted for 

OPT3 (∆opt3::nat-NT2), was mated with the BY4741 yeast deletion library (∆xzy::kanMX4) and 

the mRNA Perturbation (DAmP) library (::kanMX4) of essential genes, in which mRNA levels of 

corresponding essential genes are 4- to 10-fold decreased. After mating, the strains were plated 
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onto sporulation inducing minimal media before being transferred to selective growth plates 

containing the antibiotic selection markers G418 and nourseothricin (clonNAT) to select for haploid 

double mutants (∆opt3∆x). In parallel a control strain, harboring OPT3 with a clonNAT resistance 

cassette, was mated with the BY4741 yeast deletion library and DAmP library of non-essential 

genes and selected for haploid single mutants. Afterwards colony size of the resulting double 

deletion strains was compared to the size of single deletion colonies (Figure 12). 

 

Figure 12 Illustration of the synthetic genetic array. Simplification of an OPT3 deletion strain, which is mated with 
the yeast deletion library of non-essential genes and the yeast DAmP library of essential genes to identify genetic 
interaction partners of OPT3. The red arrows indicate colonies which do not grow after the selection for double mutants. 

SGA analysis identified 40 different genes, which had synthetic negative interactions in 

combination with OPT3 (a summary of total hits is listed in Supplements Table 1). While some hits 
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were so far uncharacterized open reading frames (YAL037W, YDR526C, YIL055C, YLR317W, 

YPR170C) others were genes, which are involved in transcriptional or translational processes (for 

example: CRR4, FUN12, PAF1, SRO9 and CEM9). However, the screen also identified genes, 

which were involved in redox-processes like GND1, the 6-phosphogluconate dehydrogenase, 

which is part of the pentose phosphate pathway catalyzing the reduction of nicotinamide adenine 

dinucleotide phosphate (NADP+) to NADPH (He et al., 2007). Another interesting hit was 

γ-glutamylcysteine synthetase, GSH1. Gsh1 catalyzes the first step in the glutathione biosynthesis 

pathway (Birk et al., 2013a; Suzuki et al., 2011). As previously shown by Kumar et al. the depletion 

of cellular glutathione is lethal in yeast and thus cells deleted for GSH1 must have extracellular 

GSH available to grow (Kumar et al., 2011). In the SGA screen haploid selection was carried out 

on GSH containing growth plates. Afterwards, the cells were transferred to media without 

glutathione for double mutant selection. However, ∆gsh1 cells can divide up to 7 times without 

extracellular GSH in the media (Kumar et al., 2011). Thus, the ∆gsh1 strain in the SGA screen 

had possibly still enough GSH present from former growth on GSH containing plates and grew 

when shifted to growth plates without supplemented glutathione. Remarkably, the ∆gsh1∆opt3 

double mutant showed no growth, which suggested a link between cellular GSH and Opt3 

function. 

2.1.2 OPT3 deletion negatively affects cell growth in the absence of glutathione 

Glutathione biosynthesis is mediated by two enzymes: γ-glutamylcysteine synthetase (Gsh1) and 

glutathione synthetase (Gsh2) (Forman et al., 2009; Suzuki et al., 2011). In the performed SGA 

analysis GSH1, which encodes the protein mediating the first step in glutathione biosynthesis led 

to impaired growth when deleted together with OPT3. This observation indicated a relationship 

between Opt3 and cellular glutathione synthesis. To verify the observation found in the SGA a 

new ∆gsh1∆opt3 mutant was generated via homologous recombination and growth was analyzed 

by automated measurements of the OD600 over 35h. In addition to the ∆gsh1∆opt3 double mutant, 

a wild-type strain (BY4742 WT) plus the single mutant strains ∆gsh1 and ∆opt3 were used as 

controls. Furthermore, a mutant was created, which was deleted for GSH1 and expressed OPT3 

from a strong, constitutive TEF promoter resulting in an overexpression of the gene 

(∆gsh1pTEFOPT3). Since glutathione depletion is toxic in a ∆gsh1 background, the cells (WT, 

∆gsh1, ∆opt3, ∆gsh1∆opt3 and ∆gsh1pTEFOPT3) were cultured overnight in synthetic Hartwell 

Complete (HC) media supplemented with 2 µM GSH before they were shifted to either HC media 

containing 2 µM glutathione or media without glutathione (Figure 13). 
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Figure 13 OPT3 has a synthetic negative growth phenotype with GSH1 and GSH2. A and B: For the analysis of 
yeast growth, the yeast strains BY4742 (WT), ∆gsh1, ∆opt3, ∆gsh1∆opt3 and ∆gsh1pTEFOPT3 were cultured overnight 
in HC media supplemented with 2 µM glutathione before 0.1 OD units of cells were transferred to fresh HC media with 
(A) or without (B) 2 µM glutathione. OD600 was automatically recorded every 10 min for the indicated time. In C and D, 
growth of the strains, BY4742 (WT), ∆gsh2, ∆opt3, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3 was analyzed as for A and B. 
While cells in C grew in media supplemented with 2 µM GSH, cells in D grew without supplemented glutathione. All 
figures error bars illustrate the standard deviation of at least three independent repeats. Single repeats were done with 
the help of Laura Buchholz during her Bachelor Thesis, which was supervised by me. 

In media supplemented with GSH, the growth of all tested strains did not significantly differ from 

WT (p-values > 0.05) (Figure 13 A). Contrarily, when cells were transferred to media without 

glutathione, strong growth phenotypes were observable (Figure 13 B). Whilst the ∆opt3 strain 

grew comparable to the WT, the ∆gsh1 mutant strain grew significantly slower after 15h  

(p-values < 0,05). Additionally, the overexpression of OPT3 in a GSH1 deletion (∆gsh1pTEFOPT3) 

background did not lead to better growth compared to ∆gsh1. Consistent with observations in the 

SGA screen, ∆gsh1∆opt3 cells grew, although not significantly worse than ∆gsh1 cells. When both 

genes were knocked out in the ∆gsh1∆opt3 strain, cell growth was almost completely impaired. 

Since the ∆gsh1∆opt3 double deletion strain grew on growth plates with supplemented GSH it 
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was presumed that OPT3 deletion leads to an increased sensitivity when cellular glutathione was 

depleted. 

To test this hypothesis, it was tested whether a GSH2 knockout strain would grow, if deleted in 

combination with OPT3. Thus, a ∆gsh2∆opt3 double mutant was generated and growth was 

monitored for 35h by recording the OD600. As a control, the OD600 of the strains WT, ∆opt3, ∆gsh2 

and ∆gsh2pTEFOPT3 was monitored in parallel. All strains grew overnight in HC media 

supplemented with glutathione before 0.1 OD unit of each strain was inoculated in either HC media 

with or without glutathione (Figure 13). 

All strains (∆opt3, ∆gsh2, ∆gsh2pTEFOPT3 and ∆gsh2∆opt3) grew similar to the WT in medium 

supplemented with glutathione (p-values > 0.05) (Figure 13 C). When cells grew in media without 

glutathione the deletion strains ∆opt3, ∆gsh2 and ∆gsh2pTEFOPT3 grew like the WT, whereas the 

∆gsh2∆opt3 strain grew significantly slower after 11h of measurement (p-values < 0.05)  

(Figure 13 D). 

In summary, the deletion of both GSH1 and GSH2 in combination with a ∆opt3 background 

negatively affected cellular growth. However, this negative growth phenotype was only observable 

without extracellular GSH available. Thus, analyzing the relationship of the loss of OPT3 in 

combination with a lack in glutathione biosynthesis (GSH1, GSH2) indicated a strong correlation 

between cellular GSH and Opt3 rather than a direct interaction of Opt3 with Gsh1 or Gsh2. This 

first observation raised the question how exactly cellular glutathione and Opt3 function were 

linked. Hence, next total cellular glutathione was analyzed in cells with different OPT3 expression 

levels. 

2.2 Opt3 affects a specific cellular pool of glutathione disulfide 

The slower growth in ∆gsh1∆opt3 and ∆gsh2∆opt3 mutant strains indicated negative genetic 

interaction between OPT3 and GSH1 or GSH2 and further a potential link between Opt3 function 

and cellular glutathione homeostasis. The gene homology of OPT3 to the oligopeptide transporter 

family members together with the identified relationship between Opt3 and cellular glutathione 

might indicate that Opt3 is a cellular glutathione transporter. Thus, it was next investigated whether 

Opt3 has a direct effect on cellular GSH or GSSG in whole cell lysates. 
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2.2.1 Opt3 expression influences cellular GSSG content 

In order to further test if Opt3 is a cellular glutathione transporter, it was next analyzed whether 

Opt3 affects cellular glutathione. 

Therefore, an experimental setup was used, which was previously applied by Morgan et al. to 

identify the yeast cadmium factor 1 (Ycf1) as vacuolar GSSG importer (Morgan et al., 2013). They 

demonstrated that the cytosolic glutathione pool is extremely robust reduced. Hence, GSSG in 

the cytosol is only present in a nanomolar or low micromolar range. The reduced cytosolic 

glutathione homeostasis is mainly maintained by a kinetic competition between Glr1 mediated 

GSSG reduction and GSSG import to the vacuole via Ycf1. Strains with either deleted or 

overexpressed YCF1, had a decreased or increased GSSG content in whole cell lysates, 

respectively. Conclusively, YCF1 overexpression increased vacuolar GSSG uptake while its 

deletion disrupted GSSG transport and promoted the Glr1 mediated reduction. This revealed that 

GSSG measured in whole cell lysates represents a non-cytosolic GSSG pool. Thus, 

measurements of whole cell GSSG in combination with genetic manipulation of a cellular 

glutathione transporter can be used as an indirect indication about glutathione transport between 

the cytosol and a cellular compartment. 

To gain further insights if Opt3 mediates the transport of glutathione between the cytosol and a 

subcellular compartment, total GSH and GSSG concentrations were determined in whole cell 

lysates of OPT3 deletion (∆opt3) and overexpression (pTEFOPT3) mutants and compared to 

wild-type glutathione concentrations (Figure 14).  

As illustrated in Figure 14 A, the concentration of GSH in the WT strain was similar to pTEFOPT3 

cells and the ∆opt3 strain (p-values > 0.05). Interestingly in contrast to the cellular GSH 

concentrations, GSSG content of both, OPT3 deletion and overexpression changed compared to 

WT (Figure 14 B). In the ∆opt3 strain cellular GSSG levels were slightly increased compared to 

WT. When OPT3 was overexpressed in pTEFOPT3 cells, whole cell GSSG levels were three times 

lower as measured in WT (p = 0.009) and ∆opt3 (p = 0.005). 
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Figure 14 Analysis of GSH and GSSG in whole cell extracts of WT, ∆opt3 and pTEFOPT3 cells. Cellular GSH (A) 
and GSSG (B) content of WT, ∆opt3 and pTEFOPT3 was analyzed. While OPT3 deletion and overexpression did not 
affect cellular GSH content, cells with overexpressed OPT3 had a massive decrease in cellular GSSG. All figures error 
bars illustrate the standard deviation of at least three independent repeats. Error bars denote standard derivations. The 
stars represent the p-value calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***).  

The changes in whole cell GSSG concentrations upon OPT3 deletion and overexpression further 

supports a relationship between Opt3 and glutathione and can give a hint that Opt3 may be a 

transporter of cellular glutathione. Moreover, the GSSG concentrations measured in the lysate of 

∆opt3 and pTEFOPT3 cells, showed an opposing pattern to those reported for Ycf1. For instance, 

when Morgan et al. measured GSSG in the whole cell lysate of a ∆ycf1 strain the concentration 

was decreased compared to WT, whereas deletion of OPT3 in the here performed experiment 

caused an increase in GSSG (Morgan et al., 2013). Thus, Opt3 mediated GSSG transport might 

be in the opposite direction to Ycf1. 

2.3 Opt3 affects a Ycf1-independent cellular GSSG pool 

While Ycf1 transports GSSG from the cytosol into the vacuole to maintain a reduced cytosolic 

glutathione pool, it was next investigated if Opt3 mediates the transport of vacuolar GSSG back 

into the cytosol where enzymes like glutathione reductase would recycle the oxidized glutathione 

to GSH (Morgan et al., 2013). 
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2.3.1 The effect of Opt3 on cellular GSSG levels is Ycf1 independent 

To test the hypothesis if Opt3 affects the vacuolar glutathione pool I assumed, that if Opt3 exports 

GSSG from the vacuole into the cytosol, the effect of OPT3 deletion and overexpression on whole 

cell GSSG levels must be absent, when vacuolar import of GSSG is blocked. 

To impair vacuolar uptake of GSSG, YCF1 was deleted in a BY4742 WT background. Additionally, 

∆ycf1∆opt3 and ∆ycf1pTEFOPT3 strains were generated and both cellular GSH and GSSG 

concentrations were determined (Figure 15). 

 

Figure 15 Opt3 modulates a Ycf1 independent GSSG pool. Both, GSH (A) and GSSG (B) content was analyzed in 
whole cell extracts of ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 cells. Glutathione concentrations were determined using 
the DTNB-recycling assay. While all tested strains had similar GSH concentrations, the GSSG content was decreased 
in the ∆ycf1pTEFOPT3 strain compared to ∆ycf1 single deletion or the ∆ycf1∆opt3 double deletion strain. All figures error 
bars illustrate the standard deviation of at least three independent repeats. Error bars denote standard derivations. The 
stars represent the p-value calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

When the GSH concentration of the ∆ycf1 single deletion, was compared to the double mutants 

∆ycf1∆opt3 and ∆ycf1pTEFOPT3 both the deletion of OPT3 (∆ycf1∆opt3) and the OPT3 

overexpression (∆ycf1pTEFOPT3) had comparable cellular GSH levels of approximately 5 mM with 

p-values of 0.194 and 0.686, respectively (Figure 15 A). However, when GSSG concentrations 

were measured, the double deletion mutant ∆ycf1∆opt3 had slightly more - although not significant 

- GSSG compared to the single deletion strain ∆ycf1. Accordingly, the ∆ycf1pTEFOPT3 mutation 
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strain had decreased cellular GSSG compared to ∆ycf1 (p = 0.108) and ∆ycf1∆opt3 (p = 0.009) 

(Figure 15 B). 

Blocking the vacuolar uptake of cytosolic GSSG, through the deletion of YCF1 did not affect the 

impact of Opt3 on cellular GSSG concentrations. Thus, this observation might indicate, that Opt3 

modulates a different, Ycf1-independent, GSSG pool in the cell apart from the vacuolar pool. 

However, although Ycf1 is the major vacuolar GSSG importer, the experiment did not allow to rule 

out, that oxidized glutathione enters the vacuole via an Ycf1 independent mechanism. Hence, 

another test was performed to investigate whether Opt3 is involved in vacuolar GSSG export or 

not. 

2.3.2 Opt3 does not modulate vacuolar GSSG, which is imported from the cytosol 

The extremely reduced glutathione pool in the cytosol of S. cerevisiae is maintained by reduction 

of GSSG, mainly mediated by the cytosolic Glr1 as well as by pathways involving cytosolic 

glutaredoxins and thioredoxins, and the export of GSSG to the vacuole via Ycf1 (Garrido and 

Grant, 2002; Morgan et al., 2013; Oliveira et al., 2010). The deletion of GLR1 leads to an increased 

uptake of GSSG into the vacuole (Morgan et al., 2013). On the understanding that Opt3 might be 

localized in the vacuolar membrane, increased levels of vacuolar glutathione should promote a 

stronger impact of OPT3 deletion and overexpression on whole cell GSSG. 

To increase the vacuolar GSSG content, a single GLR1 deletion strain was generated (∆glr1). 

Furthermore, GLR1 was knocked out in ∆opt3 and pTEFOPT3 backgrounds to generate the yeast 

strains ∆glr1∆opt3 and ∆glr1pTEFOPT3. Afterwards whole cell concentration of GSH and GSSG 

was determined (Figure 16). 

 The GLR1 deletion strain with overexpressed OPT3 (∆glr1pTEFOPT3) (p = 0.414) and the 

∆glr1∆opt3 deletion strain (p = 0.160) had analogous cellular GSH levels compared to WT cells 

(Figure 16 A). This result was consistent with former experiments and underlined that Opt3 affects 

cellular GSSG and not GSH. When GSSG content was measured in a ∆glr1 strain, levels of around 

1 mM were detected. The ∆glr1∆opt3 double deletion strain had similar GSSG concentrations as 

the ∆glr1 strain (p = 0.345). When Opt3 levels were increased in combination with deletion of 

GLR1 (∆glr1pTEFOPT3) the cellular GSSG content was comparable high as in the strains ∆glr1  

(p = 0.462) and ∆glr1∆opt3 (p = 0.757) (Figure 16 B). 
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Figure 16 Increased vacuolar GSSG is unaffected by Opt3. In cell lysates of the strains ∆glr1, ∆glr1∆opt3 and 
∆glr1pTEFOPT3, GSH (A) and GSSG (B) content was analyzed. The deletion of GLR1 promotes a massive import of 
cytosolic GSSG into the vacuole. All tested strains had similar GSH and GSSG concentrations. Thus, Opt3 does not 
modulate the large vacuolar GSSG concentration. Error bars illustrate the standard deviation of at least three 
independent repeats. 

Since it is known that in cells without cytosolic Glr1 most GSSG is sequestered in the vacuole the 

result was in line with the former experiment suggesting, that Opt3 was not responsible for the 

export of GSSG from the vacuole to the cytosol. 

2.4 Opt3 affects GSSG in the endoplasmic reticulum  

When the results of former experiments were summarized, two facts were obvious. First, it was 

shown that Opt3 affects a subcellular GSSG pool and secondly the experiments suggested that 

Opt3 does not transport GSSG form the vacuolar lumen to the cytosol. Hence, there must exist a 

second cellular pool of GSSG, whose level is affected by OPT3 expression. It is known that 

glutathione is present in cell organelles like mitochondria or peroxisomes (Calabrese et al., 2019; 

Elbaz-Alon et al., 2014). However, by analyzing the Opt3 amino acid sequence there was no 

obvious mitochondrial or peroxisomal targeting sequence present. Further, in contrast to the 

vacuole, which is a known reservoir of GSSG, cell organelles like mitochondria or peroxisomes 

are highly reduced (Ayer et al., 2013; Go and Jones, 2008; Toledano et al., 2013). With 

GSH:GSSG ratios of around 50 000:1, mitochondria and peroxisomal glutathione ratios are 

comparable to those of the cytosol (Calabrese et al., 2019; Iversen et al., 2010; Montero et al., 
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2013; Morgan et al., 2013). Thus, the estimated GSSG concentrations in these compartments are 

in a nanomolar range and would not explain the huge effect of Opt3 on cellular GSSG 

concentration when OPT3 was overexpressed. Beside the vacuole another cell organelle seemed 

to be a plausible localization of Opt3: the endoplasmic reticulum (ER). The ER is part of the 

secretory pathway. Proteins localized in the Golgi apparatus, vacuole or the plasma membrane 

are first co- or post-translationally integrated into the ER before they are translocated to their 

destination. In both, co- and post-translational integration processes, the polypeptide chain is 

integrated into the ER in an unfolded confirmation (Zimmermann et al., 2011). During oxidative 

protein folding in the ER, cysteines of incoming nascent protein chains get oxidized and form 

disulfide bonds (Braakman and Hebert, 2013). This mechanism allows a correct and stable folding 

from the unfolded polypeptide chain to a functional protein (Delaunay-Moisan et al., 2017). Protein 

folding in the ER lumen creates a highly oxidative environment (Appenzeller-Herzog, 2011; Birk 

et al., 2013a; Delaunay-Moisan et al., 2017). This is also reflected by the glutathione pool in the 

endoplasmic reticulum. Ratios between GSH and GSSG of 3:1 are reported (Appenzeller-Herzog, 

2011). Thus, it was next investigated if Opt3 was localized in endoplasmic membrane. 

2.4.1 Opt3 co-localizes with Sec63 

For better understanding the role of Opt3 regarding glutathione homeostasis, it was necessary to 

identify the subcellular localization of Opt3. Since the endoplasmic reticulum seemed to be a 

plausible candidate, it was considered if Opt3 was localized in the ER membrane. Therefore, 

OPT3 was C-terminally tagged with ymNeonGreen (OPT3-NeonGreen). ymNeonGreen is one of 

the brightest GFP-based fluorescent proteins and hence seemed to be a perfect tag for a low-

copy protein like Opt3 (Botman et al., 2019). Nevertheless, OPT3-NeonGreen expression was 

very low when expressed under the control of the endogenous promoter and thus the promoter 

was genomically replaced by a stronger ADH promoter (ADHOPT3-NeonGreen). For co-localization 

studies, SEC63 encoding an ER resident protein was tagged with a C-terminal mCherry 

(ADHOPT3-ymNeonGreenSEC63-mCherry) and both, the GFP and mCherry channels were 

imaged using a fluorescent microscope (Figure 17). 
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Figure 17 Opt3 is localized in the ER membrane. OPT3 was genomically tagged at the C-terminus with the 
fluorescent protein ymNeonGreen (green). Due to low OPT3 expression, the endogenous promoter was replaced 
through the continuously active ADH promoter (ADHOPT3-ymNeonGreen). In parallel, a mCherry (red) fluorescent 
protein tag was genomically introduced at the C-terminus of SEC63, which encodes for an ER membrane resident 
protein. Both, green (upper panel) and red channels (middle panel) of the pADHOPT3-ymNeonGreenSEC63-mCherry 
strain were recorded using a fluorescent microscope. Both channels were merged (lower panel) using the software 
ImageJ. At least three different cell samples were recorded.  

When the green and red signal were merged, they showed strong co-localization what suggested 

that Opt3 was localized in the ER membrane. This clear localization of Opt3 in the ER membrane 

together with the before observed phenotype of that Opt3 modulates cellular GSSG, suggested 

the further working hypothesis that Opt3 is an ER GSSG exporter. Thus, experiments were 

performed, which clarified if the new hypothesis was correct or not. 

2.4.2 Re-localized Gsh2 restores ∆gsh2∆opt3 growth in the absence of GSH 

First experiments, performed to characterize Opt3, revealed that Opt3 affects a vacuolar-

independent GSSG pool. Since co-localization studies showed that Opt3 is an ER transmembrane 

protein, it was now tested whether Opt3 affects the GSSG pool of the endoplasmic reticulum. In 

2017 the mechanism of GSH uptake into the ER lumen was described (Ponsero et al., 2017). It 

was demonstrated, that GSH can diffuse via the Sec61 translocon from the cytosol into the ER. In 
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the highly oxidative environment of the ER lumen, GSSG is formed. However, the diffusion of GSH 

into the ER is negatively regulated (Ponsero et al., 2017). Thus, GSH and GSSG content of the 

endoplasmic reticulum and consequently the cellular GSSG pool affected by Opt3, is limited. 

Overcoming the regulated import of glutathione into the ER might increase ER-glutathione content 

and thus increase the effect of Opt3 deletion or overexpression on GSSG in whole cell lysates. To 

overcome the regulated import of GSH into the ER, it was tested if the glutathione synthesis 

pathway could be shifted completely or partially from the cytosol into the ER.  

In S. cerevisiae cells glutathione synthesis takes exclusively place in the cytosol. Thereby the 

enzyme (Gsh1) links glutamate and cysteine and forms the GSH precursor molecule γ-GC. In the 

second step of glutathione synthesis Gsh2 adds glycine to γ-GC and produces one molecule of 

GSH. Hence, either Gsh1, Gsh2 or both were shifted from the cytosol into the ER. In theory, 

ER-localized Gsh1 leads to the production of γ-GC in the ER lumen, while GSH synthesis takes 

place in the cytosol through cytosolic Gsh2. However, targeting of Gsh2 to the ER together with 

endogenous expressed GSH1, causes the synthesis of γ-GC in the cytosol and the production of 

GSH in the ER. Finally, targeting of both Gsh1 and Gsh2 to the ER leads to the complete synthesis 

of GSH in the ER lumen. 

To ensure that Gsh1 and Gsh2 were targeted to the ER, the glutathione synthesis genes GSH1 

and GSH2 were linked to a 5ꞌ- signal sequence and a 3ꞌ- ER retention tag expressed from plasmids 

(p415-ADH-SS-GSH1-HDEL, p416-ADH-SS-GSH2-HDEL). To realize the exclusive 

re-localization of the cellular glutathione synthesis machinery it was necessary to deplete either 

Gsh1, Gsh2 or both from the cytosol. Thus, the endogenous genes GSH1, GSH2 or both were 

knocked out to produce the yeast mutants ∆gsh1, ∆gsh2, and ∆gsh1∆gsh2. Additionally, OPT3 

was either deleted or overexpressed in strains with deficient glutathione synthesis (∆gsh1∆opt3, 

∆gsh2∆opt3, ∆gsh1∆gsh2∆opt3 and ∆gsh1pTEFOPT3, ∆gsh2 pTEFOPT3, ∆gsh1∆gsh2 pTEFOPT3). 

Since further experiments in this dissertation were made in yeast strains with ER re-localized Gsh2 

and endogenous GSH1, the focus will lie on the strains ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3. 

To test whether cells produce sufficient glutathione when glutathione synthesis pathway was 

shifted to the ER, it was tested if the cells ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3 transformed 

with either p415-ADH-SS-GSH1-HDEL, p416-ADH-SS-GSH2-HDEL or both, survive on growth 

plates without glutathione supplementation. As growth control all mutant strains and WT cells were 

transformed with empty p415-ADH and p416-ADH. All strains were streaked out on HC−ura−leu 

growth plates with either no glutathione or as positive control on HC−ura−leu plates in which 2 µM 

glutathione was supplemented (Figure 18). 
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When the cells (∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3) with ER-localized Gsh1 and Gsh2 

(p415-ADH-SS-GSH1-HDEL, p416-ADH-SS-GSH2-HDEL) were streaked out on media with 

supplemented glutathione all strains grew like WT p415-ADH + p416-ADH (Figure 18). In parallel, 

same strains grew similar on growth plates without glutathione. However, ∆gsh2∆opt3 cells were 

not viable without glutathione supplementation. The synthetic negative growth phenotype between 

GSH2 and OPT3 was already known from first experiments. Intriguingly, targeting Gsh2 to the ER 

could rescue this lethal phenotype whereas re-localization of Gsh1 did not. The overexpression of 

OPT3 combined with GSH2 deletion in the strain ∆gsh2pTEFOPT3 grew as WT cells when 

transformed with empty plasmids. Also, the re-localization of Gsh1, Gsh2 or both did not influence 

the growth when OPT3 was overexpressed. 

 

Figure 18 Glutathione synthesis was shifted from the cytosol to the ER. To test whether the cells ∆gsh2, 
∆gsh2∆opt3 and ∆gsh2pTEFOPT3 can grow on growth plates without GSH they were transformed with plasmids 
containing GSH1 and GSH2 variants, which shifted Gsh1 and Gsh2 from the cytosol to the ER (p415-ADH-SS-GSH1-
HDEL, p416-ADH-SS-GSH2-HDEL). This shift was realized by the introduction of an N-terminal ER signal peptide (SS) 
and a C-terminal ER retention signal (HDEL). Both plasmids were either separately or together expressed in the tested 
cells. To avoid amino acid marker dependent growth phenotypes, corresponding empty plasmids were transformed. 
Thus, all tested strains had an uracil and leucine marker gene. As growth control WT + p415-ADH + p416-ADH was 
used. All cells were plated on HC−ura−leu media with (2 µM) and without glutathione. Cells were re-streaked twice 
before imaged. At least three independent tests were performed. 
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Finally, shifting the glutathione synthesis from the cytosol to the ER was sufficient to rescue the 

lethal phenotype of a ∆gsh2∆opt3 double mutant. This observation suggested that glutathione 

synthesis can take place in the ER. 

2.4.3 Opt3 strongly affects cellular GSSG content when Gsh2 is targeted to the ER 

To test if Opt3 modulates the glutathione pool of the ER lumen, a tool was created to overcome 

regulated import of GSH in the ER and thereby elevate both, GSH and GSSG concentrations. 

Now, the GSH and GSSG content in whole cell lysates was analyzed to investigate, whether Opt3 

had a stronger effect on cellular glutathione levels when the glutathione synthesis was taking place 

in the ER. 

 

Figure 19 Illustration of Gsh2 constructs. To ensure exclusive re-localization of Gsh2 from the cytosol to the ER 
lumen (ER-Gsh2) a N-terminal signal peptide and a C-terminal ER retention signal was added to Gsh2 (C). To verify 
that ER-Gsh2 was totally integrated into the ER and was not anterograde transported through the secretory pathway or 
stayed back in the cytosol, two control constructs were created. Cyto-Gsh2 had neither a signal peptide nor a retention 
signal and thus is localized in the cytosol (A). A third Gsh2 variant (SP-Gsh2), has a N-terminal signal peptide, which 
allows ER-targeting, but has no retention signal and so might be exported from the ER through anterograde vesicle 
trafficking (B). 
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Beside the ER localized Gsh2 (p416ADH SS-GSH2-HDEL) two other Gsh2 constructs were 

cloned in a p416-ADH vector, which served as controls. One construct (p416-ADH-GSH2) 

contained the WT version of GSH2 which led to a cytosolic localized Gsh2 (Figure 19 A, Cyto-

Gsh2). The second construct (p416-ADH-SS-GSH2) caused the integration of Gsh2 into the ER, 

but since the modified Gsh2 had no ER-retention signal, Gsh2 was not necessarily bound in the 

ER and thus could be shuttled further down the secretory pathway to the Golgi-apparatus and the 

vacuole (Figure 19 B, SP-Gsh2). 

The constructs p416-ADH-GSH2, p416-ADH-SS-GSH2, and p416-ADH-SS-GSH2-HDEL were 

separately expressed in ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3 cells. Before analyzing the 

GSSG concentration in the strains, GSH content in whole cell lysates of all tested strains was 

analyzed (Figure 20). 

 

Figure 20 Whole cell GSH content of strains expressing GSH2 targeted to different subcellular localizations. 
The individual cells ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3 were separately transformed with plasmids carrying 
different GSH2 constructs. In A, the strains ∆gsh2 + p416-ADH-GSH2, ∆gsh2∆opt3 + p416-ADH-GSH2 and 
∆gsh2pTEFOPT3 + p416-ADH-GSH2 had cytosolic localized Gsh2. B: GSH content of cells with Gsh2 localized in the 
secretory pathway (∆gsh2 + p416-ADH-SS-GSH2, ∆gsh2∆opt3 + p416-ADH-SS-GSH2 and ∆gsh2pTEFOPT3 + p416-
ADH-SS-GSH2). And C: whole cell GSH content in strains expressing ER localized GSH2 (∆gsh2 + p416-ADH-SS-
GSH2-HDEL, ∆gsh2∆opt3 + p416-ADH-SS-GSH2-HDEL and ∆gsh2pTEFOPT3 + p416-ADH-SS-GSH2-HDEL). At least 
three independent tests were performed. Error bars denote standard derivations. The stars represent the p-value 
calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

When WT Gsh2 was brought back in the ∆gsh2 deletion strains, the GSH concentration in whole 

cell lysates was approximately around 3 mM (Figure 20 A). Thereby the GSH content of 

∆gsh2∆opt3 (p = 0.471) and ∆gsh2pTEFOPT3 (p = 0.102) cells with cytosolic Gsh2 was like the 

∆gsh2 + p416-ADH-GSH2 strain. When cells expressed p416-ADH-SS-GSH2, which allowed 

Gsh2 to enter the ER but did not anchor it to the ER lumen, GSH concentrations were also around 
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3 mM and comparable to GSH concentrations produced in the cytosol (Figure 20 B). Interestingly, 

when Opt3 levels were elevated (∆gsh2pTEFOPT3), cells produced ~1 mM more GSH compared 

to cells without the OPT3 overexpression (p = 0.04). When the glutathione synthesis was 

exclusively shifted to the ER all strains had lower GSH concentrations (~2 mM) compared to cells 

expressing the other Gsh2-constructs (Figure 20 C). 

However, it is known, that the glutathione pool in the ER is heavily oxidized compared to the 

cytosol (Appenzeller-Herzog, 2011; Birk et al., 2013a). Thus, the GSSG content of cells 

expressing one of the three constructs p416-ADH-GSH2, p416-ADH-SS-GSH2, and p416-ADH-

SS-GSH2-HDEL was analyzed and tested if Opt3 had a stronger effect on cellular GSSG when 

the glutathione synthesis is in the ER. 

 

Figure 21 ER localized GSH synthesis increases the effect of Opt3 on whole cell GSSG levels. GSSG 
concentration measured in whole cell lysates of the cells ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3. Cells were 
transformed with the plasmids p416-ADH-GSH2 (Cyto-Gsh2), p416-ADH-SS-GSH2 (SP-Gsh2) and p416-ADH-SS-
GSH2-HDEL (ER-Gsh2). OPT3 deletion does not affect cellular GSSG when strains expressing p416-ADH-GSH2 and 
p416-ADH-SS-GSH2 with cytosolic (A) and secretory pathway (B) localized Gsh2, respectively. Only in cells with 
exclusively ER localized Gsh2 (ER-Gsh2) had strongly increased whole cell GSSG when OPT3 was deleted (C). At 
least three independent tests were performed. Error bars denote standard derivations. The stars represent the p-value 
calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

When Gsh2 (p416-ADH-GSH2) was in the cytosol, whole cell lysates of ∆gsh2∆opt3 cells had 

comparable GSSG concentrations like the ∆gsh2 strain (p = 0.627). However, ∆gsh2pTEFOPT3 

overexpression cells, had approximately four-fold decreased total cellular GSSG in comparison to 

∆gsh2 (p = 0.026) and ∆gsh2∆opt3 strains (p = 0.005) (Figure 21 A). Analogous observations 

were made in whole cell lysates of cells with Gsh2 localized in the secretory pathway (p416-ADH-

SS-GSH2). While the deletion of OPT3 led just to a small increase in GSSG, the overexpression 
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strain ∆gsh2pTEFOPT3 had around three times less cellular GSSG than ∆gsh2 (p = 1.68 * 10-5) 

(Figure 21 B). Remarkably, when Gsh2 was exclusively targeted to the endoplasmic reticulum 

(p416-ADH-SS-GSH2-HDEL), ∆gsh2∆opt3 cells had approximately four times more GSSG then 

the ∆gsh2 single deletion (p = 2 * 10−4). Additionally, the ∆gsh2pTEFOPT3 mutant had nearly a total 

depletion of GSSG (Figure 21 C). 

In summary, a system was created, in which glutathione synthesis was shifted to the endoplasmic 

reticulum. While Gsh1 synthesized the GSH precursor γ-GC in the cytosol, Gsh2 produced GSH 

in the ER lumen. Therefore, I suggested that upon the production of GSH in the endoplasmic 

reticulum both GSH and GSSG concentrations increased in the ER. It was considered that an 

increase of ER GSSG concentration would increase the cellular GSSG pool affected by Opt3 and 

thus genetic manipulation of OPT3 should have a stronger impact on whole cell GSSG. Hence, 

the system was used as an indirect indicator whether Opt3 was transporting GSSG to the cytosol. 

Within this system, Opt3 depletion promoted a strong increase of GSSG in whole cell lysates. This 

observation indicated that the formed GSSG was not transported out of the ER into the cytosol 

where it would be possibly reduced to GSH. Instead, the OPT3 deletion caused an accumulation 

of GSSG in the ER. 

However, the experimental setup could not rule out, that formed GSSG in the ER was exported to 

the cytosol via an unknown, Opt3-independent mechanism and imported into the vacuole by Ycf1. 

Thus, it was next tested if the Opt3-dependent GSSG phenotype in the system with shifted Gsh2 

was independent of Ycf1 function and thus specific to the endoplasmic reticulum. 

2.4.4 The effect of Opt3 on GSSG levels with ER-targeted Gsh2 is Ycf1 independent 

As a further proof, that Opt3 was exclusively localized in the ER and not in the vacuole, the 

previous system in which the glutathione synthesis was re-localized into the ER by expressing 

p416-ADH-SS-GSH2-HDEL was used. In comparison to the former performed experiment, the 

plasmid was transformed into ∆gsh2∆ycf1 to prevent cytosolic glutathione production and to stop 

the import of cytosolic GSSG into the vacuole. Additionally, to test if the effect of Opt3 on whole 

cell GSSG was Ycf1 independent and thus ER specific, the plasmid p416-ADH-SS-GSH2-HDEL 

was transformed into ∆gsh2∆ycf1∆opt3 and ∆gsh2∆ycf1pTEFOPT3 cells. As a control the three 

strains ∆gsh2∆ycf1, ∆gsh2∆ycf1∆opt3 and ∆gsh2∆ycfpTEFOPT3 were transformed with plasmids 

that carried the cytosolic localized Gsh2 (p416-ADH-GSH2) construct and the Gsh2 construct for 

integration of Gsh2 into the secretory pathway (p416-ADH-SS-GSH2). In all tested strains both, 

whole cell GSH and GSSG was analyzed (Figure 22 and Figure 23). 
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When Gsh2 was synthesized in the cytosol (Cyto-Gsh2) neither the deletion (p = 0.163), nor the 

overexpression (p = 0.650) of OPT3 in combination with YCF1 and GSH2 deletion had an impact 

on cellular GSH levels (Figure 22 A). The same observation was true, when Gsh2 entered the 

endoplasmic reticulum and was transported through the secretory pathway (SP-Gsh2). In all 

tested strains transformed with the p416-ADH-SS-GSH2 construct, approximately 4 mM GSH was 

detected in whole cell lysates (Figure 22 B). 

 

Figure 22 Combined deletion of OPT3 and YCF1 does not affect GSH produced in the ER. GSH concentration 
was measured in whole cell lysates of the cells ∆gsh2∆ycf1, ∆gsh2∆ycf1∆opt3 and ∆gsh2∆ycf1pTEFOPT3. Cells were 
transformed with the plasmids p416-ADH-GSH2 (Cyto-Gsh2), p416-ADH-SS-GSH2 (SP-Gsh2) and p416-ADH-SS-
GSH2-HDEL (ER-Gsh2). OPT3 deletion together with deleted YCF1 did not affect cellular GSSG when strains 
expressed p416-ADH-GSH2 and p416-ADH-SS-GSH2 with cytosolic (left panel) and secretory pathway (right panel) 
localized Gsh2, respectively. However, the strains ∆gsh2∆ycf1, ∆gsh2∆ycf1∆opt3 and ∆gsh2∆ycf1pTEFOPT3 with ER 
localized Gsh2 (ER-Gsh2) had decreased total GSH compared to the same cells with cytosolic or secretory pathway 
Gsh2. At least three independent tests were performed. Error bars denote standard derivations. The stars represent the 
p-value calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

When Gsh2 was re-localized from the cytosol to the ER in ∆gsh2∆ycf1, ∆gsh2∆ycf1∆opt3 and 

∆gsh2∆ycf1pTEFOPT3, cells had less GSH compared to strains with cytosolic GSH production 

(Figure 22 A and C). Interestingly, the GSH content in ∆gsh2∆ycf1 cells with ER-localized Gsh2 

had 1 mM more GSH compared to ∆gsh2∆ycf1∆opt3 cells expressing the same plasmid  

(p = 0.018) (Figure 22 C). Furthermore, the GSH concentration in whole cell lysates increased 

about 1 mM through the stronger expression of OPT3 in the ∆gsh2∆ycf1pTEFOPT3 + p416-ADH-

SS-GSH2-HDEL strain compared to ∆gsh2∆ycf1∆opt3 (p = 0.004) (Figure 22 C). When Gsh2 was 

re-localized to the secretory pathway, neither OPT3 overexpression nor deletion influenced total 

cellular GSH (Figure 22 B). 
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When the glutathione synthesis was exclusively shifted into the ER (ER-Gsh2) both, OPT3 

deletion and overexpression in combination with YCF1 deletion (∆gsh2∆ycf1∆opt3 and 

∆gsh2∆ycf1pTEFOPT3) had a strong impact on cellular GSSG levels (Figure 23 C). While the 

overexpression strain ∆gsh2∆ycf1pTEFOPT3 had a very low GSSG content of ~0.05 mM, the 

depletion of OPT3 in the ∆gsh2∆ycf1∆opt3 strain caused significantly higher GSSG levels of more 

than 0.2 mM compared to ∆gsh2∆ycf1 (p = 1.5 * 10−4) (Figure 23 C). This phenotype was specific 

when Gsh2 was localized in the endoplasmic reticulum since the integration of Gsh2 into the 

complete secretory pathway (SP-Gsh2) showed a different picture. Although cells with pTEFOPT3 

had a strongly decreased GSSG content of ~0.4 mM, the deletion (∆gsh2∆ycf1∆opt3) had no 

impact on cellular GSSG compared to the ∆gsh2∆ycf1 strain with endogenous Opt3 (p = 0.829). 

Interestingly, the total GSSG concentration in cells with Gsh2 in the secretory pathway was in 

general higher compared to those cells which had an ER-localized Gsh2 (Figure 23 B). When 

Gsh2 was expressed as a control in the cytosol (Cyto-Gsh2), the GSSG measured in whole cell 

lysates showed the same pattern as cells with Gsh2 in the secretory pathway. While the deletion 

of OPT3 did not influence cellular GSSG levels (~2.5 mM), overexpressed OPT3 promoted a 

strong decrease in total cellular GSSG (~0.5 mM) (Figure 23 A).  

 

Figure 23 Opt3 modulates GSSG produced upon ER-localized GSH synthesis independently of Ycf1. GSSG 
content measured in whole cell lysates of the cells ∆gsh2∆ycf1, ∆gsh2∆ycf1∆opt3 and ∆gsh2∆ycf1pTEFOPT3. Cells 
were transformed with the plasmids p416-ADH-GSH2 (Cyto-Gsh2), p416-ADH-SS-GSH2 (SP-Gsh2) and p416-ADH-
SS-GSH2-HDEL (ER-Gsh2). Deletion of OPT3 and YCF1 did not affect cellular GSSG when strains express either 
p416-ADH-GSH2 and p416-ADH-SS-GSH2 with cytosolic (A) and secretory pathway (B) localized Gsh2, respectively. 
However, cells with ∆gsh2∆ycf1∆opt3 with ER-localized Gsh2 (ER-Gsh2) had increased cellular GSSG while the 
∆gsh2∆ycf1pTEFOPT3 strain had almost no GSSG compared to cells with endogenous Gsh2 (C). At least three 
independent tests were performed. Error bars denote standard derivations. P-values were calculated in a student’s 
t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 
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In summary, Opt3 co-localization studies paired with analysis of GSSG levels when glutathione 

synthesis was shifted to the ER demonstrated that the ER glutathione pool was influenced by 

Opt3. However, shifting the glutathione biosynthetic pathway into the endoplasmic reticulum did 

not allow to analyze if Opt3 had an impact on dynamic changes in the ER glutathione pool.  

2.5 Opt3 does not affect GSSG formed after cytosolic GSH accumulation 

Former experiments suggested, that increasing the GSSG content in the ER, increases the effect 

of OPT3 deletion and overexpression on total cellular GSSG. Thus, I decided to perform a second 

experiment as an ultimate proof that Opt3 exports GSSG from the ER lumen. To analyze the 

relationship between GSSG production and Opt3 mediated export in the ER in a time dependent 

manner, an inducible system was established. 

2.5.1 Opt1 dependent GSH uptake promotes cellular GSSG formation 

Glutathione import into the ER is regulated. GSH enters the ER via facilitated diffusion (Ponsero 

et al., 2017). Hence, one limiting factor of ER glutathione concentrations is the cytosolic GSH 

concentration. An increase in cytosolic GSH leads to a stronger diffusion gradient between the 

cytosol and the ER and thus to higher ER glutathione concentrations (Ponsero et al., 2017). In S. 

cerevisiae the proton-coupled oligo peptide transporter Opt1, localized in the plasma membrane, 

imports GSH into the cytosol (Bourbouloux et al., 2000; Kumar et al., 2011). When OPT1 is 

overexpressed cells accumulate massive amounts of glutathione (Bourbouloux et al., 2000; 

Kumar et al., 2011; Ponsero et al., 2017; Zimmermann et al., 2021). Thus, OPT1 overexpression 

was used as a tool to increase cytosolic glutathione and consequently ER glutathione. 

Therefore, the overexpression plasmid p416-TEF-OPT1 was constructed and transformed into 

WT cells and cells, with deleted or overexpressed OPT3. With the transformed strains WT + p416-

TEF-OPT1, ∆opt3 + p416-TEF-OPT1 and pTEFOPT3 + p416-TEF-OPT1 a pulse-chase experiment 

was performed. Thereby GSH and GSSG content of cell lysates was analyzed immediately before 

induction with 0.1 mM GSH, 30 min after the glutathione pulse and 60 min after recovery in 

glutathione free media (Figure 24).  

Before induction with glutathione the GSH concentration in WT, ∆opt3 and pTEFOPT3 containing 

the p416-TEF-OPT1 plasmid was similar. All three strains had GSH concentrations of around  

5 mM, what was consistent with measurements of former experiments (Figure 24 A). However, 
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after the incubation with extracellular reduced glutathione, the cellular GSH concentration strongly 

increased. While WT cells accumulated up to ~37 mM GSH, the strains ∆opt3 and pTEFOPT3 had 

GSH concentrations of ~27 mM and ~29 mM, respectively. In all the three tested strains GSH 

concentrations slightly decreased after cells were washed and recovered in fresh media without 

glutathione. Interestingly, the GSH levels in the WT strain were significantly higher than in ∆opt3 

(p = 0.025), whereas GSH concentrations of WT and pTEFOPT3 were equal (p = 0.468)  

(Figure 24 A).  

 

Figure 24 OPT1 overexpression leads to a massive accumulation of cellular GSH. Whole cell lysates were 
analyzed for GSH and GSSG content of strains WT + p416-TEF-OPT1, ∆opt3 + p416-TEF-OPT1 and pTEFOPT3 + 
p416-TEF-OPT1. All cells grew in 60 ml HC−ura selection media without supplemented glutathione till log phase, before 
GSH and GSSG content was determined. To the remaining culture 0.1 mM GSH was added and incubated for 30 min. 
After the glutathione pulse, the culture was split. In one sample glutathione content was immediately determined after 
the pulse. The other sample was washed twice with sterile water to remove remaining GSH and inoculated in fresh 
media without glutathione. After one-hour recovery GSH and GSSG concentration was determined. The GSH pulse 
caused massive accumulation of cellular GSH in all strains. Cellular GSSG content increased after the GSH pulse and 
stayed stably high for 60 min. At least three independent tests were performed. Error bars denote standard derivations. 
P-values were calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***).   

While GSH concentrations of WT cells were nearly eight times higher after the glutathione pulse, 

cellular GSSG levels were just about two times higher in these cells (Figure 24 B). Before OPT1 

overexpressing cells were transferred into media with GSH, the GSSG concentration in WT cells 

was around 0.4 mM and equal to the GSSG content in the ∆opt3 strain (p = 0.874). Compared to 

WT and OPT3 deletion, the OPT3 overexpression strain had approximately eight-fold lower levels 

of GSSG (p-values < 0.001). Interestingly, when GSH was added to the cells, the GSSG 
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concentrations in all three strains (WT, ∆opt3 and to pTEFOPT3) increased by approximately 0.4 

mM (Figure 24 B). Thus, WT and ∆opt3 strains had more absolute GSSG compared to pTEFOPT3 

but OPT3 overexpression had no effect on the additionally formed GSSG after glutathione 

treatment. After washing and incubating cells in fresh media without glutathione the GSSG 

concentrations in WT and ∆opt3 deletion strains stayed constant, whereas the glutathione disulfide 

concentration in the pTEFOPT3 overexpression further increased from approximately 0.6 mM to 

1.1 mM (Figure 24 B). 

In summary, overexpressing OPT1 led to a massive increase in cellular GSH. Taken into concern 

that GSH diffuses from the cytosol into the ER also the ER glutathione levels must have been 

increased (Ponsero et al., 2017). Because of the oxidizing environment of the endoplasmic 

reticulum incoming GSH might get oxidized (Appenzeller-Herzog, 2011; Ponsero et al., 2017). 

Interestingly, after incubation with glutathione the cellular GSSG concentration increased in 

wild-type, OPT3 deletion and overexpression strains to the same fold. This indicated that genetic 

manipulation of OPT3 had no influence on formed GSSG after the influx of GSH. However, it 

remained unclear whether Opt1 imported GSH in the media was elevating ER GSSG levels as 

assumed. Thus, further experiments should clarify where exactly additionally formed GSSG was 

localized in the cell. 

2.5.2 GSSG formed during cellular GSH influx is not stored in the vacuole 

First tests with overexpression of OPT1 lead to an enormous increase in cellular GSH and GSSG 

levels after cells were incubated in media supplemented with GSH. Since, neither OPT3 deletion 

nor overexpression influenced the increased cellular GSSG levels it was now tested whether the 

measured GSSG was formed in the cytosol and stored in the vacuole.  

Therefore, strains were used, which had a deleted or overexpressed OPT3 gene and an additional 

knockout in YCF1 (∆ycf1∆opt3 and ∆ycf1pTEFOPT3). As a control a single ∆ycf1 deletion strain 

was used. To enable glutathione uptake into the cells, all strains were transformed with the OPT1 

overexpression plasmid p416-TEF-OPT1. Like the previous performed experiment reduced and 

oxidized glutathione was determined in all strains (∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + p416-

TEF-OPT1 and ∆ycf1pTEFOPT3 + p416-TEF-OPT1) before and after incubation with 0.1 mM GSH. 

Additionally, GSH and GSSG content was analyzed after 1h recovery in glutathione free media. 



 
  Results 

53 
  

 

Figure 25 Whole cell GSSG content after GSH pulse is Ycf1 independent. Whole cell GSH and GSSG content of 
strains ∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + p416-TEF-OPT1 and ∆ycf1pTEFOPT3 + p416-TEF-OPT1 was analyzed. 
All cells grew in 60 ml HC−ura selection media without supplemented glutathione till log phase, before GSH and GSSG 
content was determined. To the remaining culture 0.1 mM GSH was added and incubated for 30 min. After the 
glutathione pulse, the culture was split. In one sample glutathione content was immediately determined after the pulse. 
The other sample was washed twice with water to remove remaining GSH and inoculated in fresh media without 
glutathione. After one-hour recovery GSH and GSSG concentrations were determined. The GSH pulse caused massive 
accumulation of cellular GSH in all strains. Cellular GSSG content increased after the GSH pulse and stayed stably 
high for 60 min. At least three independent tests were performed. Error bars denote standard derivations. P-values were 
calculated in a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

Before glutathione was added to the strains ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 containing 

p416-TEF-OPT1, all of them had similar GSH content of around 5 mM (Figure 25 A). After 

incubation in HC media supplemented with 0.1 mM GSH, all tested strains accumulated 

comparable amounts of total GSH (~25 mM). The GSH content in whole cell lysates remained 

constantly high after transferring the cells back to glutathione free media (Figure 25 A). Beside the 

cellular GSH content also GSSG concentrations in the tested strains increased after the GSH 

pulse. Thereby, the pattern of GSSG concentrations with additional knockout of YCF1 was 

comparable to GSSG concentrations found whenYcf1 was present: while the GSSG content in 

OPT1 overexpressing ∆ycf1 and ∆ycf1∆opt3 was around 0.7 mM, the ∆ycf1pTEFOPT3 + p416-

TEF-OPT1 had approximately 0.4 mM GSSG, which was significantly less than in ∆ycf1∆opt3  

(p = 0.048) (Figure 25 B). 

These observations suggested that accumulation of GSSG after Opt1 mediated GSH uptake to 

the cytosol was Ycf1 independent. Thus, it remained unclear where GSSG in the cell was formed. 
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2.5.3 The cytosol stays robustly reduced when GSH is taken up 

GSSG formed in the cell after Opt1 mediated uptake of GSH is Ycf1 independent, what suggested 

that GSSG was not formed in the cytosol and then exported to the vacuole. However, to exclude, 

that GSSG was imported into the vacuole via an Ycf1-independent mechanism, it was tested if 

GSSG was formed in the cytosol after Opt1-mediated GSH import from the media. Thus, cytosolic 

GSSG formation was monitored during a pulse with 0.1 mM GSH in real time. 

Therefore, the strains WT + p416-TEF-OPT1, ∆opt3 + p416-TEF-OPT1 and pTEFOPT3 + p416-

TEF-OPT1 were transformed with a second plasmid encoding the cytosolic glutathione sensor 

Grx1-roGFP2 (p415-TEF-GRX1-roGFP2). To additionally investigate if YCF1 deletion has an 

impact on the cytosolic glutathione homeostasis during GSH uptake the strains ∆ycf1, ∆ycf1∆opt3, 

and ∆ycf1pTEFOPT3 were transformed with the same plasmids. Both, the untreated steady state 

of the cytosol as well as the sensor response during an impulse of 0.1 mM GSH were recorded 

(Figure 26). 

Under steady state condition the Grx1-roGFP2 sensor was strongly reduced (~10% oxidized) in 

WT cells with overexpressed OPT1 as shown in Figure 26 A. Also, the additional deletion or 

overexpression of OPT3 did not influence the degree of Grx1-roGFP2 oxidation (OxD)  

(Figure 26 A), implicating that the cytosolic glutathione pool was not altered by Opt3. An additional 

deletion of YCF1 in the OPT3 deletion or overexpression backgrounds did not change the 

oxidation state of the Grx1-roGFP2 sensor (Figure 26 C). When 0.1 mM extracellular GSH was 

added, the cytosolic glutathione pool of WT stayed reduced. Neither the deletion of OPT3 nor the 

overexpression affected cytosolic glutathione after the GSH pulse (Figure 26 B). In strains with 

additional lack of Ycf1 (∆ycf1∆opt3 and ∆ycf1pTEFOPT3), the Grx1-roGFP2 sensor remained 

constantly reduced and did not get oxidized when GSH was entering the cytosol. Consequently, 

Ycf1 depletion did not affect cytosolic glutathione. 

In conclusion, during the strong uptake of GSH from the media, the cytosol remains robustly 

reduced. This might explain why GSSG is Ycf1 independent during GSH uptake and rules out that 

GSSG is shunted into the vacuole via an unknown transport mechanism. 
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Figure 26 Cytosolic glutathione remains reduced during the accumulation of GSH. The cells BY4742 wild-type, 
∆opt3, pTEFOPT3, ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 containing a p416-TEF-OPT1 plasmid were additionally 
transformed with p415-TEF-GRX1-roGFP2. Cells were grown over night in corresponding growth media and 
resuspended the next day to an OD600 = 7.5 in fresh growth media. The cells were transferred to a 96-well plate and 
fluorescent roGFP2 signal was recorded in a fluorescent-plate-reader based assay. A and C: Samples without GSH 
treatment. B and D:  measurement was paused after 5 cycles and 20 µl of in media dissolved GSH was added to the 
samples (final concertation: 0.1 mM) before recording was continued. At least three independent experiments were 
performed. Error bars denote standard derivations. P-values were calculated with the student t-test for statistical 
analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

2.5.4 Cells accumulate GSH after cellular GSSG application 

Previous experiments showed that an influx of GSH into the cell not just led to an increase in 

cellular GSH but also in GSSG. It was further shown that the cytosolic glutathione pool remained 

robustly reduced. This observation indicated that the measured glutathione disulfide in whole cell 

lysates must had a non-cytosolic origin and thus was formed in another cellular compartment. 

However, deletion or overexpression of OPT3 had no effect on the newly formed GSSG. 

The transport direction of secondary active transporters like oligopeptide transporter often 

depends on electro-chemical gradients (Becerra-Rodríguez et al., 2020; Lubkowitz, 2011). Thus, 
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inversion of the electrochemical gradient might alter transport direction. Hence, it was next 

investigated whether the induction with GSSG instead of GSH would lead to an effect of OPT3 

deletion and overexpression on the cellular GSSG content through the immense accumulation of 

GSSG in the cytosol. 

 

Figure 27 OPT1 overexpression causes a massive accumulation of cellular GSH. Whole cell GSH and GSSG 
content of strains WT + p416-TEF-OPT1, ∆opt3 + p416-TEF-OPT1 and pTEFOPT3 + p416-TEF-OPT1 was analyzed. 
All cells grew in 60 ml HC−ura selection media without supplemented glutathione till log phase, before GSH and GSSG 
content was determined. To the remaining culture 0.05 mM GSSG was added and incubated for 30 min. After the 
glutathione pulse, the culture was split. In one sample glutathione content was immediately determined after the pulse. 
The other sample was washed twice with water to remove remaining GSSG and inoculated in fresh media without 
glutathione. After one-hour recovery GSH and GSSG concentrations were determined. Error bars denote standard 
derivations. The GSSG pulse caused massive accumulation of cellular GSH in all strains. P-values were calculated 
using a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

Therefore, wild-type cells and strains with deleted (∆opt3) or overexpressed OPT3 (pTEFOPT3) 

were transformed with a p416-TEF plasmid carrying OPT1 controlled by a high expression 

promoter (p416TEF-OPT1). Like in the experiment before, whole cell glutathione in three different 

samples of each strain (WT + p416-TEF-OPT1, ∆opt3 + p416-TEF-OPT1 and pTEFOPT3 + p416-

TEF-OPT1) was measured. In the first sample cells grew in media without GSSG. Remaining cells 

were supplemented with 0.05 mM GSSG and incubated for half an hour at 30°C. Afterwards cells 

were divided into two samples. While one sample was measured immediately after GSSG pulse, 

the other sample was washed and transferred to media without glutathione and recovered for 1h 

at 30°C and total GSH and GSSG was determined. 
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When GSH concentration was analyzed in the OPT1 overexpressing strains WT, ∆opt3 and 

pTEFOPT3 it was surprising that after the injection of 0.05 mM GSSG into the media the GSH levels 

increased much more compared to cellular GSSG (Figure 27 A). The GSH content of all the tested 

strains was similar after the GSSG pulse. Even after the washout of GSSG from the media all 

strains maintained high GSH levels, although ∆opt3 had ~15 mM lower GSH levels compared to 

WT (p = 0.039). After the pulse of GSSG, all tested strains had approximately 1.2 mM total cellular 

GSSG (Figure 27 B). Interestingly, the cellular GSSG content was just approximately 200 µM 

higher after treatment with extracellular GSSG compared to the same mutants after treatment with 

GSH in before performed experiments. Nevertheless, the genetic manipulation of OPT3, did not 

affect the GSSG content and thus I speculated if the additional GSSG might be exported from the 

cytosol into the vacuole before transported to the ER. Additionally, it was surprising that although 

the tested strains were treated with GSSG, they just accumulated small amounts. Instead, almost 

all additionally measured glutathione was present in its reduced form. 

2.5.5 GSSG is not exported to the vacuole via Ycf1 after uptake from the media 

Overexpression of the plasma membrane transporter OPT1 leads to an enormous uptake of 

glutathione form the media into the cytosol (Bourbouloux et al., 2000; Kumar et al., 2011; Ponsero 

et al., 2017). Former experiments showed, that GSH as well as GSSG is taken up by Opt1  

(Figure 24 and Figure 27). Interestingly it made no difference in cellular glutathione whether GSH 

or GSSG is transported into the cell. Under both conditions yeast cells accumulated high amounts 

of GSH while GSSG was comparatively low. However, cellular GSSG levels in strains incubated 

in media with GSSG were slightly higher compared to the same strains incubated in media with 

supplemented GSH. Furthermore, the manipulation of OPT3 expression levels did not influence 

cellular GSSG. Thus, it was investigated if GSSG imported via Opt1 was exported from the cytosol 

to the vacuole by Ycf1. 

To test this, GSH and GSSG content in the cells ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 containing 

the plasmid p416-TEF-OPT1 was analyzed before and after a pulse of 0.05 mM GSSG. Additional 

GSH and GSSG content was determined in samples (∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + 

p416-TEF-OPT1 and ∆ycf1pTEFOPT3 + p416-TEF-OPT1) which recovered for 1h after GSSG 

induction in glutathione free fresh media. (Figure 28). 
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Figure 28 GSSG is not importet to the vacuole when GSSG is imported by Opt1. Whole cell GSH and GSSG 
content of strains ∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + p416-TEF-OPT1 and ∆ycf1pTEFOPT3 + p416-TEF-OPT1 was 
analyzed. All cells grew in 60 ml HC−ura selection media without supplemented glutathione till log phase, before GSH 
and GSSG content was determined. To the remaining culture 0.05 mM GSSG was added and incubated for 30 min. 
After the glutathione pulse, the culture was split. In one sample glutathione content was immediately determined after 
the pulse. The other sample was washed twice with water to remove remaining GSSG and inoculated in fresh media 
without glutathione. After one-hour recovery GSH and GSSG concentration was determined. The GSH pulse caused 
massive accumulation of cellular GSH in all strains. Cellular GSSG content increased after the GSH pulse and stayed 
stably high for 60 min. At least three independent tests were performed. Error bars denote standard derivations. P-
values were calculated using a student’s t-test for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

In the tested strains ∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + p416-TEF-OPT1 and ∆ycf1pTEFOPT3 

+ p416-TEF-OPT1 the cellular GSH concentration increased approximately 25-30 mM when cells 

were incubated in media with supplemented GSSG. However, YCF1 deletion alone and in 

combination with deleted or overexpressed OPT3 had no effect on the elevated GSH content. 

Surprisingly, the GSH concentration in ∆ycf1 (p = 0.004) and ∆ycf1∆opt3 (p = 0.03) significantly 

decreased after glutathione washout and incubation in growth media without GSH or GSSG to  

25 mM (Figure 28 A). Compared to results when cells had a functional Ycf1 (Figure 27), the YCF1 

deletion in ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 strains did influence the cellular GSSG content 

when cells were incubated in media supplemented with GSSG and led to a decrease of 

approximately 200 µM GSSG in the cells (Figure 28 B). Additionally, the GSSG content in all 

tested cells was still higher compared to the GSSG concentration of the same strains incubated 

in media with supplemented GSH (Figure 25). Between the OPT1 overexpressing cells ∆ycf1, 

∆ycf1∆opt3 and ∆ycf1pTEFOPT3 was no difference in whole cell GSSG content after the GSSG 

pulse. 



 
  Results 

59 
  

In summary the uptake of extracellular GSSG via Opt1 led to both, the increase of cellular GSH 

and GSSG. However, Opt3 did neither affect cellular GSH nor GSSG levels. Interestingly, Ycf1 

did just modulate minor GSSG amounts of cells after GSSG uptake, what suggested that indeed 

most GSSG was not stored in the vacuole.  

2.5.6 The cytosolic glutathione pool stays reduced after treatment with GSSG 

Under physiological conditions, the reduced cytosolic glutathione pool is robustly maintained by 

an interplay of Glr1-mediated reduction as well as other reductive systems such as glutaredoxins 

or thioredoxins and Ycf1-mediated vacuolar import of GSSG (Forman et al., 2009; Iversen et al., 

2010; Morgan et al., 2013; Wang et al., 2014). Since in the GSSG pulse chase experiment, the 

genetical manipulation of YCF1 expression had just a minor effect on the total cellular GSSG 

content, it was next tested how the cytosolic glutathione pool was responding to the large incoming 

GSSG amounts.  

To retrace what happens to GSSG immediately after import to the cytosol, the cytosolic glutathione 

redox state was analyzed. Thus, the cytosolic glutathione sensor Grx1-roGFP2 was expressed 

from a plasmid in the yeast strains WT + p416-TEF-OPT1, ∆opt3 + p416-TEF-OPT1 +, pTEFOPT3 

+ p416-TEF-OPT1, ∆ycf1 + p416-TEF-OPT1, ∆ycf1∆opt3 + p416-TEF-OPT1 and ∆ycf1pTEFOPT3 

+ p416-TEF-OPT1. In all the transformed strains roGFP2 signal was monitored in real time with 

and without the addition of GSSG (Figure 29). 

Under steady state conditions, the degree of oxidized Grx1-roGFP2 probe in a WT cell with 

overexpressed OPT1 was about 10% what reflects a strongly reduced glutathione pool  

(Figure 29 A). Neither the deletion nor the overexpression of OPT3 affected the cytosolic 

glutathione redox state. The additional deletion of Ycf1 in the strains ∆ycf1, ∆ycf1∆opt3 and 

∆ycf1pTEFOPT3 containing the OPT1 overexpression plasmid, did also not influence cytosolic 

glutathione homeostasis (Figure 29 C). The addition of 0.05 mM GSSG led to the same roGFP2 

response in all tested strains: probe oxidation increased immediately after GSSG injection up to 

~40%. Interestingly, the probe oxidation recovered fast and after 10 min 20% of the roGFP2 

molecules stayed constantly oxidized (Figure 29 B and D). However, probe oxidation did not 

recover completely to steady state oxidation levels. 
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Figure 29 The cytosolic glutathione pool remains reduced during GSSG influx. The cells BY4742 WT, ∆opt3, 
pTEFOPT3, ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 containing a p416-TEF-OPT1 plasmid were transformed with 
p415-TEF-GRX1-roGFP2. Cells were incubated overnight in corresponding growth media and resuspended the next 
day to an OD600 = 7.5 in fresh growth media. The cells were transferred to a 96-well plate and fluorescent roGFP2 signal 
was recorded in a fluorescent-plate-reader based assay. A and C: Samples without GSSG treatment. B and D:  
measurement was paused after 5 cycles and 20 µl of in media dissolved GSSG was added to the samples (final 
concertation: 0.05 mM) before recording was continued. At least three independent experiments were performed. Error 
bars denote standard derivations. 

Since even in the OPT1 overexpression containing strains ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 

the cytosol was strongly reduced after GSSG injection, it seemed possible that the reduced 

cytosolic glutathione pool is mainly obtained by Glr1 mediated reduction than through the export 

form GSSG to the vacuole. 

2.5.7 Exogenous GSSG is immediately reduced after uptake into the cytosol 

After the investigation that although GSSG was taken up via Opt1 into the cell, the cytosol stayed 

strongly reduced it was next analyzed, if the incoming GSSG became enzymatically reduced in 

the cytosol. I assumed that a lack in Glr1 paired with overexpressed OPT1 would perturb the 

reduced cytosolic glutathione pool when cells are treated with GSSG. 
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To test this hypothesis, the plasmids p416-TEF-OPT1 and p415-TEF-GRX1-roGFP2 were 

transformed in the GLR1 deletion strain. The roGFP2 response was recorded in the  

∆glr1 + p416-TEF-OPT1 + p415-TEF-GRX1-roGFP2 strain and steady state levels were 

compared to the probe response after the injection of 0.05 mM GSSG into the media. 

 

Figure 30 Glr1 reduces immediately Opt1 imported GSSG in the cytosol. The ∆glr1 strain containing a p416-TEF-
OPT1 plasmid was transformed with p415-TEF-GRX1-roGFP2. Cells were incubated overnight in corresponding growth 
media and resuspended the next day to an OD600 = 7.5 in fresh growth media. The cells were transferred to a 96-well 
plate and fluorescent roGFP2 signal was recorded in a fluorescent-plate-reader based assay. A: Sample without GSSG 
treatment. B: Measurement was paused after 5 cycles and 20 µl of GSSG dissolved in media was added (indicated with 
the black arrow) to the samples, (final concertation: 0.05 mM) before recording was continued. At least three 
independent experiments were performed. Error bars denote standard derivations. 

The knockout of GLR1 led to a stronger roGFP2 oxidation compared to WT cells analyzed in 

former experiments when cytosolic glutathione redox state was monitored (Figure 30 A). However, 

more exciting was the probe response after the injection of GSSG into the media. Directly after 

the injection 80% of the roGFP2 molecules became oxidized. Moreover, the degree of sensor 

oxidation dropped after 5 min to 60% and stayed constantly high (Figure 30 B). Hence, the roGFP2 

response suggested a decreased cytosolic capacity to reduce GSSG. In reverse, the here made 

observation revealed, that GSSG imported by Opt1 is efficiently reduced by Glr1. 

In summary, genetical manipulation of OPT3 did not affect GSSG formed after cellular GSH influx. 

Thus, I speculated, that if GSSG was formed in the ER, one reason for loss of Opt3 function might 

be protein inhibition. 
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2.5.8 Cellular glutathione influx does not affect cytosolic pH 

Members of the OPT-family are secondary active transporters, which are energized by a proton 

gradient (Becerra-Rodríguez et al., 2020; Kotyk, 1994; Lubkowitz, 2011; Osawa et al., 2006). 

Thus, Opt1 as proton coupled glutathione transporter, might influence the pH of the cytosol when 

highly overexpressed. Since these changes in pH eventually alter the activity of Opt3, cytosolic 

pH during GSH uptake was analyzed. 

Therefore, the cytosolic pH was monitored during GSH induction using the well-established GFP 

based sensor pHluorin. Wild-type GFP has two potential excitation maxima (395 nm and 475 nm), 

depending on the protonation state of Tyr66 (Remington, 2011). Since, the excitation spectra of 

GFP is stable in pH ranges from 5.5 to 10, Miesenböck et al. substituted several amino acids to 

facilitate the switch between protonated and deprotonated Tyr66 in a pH dependent manner 

(Miesenböck et al., 1998). Thereby, they constructed a new sensor (pHluorin) with a sensitivity 

from pH 7.5 to 5.5. Hence, pHluorin has two pH dependent ratiometric excitation maxima with 

peaks at 395 nm (high pH) and 475 nm (low pH) (Miesenböck et al., 1998). 

To test whether Opt3 function was impaired due to cytosolic pH changes during GSH influx, the 

yeast strains BY4742 WT, ∆opt3, pTEFOPT3 were co-transformed with a 

p413-MET25-PHLUORIN plasmid and p415-TEF-OPT1 (∆opt3 + p416-MET25-PHLUORIN + 

p415-TEF-OPT1, pTEFOPT3 + p416-MET25-PHLUORIN + p415-TEF-OPT1 and WT + 

p416-MET25-PHLUORIN + p415-TEF-OPT1). In all tested strains the fluorescent excitation at 

wavelength 410 nm and 470 nm was recorded. After 15 cycles, 0.1 mM GSH was added to the 

samples and measurement was continued. While the 410 nm / 470 nm ratio of the first 15 cycles 

represents the steady state cytosolic pH (Figure 31 A), the difference between the 410 nm / 470 

nm ratio of the last 15 cycles after GSH induction and the 410 nm / 470 nm ratio of first 15 

measurement cycles before induction (Figure 31 B), represent the change in pH after glutathione 

induction (∆pH). 
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Figure 31 Cellular GSH influx slightly decreases cytosolic pH. BY4742 WT, ∆opt3 and pTEFOPT3 cells were 
transformed with the plasmids p416-MET25-PHLUORIN and p415-TEF-OPT1. For pH determination cells grew 
overnight and next day resuspended to an OD600 = 7.5 in fresh media or buffer solutions as standards reaching from 
5.5 to 7.5. Both standards and media samples were transferred to a falcon 96-well-plate and fluorescent emission 
intensity was recorded for excitation wavelength 410 nm and 470 nm. After 15 cycles of measurement, 0.1 mM GSH 
was added to the samples. While the 410 nm / 470 nm ratio of the first 15 cycles represents the cytosolic pH steady 
state (A), (B) the difference of steady state to the 410 nm / 470 nm ratio of the last 15 measured cycles after GSH 
inductions represents the GSH dependent change in pH (∆pH). At least three independent experiments were performed. 
Error bars denote standard derivations. 

WT cells had a cytosolic pH of ~7 under steady state conditions (before the induction with GSH). 

This neutral pH was similar in cells with OPT3 deletion and overexpression (Figure 31 A). 

Remarkably, when GSH was induced, the pH in all three tested strains decreased around 0.2, 

which corresponds approximately to a pH of 6.8 (Figure 31 B). Thus, there was no difference in 

pH change between WT and ∆opt3 (p = 0.618) or pTEFOPT3 (p = 0.9). 

In summary cytosolic pHluorin measurements showed, that high Opt1 activity slightly decreases 

pH in the cytosol when GSH is transported into the cell. However, it remains elusive if such a small 

decrease in pH can alter Opt3 activity. A further hypothesis why Opt3 did not have any influence 

on the increased GSSG levels when Opt1 was overexpressed was, that glutathione transport via 

Opt3 might be regulated via post-translational modifications. 
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2.6 Opt3 activity is not regulated via cysteine oxidation 

In some previous preformed experiments, Opt3 did not affect cellular GSSG e.g., when cellular 

glutathione levels were manipulated through overexpressed OPT1 or in ∆glr1 mutants. However, 

regulated activation and inactivation of Opt3 would possibly explain previous observations. In 

yeast, proteins are often regulated via post-translational modifications (Mieyal and Chock, 2012; 

Oliveira and Sauer, 2012; Seres et al., 1996). The thiol group (-SH) of cysteine residues is often 

crucial for a protein and modifications can modulate protein stability or activity (Seres et al., 1996). 

One important cysteine residue modification is the reversible protein-S-glutathionylation in which 

glutathione forms a mixed disulfide with proteins cysteine residues (PSSG) (Chandel and 

Bachhawat, 2017; Halloran et al., 2013; Ye et al., 2017). This mechanism can protect thiols from 

irreversible oxidation, modulates signals and activates or inactivates several proteins (Mailloux, 

2020). Interestingly also Ycf1 function, can be regulated via post-translational cysteine 

modification under oxidative conditions (Paumi et al., 2008). I therefore questioned if Opt3 

regulation also occurs via post translational cysteine modification. 

 

Figure 32 Opt3 amino-acid sequence. Opt3 has 725 amino-acids and a molecular mass of approximately 80 kDa. 
The protein has eleven cysteine residues at the positions 65, 205, 320, 452, 459, 565, 572, 584, 607, 623 and 719 
(highlighted in yellow).   

Opt3 has eleven cysteines at positions 65, 205, 320, 452, 459, 565, 572, 584, 607, 623 and 719 

(Figure 32). While some of the cysteine residues eventually form disulfides for protein stability 
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e.g., in transmembrane domains, others might be potential targets for post-translational cysteine 

modifications. However, it was difficult to predict the Opt3 membrane domains since the results 

gained from different membrane prediction algorithms differed from each other (Supplement 

Figure 1). Consequently, to investigate if one of the cysteines is important for Opt3 function, all 

eleven cysteines were separately mutated to alanine and expressed from a p416-TEF backbone 

(p416-TEF-OPT3-C65A, p416-TEF-OPT3-C205A, p416-TEF-OPT3-C320A, p416-TEF-OPT3-

C452A, p416-TEF-OPT3-C459A, p416-TEF-OPT3-C565A, p416-TEF-OPT3-C572A, p416-

TEF-OPT3-C584A, p416-TEF-OPT3-C607A, p416-TEF-OPT3-C623A, p416-TEF-OPT3-C719A). 

2.6.1 Opt3 cysteine mutants can maintain viability of the ∆gsh2∆opt3 strain 

Before the impact of the Opt3 cysteine mutations, in regard to their effect on cellular GSSG content 

was analyzed, it was tested whether the individual Opt3 mutations could rescue the lethal 

∆gsh2∆opt3 phenotype. 

Therefore, the strain ∆gsh2∆opt3 was transformed with the different Opt3 mutation constructs 

(p416-TEF-OPT3-C65A, p416-TEF-OPT3-C205A, p416-TEF-OPT3-C320A, p416-TEF-OPT3-

C452A, p416-TEF-OPT3-C459A, p416-TEF-OPT3-C565A, p416-TEF-OPT3-C572A, p416-

TEF-OPT3-C584A, p416-TEF-OPT3-C607A, p416-TEF-OPT3-C623A, p416-TEF-OPT3-C719A). 

Additionally, a Opt3 WT version was expressed from a p416-TEF vector as positive control. As 

negative control, ∆gsh2∆opt3 cells transformed with an empty plasmid were used. All tested 

strains were grown on corresponding HC−ura plates supplemented with 2 µM reduced glutathione. 

before they were re-streaked on HC−ura plates with and without glutathione. To ensure that the 

cellular glutathione was completely depleted in cells grown on HC plates without additional 

glutathione, a second round of re-streak was performed. Afterwards the growth phenotype of 

individual strains was analyzed (Figure 33). 

When cells were plated on HC−ura plates supplemented with glutathione, the ∆gsh2∆opt3 strains, 

transformed with Opt3 cysteine mutants, grew as well as the ∆gsh2∆opt3 strain with Opt3 and the 

empty vector control (Figure 33). Interestingly, the Opt3 cysteine mutants rescued the lethal 

phenotype of the ∆gsh2∆opt3 background when the cells were plated on media without 

supplemented GSH (Figure 33). The as negative control functioned ∆gsh2∆opt3 p416-TEF-empty 

strain did not grow on HC−ura plates without glutathione. 
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Figure 33 Opt3 cysteine mutants rescue lethality of the ∆gsh2∆opt3 double knock-out. ∆gsh2∆opt3 cells were 
transformed with plasmids containing different OPT3 variants with individually mutated cysteine residues as indicated 
by the layout. As negative and positive control, the same strain was transformed with a p416-TEF empty plasmid and 
p416-TEF-OPT3, respectively. All tested strains grew on GSH containing growth plates before shifted for 24h to growth 
plates with or without glutathione. The cells were re-streaked twice on corresponding fresh growth plates and before 
imaged to ensure total cellular GSH depletion. The growth plates illustrated in this figure represents one set of at least 
three independent repeats. 

In fact, the experiment demonstrated that the mutation of a single Opt3 cysteine does not alter 

Opt3 ability to rescue the lethal phenotype of the ∆gsh2∆opt3 strain and thus suggested that Opt3 

function is intact. 

2.6.2 Opt3 cysteine mutants affect whole cell GSSG concentrations 

The overexpression of OPT3 leads to a decrease in whole cell GSSG content. Thus, it was next 

tested whether Opt3 cysteine mutants decrease the cellular GSSG content in a ∆opt3 deletion 

strain like overexpressed endogenous OPT3. 
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Therefore, the GSH and GSSG concentration was determined in a ∆opt3 strain overexpressing 

the different Opt3 variants (p416-TEF-OPT3-C65A, p416-TEF-OPT3-C205A, p416-TEF-OPT3-

C320A, p416-TEF-OPT3-C452A, p416-TEF-OPT3-C459A, p416-TEF-OPT3-C565A, p416-

TEF-OPT3-C572A, p416-TEF-OPT3-C584A, p416-TEF-OPT3-C607A, p416-TEF-OPT3-C623A, 

p416-TEF-OPT3-C719A). Further ∆opt3 was transformed with p416-TEF empty and 

p416-TEF-OPT3 plasmids as negative and positive controls, respectively (Figure 34 and  

Figure 35). 

When compared to overexpressed OPT3 none of the cysteine mutations significantly affected the 

cellular GSH concentration. Thereby, all cells overexpressing the different OPT3 mutations 

including the wild-type OPT3 overexpressing strain had GSH concentrations of approximately  

8 mM and thus no significant difference to the ∆opt3 empty control (Figure 34). 

 

Figure 34 Total cellular GSH is unaffected by Opt3 cysteine mutants. BY4742 ∆opt3 cells were transformed with 
plasmids containing different OPT3 mutations. Each mutation variant has a single Opt3 cysteine to alanine substitution. 
As positive and negative control, ∆opt3 expressing OPT3 and transformed with an empty plasmid was used, 
respectively. Whole cell lysates of all tested strains were prepared and total GSH was determined using the 
DTNB-recycling assay. At least three independent experiments were performed. Error bars denote standard derivations. 
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The ∆opt3 p416-TEF empty strain had approximately 0.8 mM GSSG. This result was comparable 

to the GSSG concentrations of a ∆opt3 strain in previous experiments. Whole cell lysates of the 

∆opt3 strain with Opt3 as positive control, had decreased GSSG concentrations of around  

0.2 mM. Interestingly, all the OPT3 cysteine mutants expressing ∆opt3 strains a decreased total 

GSSG content of around 0.2 mM, which was significantly lower than ∆opt3 cells transformed with 

the empty plasmid (p-values < 0.001) (Figure 35). This observation suggested that the single 

mutation of the different Opt3 cysteines to alanine had no impact on Opt3 function and thus it 

excluded that Opt3 activity was activated via cysteine modifications during physiological growth 

conditions. 

 

Figure 35 Opt3 is not activated via protein cysteine modifications. BY4742 ∆opt3 cells were transformed with 
plasmids containing different OPT3 mutations. Each mutation variant has a single Opt3 cysteine to alanine substitution. 
As positive and negative control, ∆opt3 expressing OPT3 and transformed with an empty plasmid was used, 
respectively. Whole cell lysates of all tested strains were prepared and GSSG was determined using the DTNB-recycling 
assay. At least three independent experiments were performed. Error bars denote standard derivations. 

Previous experiments identified different conditions in which OPT3 deletion and overexpression 

had no effect on cellular GSSG. Thus, it was next tested whether under such conditions transport 

activity was inhibited by cysteine modification. 
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2.6.3 Opt3 cysteine modifications do not inhibit GSSG transport activity 

First tests, in which the Opt3 cysteines were individually mutated to alanine and expressed in cells, 

revealed that Opt3 function was not affected by the mutations showing that regulation is possibly 

independent of posttranslational cysteine modifications. In previous experiments situations were 

observed in which OPT3 overexpression had no effect on cellular GSSG levels e.g., when OPT3 

was overexpressed in a ∆glr1 background. Since, deleting GLR1 results in a massive influx of 

GSSG into the vacuole I decided to rule out that a potential inhibition of Opt3 when GLR1 was 

deleted, would falsify the before made observation that Opt3 function was Ycf1 independent. 

A strain lacking OPT3 and GLR1 was transformed with plasmids containing OPT3 as control and 

the different OPT3 cysteine mutants. In all strains, both GSH and GSSG concentration was 

analyzed (Figure 36 and Figure 37). 

 

Figure 36 Opt3 cysteine mutants do not affect whole cell GSH content in a ∆glr1∆opt3 background. ∆glr1∆opt3 
cells were transformed with plasmids containing different OPT3 mutations. Each mutation variant had a single Opt3 
cysteine to alanine substitution. As positive control, a ∆glr1∆opt3 strain transformed with Opt3 was used. Whole cell 
lysates of all tested strains were prepared and GSH was determined using the DTNB-recycling assay. At least three 
independent experiments were performed. Error bars denote standard derivations. 
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The GSH concentration of ∆glr1∆opt3 cells was similar when OPT3 cysteine mutants or OPT3 

were overexpressed (p-values > 0.05). All strains had cellular GSH concentrations of 

approximately 3 mM (Figure 36). When GSSG concentration of the same strains was analyzed, 

cells containing the Opt3 mutants C65A, C320A, C584A, C607A and C719 had significant more 

GSSG than cells with the non-mutated Opt3 (p-values < 0.05). However, the GSSG content in 

these strains was maximum increased by ~0.18 mM. All other mutant strains had high GSSG 

concentrations of approximately 1 mM (Figure 37). 

 

Figure 37 Opt3 is not inhibited via protein cysteine modifications. ∆glr1∆opt3 cells were transformed with plasmids 
containing different OPT3 mutations. Each mutation variant had a single Opt3 cysteine to alanine substitution. As 
positive control, a ∆glr1∆opt3 strain transformed with wild-type Opt3 (p416-TEF-OPT3) was used. Whole cell lysates of 
all tested strains were prepared and GSH was determined using the DTNB-recycling assay. Error bars denote standard 
derivations. At least three independent experiments were performed. P-values were calculated using a student’s t-test 
for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

The high GSSG content in cells expressing the different Opt3 cysteine mutation constructs verified 

former made observations that Opt3 was not localized in the vacuolar membrane and inhibited via 

post-translational cysteine modifications on Opt3 cysteine residues when GLR1 was deleted. 
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In summary, the phenotype of single cysteine mutations did neither differ from Opt3 wild-type 

overexpression in a ∆opt3 background nor when expressed in ∆glr1∆opt3 mutant strain. These 

observations suggested that Opt3 was not activated or inhibited via post-translational cysteine 

modifications like protein-S-glutathionylation. 

Up to this point the study on Opt3 revealed that the protein was localized in the membrane of the 

endoplasmic reticulum of S. cerevisiae cells and affected cellular GSSG levels when deleted or 

overexpressed. This effect on the cellular glutathione pool was increased with higher glutathione 

concentrations in the ER. However, when large amounts of GSH were imported into the cell 

through OPT1 overexpression, the deletion or overexpression of OPT3 had no effect on cellular 

GSSG. However, the results suggested that Opt3 as an ER transmembrane protein might mediate 

the export of GSSG from the ER lumen to the cytosol. 

2.7 Physiological relevance of Opt3 

After analyzing the molecular function of Opt3 the physiological relevance of Opt3 for the cell was 

analyzed. Thereby it was focused on the physiological coherences between Opt3 function and the 

thioredoxin system and its relevance in oxidative protein folding. 

2.7.1 Opt3 function is independent of the thioredoxin system 

S. cerevisiae has two partially redundant reducing systems in the cytosol: the thioredoxin (TRX) 

and glutaredoxin (GRX) system (Bao et al., 2009; Kumar et al., 2011; Montero et al., 2013; Morgan 

et al., 2013; Toledano et al., 2013; Zimmermann et al., 2020). In the cytosol the TRX system is 

represented by the reductases thioredoxin 1 (Trx1) and thioredoxin 2 (Trx2), which are reduced 

by the NADPH consuming enzyme thioredoxin reductase1 (Trr1) (Cheng et al., 2007). 

Interestingly, it was recently reported, that thioredoxin mutants paradoxically are not only sensitive 

to oxidative stress but also to reductive stress. As reason for the increased sensitivity to reductive 

stress, the high cellular GSH content in the ∆trx1∆trx2 mutant was suggested (Trotter and Grant, 

2002). Additionally, high cellular GSH levels were thought to cause a highly activated unfolded 

protein response (UPR) (Cuozzo and Kaiser, 1999; Trotter and Grant, 2002). Since according to 

the results presented so far in this dissertation, Opt3 is an ER GSSG exporter and thus might be 

crucial for ER glutathione redox homeostasis, it was investigated whether OPT3 deletion and 

overexpression in a ∆trx1∆trx2 deletion strain had a general growth effect and if Opt3 influences 

cell sensitivity to oxidative and reductive stress. 
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Therefore, the strains BY4742 WT, ∆opt3, pTEFOPT3, ∆trx1∆trx2, ∆trx1∆trx2∆opt3 and 

∆trx1∆trx2pTEFOPT3 were serially diluted from 1 OD600 to 110*-4 OD600, dropped on a HC plate and 

incubated overnight before growth of the individual strains was compared (Figure 38). 

 

Figure 38 ∆trx1∆trx2∆opt3 and ∆trx1∆trx2pTEFOPT3 are viable. BY4742 WT and the strains ∆opt3, pTEFOPT3, 
∆trx1∆trx2, ∆trx1∆trx2∆opt3, ∆trx1∆trx2pTEFOPT3 grew 17h overnight before washed and resuspended to an OD600 = 1 
in sterile water. Next all tested strains got serial diluted and 3 µl per dilution sample was dropped on a HC complete 
growth plate. Growth plates were incubated 24h before analyzed. At least three independent experiments were 
performed. 

OPT3 single deletion (∆opt3) and Opt3 overexpression (pTEFOPT3) grew as wild-type. Also, the 

∆trx1∆trx2 double deletion strain had no difference in growth when compared to wild-type cells. 

Interestingly, when OPT3 was deleted along with the two thioredoxins (∆trx1∆trx2∆opt3), cells 

grew slightly slower compared to a ∆trx1∆trx2 and WT, whereas the strain ∆trx1∆trx2pTEFOPT3 

had no growth phenotype (Figure 38). Since, the ∆trx1∆trx2∆opt3 mutant had just a mild growth 

phenotype, I addressed whether reductive or oxidative stress would cause a stronger growth 

phenotype. 

To test this a Halo-assay was performed. Therefore, the strains ∆opt3, pTEFOPT3, ∆trx1∆trx2, 

∆trx1∆trx2∆opt3, ∆trx1∆trx2pTEFOPT3 and a BY4742 WT were equally plated on HC plates before 

a small filter pad was placed in the center of the plate. On the filter pad either 5 µl of 3 M H2O2 or 

3 M DTT solution was dropped as oxidant and reductant, respectively. Via diffusion of H2O2 or 

DTT through the growth plate a chemical concentration gradient was formed with high 
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concentrations in the center towards lower concentrations at the edge of the plate. After overnight 

growth at 30°C, growth was analyzed (Figure 39). 

 

Figure 39 Genetical manipulation of OPT3 expression levels does not alter ∆trx1∆trx2 sensitivity to H2O2. To 
analyze sensitivity of the strains ∆opt3, pTEFOPT3, ∆trx1∆trx2, ∆trx1∆trx2∆opt3 and ∆trx1∆trx2pTEFOPT3 to reductive 
and oxidative stress, Halo-tests with 3 M DTT and 3 M diamide were performed, respectively. Therefore, cells grew 
overnight to log-phase, washed and resuspended to an OD600 of 0.1 and plated on a HC growth plate. 5 µl of 
corresponding chemical treatment was applied on a test filter in the middle of the plate. Samples were incubated at 
30°C for 17h before scanned (A) and the Halo radius was determined (B). At least three independent experiments were 
performed. 

Interestingly, all the different mutant strains (∆opt3, pTEFOPT3, ∆trx1∆trx2, ∆trx1∆trx2∆opt3, 

∆trx1∆trx2pTEFOPT3) had the same sensitivity to DTT as the BY4742 wild-type since there was no 

difference in the size of the formed Halos (p-values > 0.05) (Figure 39 B). When sensitivity of the 
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mutants ∆opt3, pTEFOPT3, ∆trx1∆trx2, ∆trx1∆trx2∆opt3, ∆trx1∆trx2pTEFOPT3 to H2O2 was tested 

and compared to WT cells it was obvious that the deletion of TRX1 and TRX2 in the ∆trx1∆trx2 

strain had a massive impact on H2O2 tolerance. While the wild-type formed a halo with a radius of 

approximately 1 cm, the halo in the ∆trx1∆trx2 background had a size of 2.5 cm  

(p = 3.6 * 10−5). Overexpressed OPT3 in the ∆trx1∆trx2 background had a similar halo size of 

approximately 2.5 cm. However, when OPT3 was deleted in combination with the TRX system the 

halo was slightly, although not significantly, larger compared to ∆trx1∆trx2 (p = 0.064)  

(Figure 39 B). 

In summary deletion or overexpression of OPT3 paired with deleted TRX system affected growth 

only moderately and did not affect the resistance to reductants and oxidants. However, it was 

surprising that ∆trx1∆trx2 were not sensitive to DTT treatment as reported before (Trotter and 

Grant, 2002). 

2.7.2 OPT3 mutant strains are resistant to ER-stress 

In 2017, Ponsero and colleagues observed a relationship between high cytosolic glutathione and 

ER stress, mentioning that under ER-stress conditions, cytosolic GSH concentration is increased 

and thus more GSH is diffusing into the ER. Beside the stimulation of GSH production, ER-stress 

activates the unfolded protein response (UPR), which promotes the expression of ERO1. 

Paradoxically both, a higher influx of GSH into the ER and the upregulated ERO1 expression 

increase the ER oxidative capacity at least to a certain threshold as GSH import is negatively 

feedback regulated (Ponsero et al., 2017). As reason for this Ponsero et al. suggest that GSH in 

can indirectly lead to the reduction of the Ero1 regulatory disulfide bonds, which switches Ero1 

into its high activity state (Ponsero et al., 2017). Since, there was an obvious relation between ER 

glutathione and the UPR, I wondered if Opt3 has an influence on ER-stress tolerance and UPR 

activation. 

As a first test if OPT3 deletion or overexpression had an impact on ER-stress tolerance a drop 

dilution assay was performed. Thereby, the strains ∆opt3, pTEFOPT3 and WT grew overnight at 

30°C, serially diluted the next day. 5 µl per dilution was dropped on HC plates containing 1 µg/ml 

tunicamycin (Figure 40). Tunicamycin is a commonly used antibiotic to introduce ER-stress and 

thus is often used for UPR activation. Thereby, tunicamycin is inhibiting the N-linked-glycosylation 

of proteins in the ER resulting in an accumulation of unfolded proteins (Guha et al., 2017). 
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Figure 40 OPT3 expression mutants grow like WT cells during tunicamycin induced ER-stress. Resistance of 
the strains BY4742 WT, ∆opt3 and pTEFOPT3 to tunicamycin induced ER-stress was analyzed. All tested strains were 
incubated in HC and grew overnight to an OD600 of approximately 3.5. Next day, 1 OD600 was harvested and 
resuspended into 1 ml sterile water after washing once. Serial dilutions of each sample were dropped onto HC plates 
containing either 1 µg/ml tunicamycin (B) or no tunicamycin (A). All growth plates were incubated for 24h at 30°C before 
growth of the tested strains was compared. The experiment was repeated at least three times. 

When the strains ∆opt3 and pTEFOPT3 were dropped on HC plates without tunicamycin, they grew 

similar as WT cells (Figure 40 A). However, when grown on HC plates with 1 µg/ml tunicamycin, 

all tested strains grew worse compared to untreated cells (Figure 40 B). 

To verify that OPT3 deletion and overexpression did not alter ER-stress tolerance, a second 

experiment was performed. Thus, Carsten Mattes from the department of Medical Biochemistry & 

Molecular Biology in Homburg, Germany carried out a growth assay addressing the induction of 

UPR. In this assay, the strains ∆opt3 and pTEFOPT3 were mixed with serial diluted tunicamycin 

solutions with final concentrations reaching from 0 to 2 µg/ml. A wild-type and ∆ire1 mutant strain, 

deficient in activating the UPR, served as positive and negative growth controls, respectively. After 

18h incubation overnight at 30°C, the OD600 of each sample was determined (Figure 41 B). 

The strains ∆opt3, pTEFOPT3 and wild-type grew in absence of tunicamycin to an OD600 of 1 while 

∆ire1 grew to an OD600 of 0.9. When the tunicamycin concentration in the growth media was  

0.5 µg/ml cell growth of all tested strains was impaired. WT, ∆opt3 and pTEFOPT3 cells grew to an 

OD600 of approximately 0.8. Notably, ∆ire1 cells which were exposed to 0.5 µg/ml or higher did not 

grow. At tunicamycin concentrations of 0.8 µg/ml the growth of wild-type was 50% slower 

compared to growth in tunicamycin free media (p = 1.01 * 10−9). Like WT cells, ∆opt3 and 

pTEFOPT3 cells grew to comparable OD600 of 0.4 in media with 0.8 µg/ml (p-values > 0.05). When 

tunicamycin in the media reached a concentration of around 1.2 µg/ml, WT, ∆opt3 and pTEFOPT3 

were not viable. 
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Figure 41 Altering OPT3 expression levels does not influence cell viability during ER-stress. As illustrated in A, 
BY4742 WT, ∆opt3, pTEFOPT3 grew in HC media overnight before harvested and resuspended in fresh media to an 
OD600 ~0.01. To induce ER-stress, samples were treated with different concentrations of tunicamycin (from 0 to 2 µg/ml) 
before incubated for 18h at 30°C. After incubation the OD600 of each sample was analyzed (B). For statistical purpose 
the experiment was repeated at least three times. Error bars denote standard derivations. 

In summary, these results suggested that Opt3 has no impact on ER-stress resistance. While cells 

depleted for the UPR transmitting protein Ire1 showed a strong sensitivity to tunicamycin, cells 

without or enhanced levels of Opt3 showed the same growth behavior as wild-type cells. 

2.7.3 Opt3 abundancy is important for a rapid unfolded protein response 

Viability assays demonstrated that manipulation of OPT3 expression levels had no impact on 

cellular tolerance to tunicamycin. Since the effect of a protein on cell viability under certain 

conditions can easily be masked by suppressors, experiments were performed, which investigated 

the role of Opt3 on UPR activation shortly after induction of ER-stress (Hou and Schacherer, 2017; 

Liebman and Sherman, 1976; van Leeuwen et al., 2020). In S. cerevisiae the unfolded protein 

response is mediated by the homodimerization and autophosphorylation of the membrane 

embedded protein Ire1 (Chakraborty et al., 2016; Chawla et al., 2011). Activated Ire1 splices the 

cytosolic localized HAC1 mRNA, which leads to its translation and the production of Hac1p 

transcription factor (Kawahara et al., 1998). Hac1p promotes the transcription of several genes 

including: PDI1 and KAR2 a member of the HSP70 chaperone family, localized in the ER lumen 

(Ogawa and Mori, 2004). 
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Figure 42 Low and high Opt3 copy numbers decrease the UPR. HAC1 splicing of the strains BY4742 WT, ∆opt3 
and pTEFOPT3 was analyzed. RNA was isolated from 5 OD600 units of each tested strains treated with 1.5 µg/ml 
tunicamycin or without tunicamycin (TM) treatment using the RNeasy RNA Isolation Kit from QIAGEN. Next, cDNA was 
synthesized. Afterwards, quantitative-real time PCR (qPCR) was performed with primers binding to spliced HAC1 cDNA 
for quantification. Analysis of relative gene expression was carried out using the 2-DDCT method as described by Livak 
et al. (Livak and Schmittgen, 2001). The experiment was repeated at least three times. The experiment was performed 
in a collaboration with the department of Medical Biochemistry & Molecular Biology in Homburg by Carsten Mattes. 
Error bars denote standard derivations. P-values were calculated using a student’s t-test for statistical analysis  
(p < 0,05: *; p < 0,01: **; p < 0,001: ***). 

To test if Opt3 function is related to the UPR, it was first tested whether OPT3 deletion or 

overexpression had an impact on HAC1 splicing. Therefore, the cells ∆opt3, pTEFOPT3 and 

wild-type were incubated for 1h in media with and without 1.5 µg/ml tunicamycin. Afterwards the 

mRNA levels of spliced HAC1 were analyzed by quantitative PCR (qPCR) (Figure 42). In  

Figure 42 relative HAC1 splicing is illustrated. Thereby, measured values were normalized to 

tunicamycin treated wild-type. Hence, the amount of HAC1 splicing in wild-type cells treated with 

tunicamycin represents 100%. Interestingly, both the deletion and overexpression of OPT3 

caused approximately 50% less HAC1 splicing under non-stressed growth conditions compared 

to WT (p-values < 0.001). When ∆opt3, pTEFOPT3 and WT were treated with tunicamycin all strains 

had significantly increased HAC1 splicing (p-values < 0.05). Remarkably, HAC1 splicing in the 

backgrounds ∆opt3 and pTEFOPT3 was approximately 40% less after TM treatment in contrast to 

WT cells (p-values < 0.01). But there was no difference in HAC1 splicing between cells with OPT3 

deletion or overexpression (p = 0.16). This observation suggested that Opt3 function might 
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modulate short time activation of UPR. Hence, it was now tested whether the influence of OPT3 

expression levels on HAC1 splicing was also represented in the expression levels of genes, 

activated by the Hac1 transcription factor. 

 

Figure 43 Impaired HAC1 splicing in OPT3 deletion and overexpression strains leads to lower expression of 
KAR2 and PDI1 during ER-stress. KAR2 (A) and PDI1 (B) expression levels of the strains BY4742 WT, ∆opt3 and 
pTEFOPT3 were analyzed. RNA was isolated from 5 OD600 units of each tested strain treated with 1.5 µg/ml tunicamycin 
(TM) or without tunicamycin treatment using the RNeasy RNA Isolation Kit from QIAGEN. Next, cDNA was synthesized. 
Afterwards, quantitative-real time PCR (qPCR) was performed with primers binding to spliced HAC1 cDNA for 
quantification. Analysis of relative gene expression was carried out using the 2-DDCT method as described by Livak et. 
al. (Livak and Schmittgen, 2001). The experiment was performed in a collaboration with the department of Medical 
Biochemistry & Molecular Biology in Homburg by Carsten Mattes. Error bars denote standard derivations. The 
experiment was repeated at least three times for statistical analysis. P-values were calculated using a student’s t-test 
for statistical analysis (p < 0,05: *; p < 0,01: **; p < 0,001: ***). 
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Therefore, the mRNA levels of PDI1 and KAR2 were analyzed by qPCR with and without induced 

ER-stress by 1.5 µg/ml tunicamycin. In Figure 43, the expression levels of PDI and KAR2 are 

normalized to WT expression levels without tunicamycin treatment.  

In parallel to the before observed phenotypes in HAC1 splicing, both deletion and overexpression 

of OPT3 influenced KAR2 expression after treatment with tunicamycin. Hence, KAR2 mRNA 

levels in the tunicamycin treated strains ∆opt3 and pTEFOPT3 were about 50% lower compared to 

mRNA levels measured in the WT background (p-values < 0.05) (Figure 43 A). A similar pattern 

was observed when PDI1 expression in ∆opt3 and pTEFOPT3 was compared to WT expression 

levels. However, while the difference in PDI1 expression after tunicamycin treatment was 

significantly lower in pTEFOPT3 cells (p = 0.002) it was not in the ∆opt3 strain (p = 0.08) when 

compared to WT (Figure 43 B). 

In summary inducing ER-stress revealed interesting observations. Manipulating OPT3 expression 

levels decreased the UPR and thus, impaired the response of cells to ER-stress. Since both 

deletion and overexpression of OPT3 decreased UPR, I next speculated how Opt3 frequency 

could manipulate the activation of the UPR. 

2.7.4 OPT3 expression levels do not affect EGSH in the ER lumen 

It was recently reported that protein-S-glutathionylation of PDI in humans might influence UPR 

activation (Halloran et al., 2013; Townsend et al., 2009). For protein-S-glutathionylation the 

GSH:GSSG ratio can be important, since lowering the glutathione ratio might facilitate the disulfide 

exchange between GSSG and protein thiols (Wang et al., 2014; Wang and Sevier, 2016). Because 

deletion and overexpression of OPT3 potentially lead to an accumulation and depletion of ER 

GSSG respectively, I speculated whether a change in OPT3 expression would alter the EGSH in 

the ER and thus UPR activation was impaired. 

To monitor the ER glutathione redox state of wild-type, ∆opt3 and pTEFOPT3, cells were 

transformed with the plasmid p416-MET25-SS-roGFP2-GRX1-HDEL, containing a roGFP2-GRX1 

sensor with a N-terminal ER targeting signal sequence (SS) and a C-terminal ER retention tag 

(HDEL). In the same experiment it was tested whether ER glutathione in WT, ∆opt3 and pTEFOPT3 

was influenced during an oxidative burst of H2O2. H2O2 treatment indirectly leads to the formation 

of cellular GSSG. Thus, the roGFP2 signal was measured with and without serial diluted H2O2 

samples (Figure 44). 
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In WT cells, the steady state oxidation of ER-targeted roGFP2-Grx1 was about 70%. Interestingly, 

the ER glutathione pool remained stable even after the addition of 1 mM H2O2 in WT cells  

(Figure 44 A). However, when the ER glutathione redox state in ∆opt3 and pTEFOPT3 was 

determined roGFP2 steady state oxidation was similar to the roGFP2 signal in WT  

(Figure 44 B, C). Also, comparable to the observation in WT cells, extracellular application of H2O2 

did not alter the sensor oxidation state in ∆opt3 and pTEFOPT3 mutant backgrounds, implying a 

robust non-effected ER glutathione redox state.  

Although, monitoring EGSH of the redox couple 2GSH:GSSG in the strains ∆opt3 and pTEFOPT3 

did not show any difference to WT, the experiment demonstrated, that the endoplasmic reticulum 

was strongly oxidized. However, it remains unclear why an oxidative burst like treatment with  

1 mM H2O2 did not promote a sensor response in the ER. 

 

Figure 44 The ER targeted roGFP2-GRX1 redox-sensor is strongly oxidized. The strains BY4742 WT, ∆opt3 and 
pTEFOPT3 containing the ER-localized EGSH sensor roGFP2-GRX2 (p416-MET25-SS-roGFP2-GRX2-HDEL) grew 
overnight before 7.5 OD600 units (where one unit represents 1OD600 / 1 ml) were resuspended in MES/TRIS pH 6 buffer 
and transferred into a 96 well plate. Fluorescent signal of the samples was recorded for 10 cycles before paused and 
application of buffer or linear diluted H2O2 concentrations. Immediately after treatment measurement was continued. All 
measurements were repeated for at least three times. Error bars denote standard derivations. 
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In summary experiments demonstrated that Opt3 is an ER transmembrane protein, important for 

cellular glutathione homeostasis. Thereby, Opt3 might export formed GSSG from the ER lumen 

to the cytosol. 
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3 Discussion 

Glutathione (GSH) is the most abundant small thiol in almost all eukaryotic cells (Zechmann et al., 

2011). It is involved in a variety of cellular processes like the detoxification of ROS or xenobiotics 

(Hanschmann et al., 2013). Moreover, e.g., during the reduction of ROS two GSH molecules can 

be covalently linked and glutathione disulfide (GSSG) is produced (Wu et al., 2004). 

In S. cerevisiae glutathione can either be imported into the cell or is synthesized exclusively in the 

cytosol (Bourbouloux et al., 2000). However, glutathione is present in all cellular compartments 

(Morgan et al., 2013; Oestreicher and Morgan, 2018; Scirè et al., 2019). While the glutathione 

redox potential in the cytosol, the mitochondrial matrix or in peroxisomes is extremely reduced, it 

appears that the glutathione pool in the secretory pathway is more oxidized (Hwang et al., 1992; 

Morgan et al., 2013). GSH and GSSG are negatively charged molecules under physiological pH 

and hence, cannot freely diffuse through biological membranes (Bachhawat et al., 2013). Thus, 

cellular glutathione transporter must exist, which mediate glutathione transport between cellular 

compartments. One well-studied glutathione transporter in yeast is the proton-coupled 

oligopeptide transporter Opt1 localized in the plasma membrane (Bourbouloux et al., 2000). Opt1 

belongs to the oligopeptide transporter (OPT) family of which a second member (Opt2) exists in 

yeast. Opt2 is localized in the peroxisomal membrane and its deletion perturbs cytosolic 

glutathione homeostasis (Elbaz-Alon et al., 2014). However, a direct transport of GSH and GSSG 

by Opt2 was not demonstrated (Elbaz-Alon et al., 2014). Recently, the uncharacterized ORF 

YGL114W was reported to encode a third member of the OPT-family, named Opt3 in this 

dissertation (Pearson and Schweizer, 2002). 

Since so far nothing is known about the putative oligopeptide transporter Opt3, the aim of this 

thesis was to characterize Opt3 and to investigate a potential role in glutathione homeostasis. 

Thereby, I identified Opt3 as an ER-localized GSSG exporter. 

3.1 OPT3 expression influences cellular GSSG levels 

Since Opt3 was described as a putative member of the oligopeptide transporter family, it was 

tested if OPT3 deletion or overexpression mutants showed changes in whole cell GSSG 

concentration. One must consider that GSSG measured in whole cell lysates cannot have a 

cytosolic origin, since the cytosolic glutathione pool is robustly reduced (Morgan et al., 2013). 
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Thus, GSSG is highly compartmentalized within the cell. Changes of whole cell GSSG 

concentration upon genomic manipulation of a glutathione transporter can provide indirect 

information of GSSG transport between the cytosol and a cellular compartment, as previously 

shown for the vacuolar GSSG transporter Ycf1 (Morgan et al., 2013). Hence, these measurements 

might also serve as a suitable approach for investigation of the elusive function of other putative 

glutathione transporters (Morgan et al., 2013). In so doing, I observed an effect of OPT3 deletion 

and overexpression on whole cell GSSG concentration. Although not significant, the deletion of 

OPT3 led to slightly higher GSSG concentrations. However, in the OPT3 overexpression strain 

almost all GSSG was depleted (Figure 14). 

Interestingly, the pattern of GSSG changes observed in OPT3-mutants was opposing to the 

previously reported YCF1-mutant strains (Morgan et al., 2013). Ycf1 is an ABC-C-transporter, 

which transports GSSG from the cytosol into the vacuole where it is stored. The overexpression 

of YCF1 caused an increase of total cellular GSSG when measured in whole cell lysates, while its 

deletion decreased the GSSG content, since GSSG remains in the cytosol where it becomes 

efficiently reduced by Glr1 (Morgan et al., 2013). Thus, observations made from whole cell GSSG 

measurements of Opt3-mutant strains strongly suggest that cells without Opt3 accumulate GSSG 

(Figure 45 E), while high levels of Opt3 promote the export of GSSG to the cytosol, where it is 

reduced by Glr1 (Figure 45 F). 

Of course, determining transport activity only based on measurements of the putative substrate 

concentration in cell lysates has limitations. One might speculate, that Opt3 rather directly reduces 

GSSG of a certain subcellular compartment. However, enzymes known to reduce GSSG e.g., 

glutaredoxins are soluble enzymes, which have a specific TRX-fold (Hanschmann et al., 2013). 

Also, the main GSSG reducing enzyme in the cytosol and mitochondrial matrix, Glr1, is a soluble 

enzyme which uses NADPH as an electron donor with FAD as coenzyme (Outten and Culotta, 

2004). FAD binding domains are often formed by a conserved Rossmann fold, which tertiary 

structure typically consists out of a repeating series of a α-sheet flanked by two β-sheets (βαβ) 

(Outten and Culotta, 2004; Yu and Zhou, 2007b). However, Opt3 does neither possess a TRX- 

nor a typical Rossmann fold suggesting that it does not reduce GSSG directly. 
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Figure 45 Opt3 exports GSSG from a cellular compartment into the cytosol. (A) Glr1 mediated GSSG reduction 
and GSSG transport via Ycf1 from the cytosol into the vacuole are in a kinetic competition under endogenous conditions. 
Total depletion of Ycf1 leads to the complete reduction of cytosolic GSSG by Glr1, which causes low GSSG 
concentrations in whole cell lysates (B). Vice versa, increases YCF1 overexpression GSSG transport into the vacuole, 
where it is stored. Hence, GSSG content measured in whole cell lysates is increased (C). However, the pattern of GSSG 
concentration found in whole cell lysates of OPT3 mutant strains was opposite to YCF1 mutants. In a wild-type cell 
GSSG is exported by Opt3 from a subcellular compartment into the cytosol where it is reduced by Glr1 (D). When OPT3 
is deleted, GSSG accumulates in the compartment and is not reduced (E). Vice versa, OPT3 overexpression leads to 
an increased export of GSSG, which lowers the GSSG content found in whole cell lysates (F). 

It was recently speculated, that in mammals a mechanism must exist, which provides reductive 

equivalents to the ER, analogous to the well-studied DsbD-enzyme in bacteria (Ellgaard et al., 

2018). In bacteria the transmembrane protein DsbD transfers reductive equivalents from cytosolic 

thioredoxins to the periplasm localized DsbC, which is important to maintain its isomerase activity. 

DsbD consists out of three structural motifs: i. the thioredoxin-like domain DsbDα, ii. DsbDγ and 

iii. the transmembrane bound domain DsbDβ (Goulding et al., 2002). The transfer of electrons 

from the cytosol to the periplasm is mediated via multiple thiol-disulfide exchange reactions 

between cysteine pairs of the individual subunits (Pan and Bardwell, 2006; Rietsch et al., 1997, 
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1996). Usually redox-active cysteine pairs in a protein are in close proximity, like the typical 

CXXC-motif in many TRX-fold proteins e.g., thioredoxins and glutaredoxins (Schultz et al., 1999). 

Although, analysis of Opt3 topology with different algorithms show that it has ~12 transmembrane 

domains (depending on the algorithm) and eleven cysteine residues (Supplementary Figure 1), 

cysteines in Opt3 are equally distributed and do not possess a TRX-like CXXC active site motif. 

Aside from that I could demonstrate that mutation of individual cysteines, did not alter the effect of 

OPT3 overexpression on cellular GSSG and thus it is highly unlikely that Opt3 can be considered 

a DsbD-like protein, either transferring electrons directly to GSSG or via reduction of an unknown 

GSSG reducing enzyme (Figure 35). 

Interestingly, cellular GSSG was strongly decreased as consequence of OPT3 overexpression, 

while OPT3 deletion cells had not a significant change in cellular GSSG concentration compared 

to WT. How can this be explained? Ho et al. summarized information of 21 different proteome data 

sets, to estimate protein copy numbers of approximately 90% of S. cerevisiae proteins (Ho et al., 

2018). According to this study, Opt3 in yeast WT cells is not abundant with approximately 1160 

molecules per cell. However, the protein copy number might be even as low as 21 molecules per 

cell (Kulak et al., 2014). Overexpression of the OPT3 gene was realized by substitution of the 

endogenous promoter with the strong and constitutive TEF1 promoter. TEF1 encodes for the 

translation elongation factor EF1-alpha, of which ~750 000 copies are present in the cell (Ho et 

al., 2018). Thus, OPT3 overexpression might have a dramatic effect on cellular GSSG compared 

to the deletion mutant. Apart from that, it might be that GSSG formation in the corresponding 

subcellular compartment is regulated. Hence, deletion of OPT3 does not further increase total 

cellular GSSG. For instance, recently the mechanism of glutathione transport into the ER was 

identified (Ponsero et al., 2017). Through high Ero1 activity in the ER lumen, GSH is indirectly 

oxidized to GSSG. However, the import of GSH into the ER is regulated and thus GSH, and 

consequently the GSSG content in the ER lumen, is limited (Ponsero et al., 2017). 

Altogether, first experiments shown in this dissertation indicate that Opt3, as a member of the OPT 

family, is transporting GSSG from a subcellular compartment into the cytosol where it is reduced 

to GSH. Accordingly, this raises the question, where Opt3 is localized. Most cellular compartments 

are known to be highly reduced and thus cannot be the reservoir of cellular GSSG e.g., the 

mitochondrial matrix or peroxisomes have GSH:GSSG ratios of 50 000:1 similar to ratios found in 

the cytosol (Calabrese et al., 2019; Elbaz-Alon et al., 2014). While GSSG can be stored in the 

vacuole, the ER has a reported GSH:GSSG ratio of approximately 3:1 and thus the ER might be 

a second cellular pool of GSSG (Hwang et al., 1992). 
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3.2 Opt3 is a transmembrane protein of the ER 

Measurements of GSSG in cell lysates of OPT3 deletion and overexpression mutants, revealed 

that Opt3 exports GSSG from a subcellular compartment. Hence, it was next addressed, which 

cellular GSSG pool was affected by Opt3. Therefore, Opt3 localization in the cell was analyzed. 

To determine Opt3 localization it was C-terminally tagged with the fluorescent protein 

ymNeonGreen. Additionally, the expression of OPT3-NeonGreen was increased by substitution 

of the endogenous OPT3 promoter with the ADH1 promoter. To visualize the ER, Sec63 was 

tagged with mCherry, a red fluorescent protein tag. Indeed, the Opt3 signal co-localized with 

Sec63. Thus, co-localization studies clearly demonstrated, that Opt3 was an ER transmembrane 

protein. 

Using the strong ADH1 promoter was necessary because no signal was detectable expressing 

OPT3-NeonGreen under the control of the endogenous OPT3 promoter. ADH1 encodes the 

cytosolic localized alcohol dehydrogenase 1 (Adh1) of which approximately 100 000 copies are 

present in the cell (Ho et al., 2018). These are about ten times more molecules than reported for 

Opt3 (Ho et al., 2018). Please note, that protein frequency is not only dependent upon gene 

expression. Furthermore, translation and protein degradation can regulate protein abundancy (Wu 

et al., 2021). Nevertheless, the expression of OPT3-NeonGreen under the control of an ADH1 

promoter allowed visualization. Curiously, previous experiments demonstrated that expressing N-

terminally GFP-tagged OPT3 under the strong constitutive GPD promoter led to dual localization 

of Opt3 in the ER and the vacuole (Supplementary Figure 2). 

ER-membrane proteins can get transported from the ER to the vacuole for degradation. This 

process is called ER-phagy (Lipatova and Segev, 2015). Therefore, specific receptors in the ER 

membrane recruit the autophagy machinery to the ER (Liang et al., 2020; Lipatova and Segev, 

2015; Molinari, 2020). Lipatova and colleagues demonstrated that during physiological conditions 

20-50% of certain ER-membrane proteins are targeted to the vacuole for degradation. Interestingly 

up to 95% of the same proteins were transported to the vacuole during the overexpression of the 

ER accumulating transmembrane protein GFP-Snc1-PEM (Lipatova et al., 2013). Thus, 

overexpressing GFP-OPT3 with the strong constitutive GPD promoter might stimulate ER-phagy, 

which results in the targeting of excessive amounts of GFP-Opt3 to the vacuole. 

Interestingly researchers of our collaborating partners in Israel observed that also GFP-tags can 

change protein localization. In a high throughput analysis, they demonstrated that protein 

localization changes, depending on the protein termini GFP is fused to (Weill et al., 2019). This is 
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an interesting point, since the NeonGreen-tag was fused to the C-terminus of Opt3, while the dual 

localized Opt3 with the GFP-tag was N-terminally. Intriguingly, when protein localization of 5330 

genes in a high throughput screen was performed with N-terminally fused GFP under the 

constitutive NOP1 promoter, Opt3 localized in the ER (Breker et al., 2014, 2013). The NOP1 

promoter is stronger than an ADH1 promoter, but weaker as the GPD promoter (Lee et al., 2013; 

Mumberg et al., 1995; Weill et al., 2019). This might indicate that rather the expression of tagged 

OPT3 might determinate Opt3 localization than the position of the fluorescent tag. Since 

endogenous expression of Opt3 is comparable low, it is likely that endogenous Opt3 is localized 

in the ER and not the vacuole.  

3.3 Opt3 does not influence the Ycf1-dependent GSSG pool 

Although co-localization studies suggested that endogenous Opt3 is localized in the 

ER-membrane, further experiments were performed to rule out that overexpressed OPT3 might 

affect both the ER and the vacuolar GSSG pool. Hence, it was tested whether an OPT3 

overexpression strain can export GSSG from the vacuolar lumen back to the cytosol. Therefore, 

it was speculated, that if Opt3 was functional in the vacuole, a lack in vacuolar uptake of GSSG 

by the deletion of YCF1 would vanish the effect of OPT3 overexpression on whole cell GSSG 

levels. Thus, vacuolar import of GSSG was blocked by the deletion of YCF1 in combination with 

OPT3 deletion and overexpression. When GSSG content was determined in these backgrounds, 

the pattern of GSSG concentrations was comparable to the pattern of OPT3 deletion and 

overexpressing cells with intact Ycf1 (Figure 14). While cells with deleted YCF1 and OPT3 had 

slightly more GSSG compared to the YCF1 single deletion strain, overexpressed OPT3 led to a 

strong decrease when Ycf1 was missing (Figure 15). This strongly suggests, that Opt3 function is 

independent of Ycf1. Additionally, the results indicate that under physiological conditions just 

minor amounts of GSSG are transported from the cytosol to the vacuole, since a ∆ycf1 strain had 

just marginally decreased GSSG than WT cells (Figure 14 and 15). These findings are consistent 

with observations made by Morgan and colleagues and can be explained by highly abundant Glr1, 

which reduces GSSG efficiently to 2GSH before it can get imported into the vacuole (Morgan et 

al., 2013). 

As a second proof that OPT3 overexpression did not lead to vacuolar GSSG export, another 

experiment was performed. GLR1 was deleted in combination with deletion and overexpression 

of OPT3. As previous shown by Morgan et al. the depletion of cytosolic Glr1 leads to an enormous 
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increase of vacuolar GSSG mediated by Ycf1 (Morgan et al., 2013). Strikingly, neither OPT3 

overexpression nor deletion did affect GSSG in the GLR1 deletion background, which clearly 

indicates that even if overexpression of OPT3 leads to mis-localization and targeting to the 

vacuole, it does not transport GSSG from the vacuole to the lumen.  

 

Figure 46 Opt3 is Ycf1 indpendent. Physiological growth conditions (A): GSSG formed in the cytosol is mostly reduced 
by Glr1 and small amounts are transported into the vacuole via Ycf1. Thereby GSSG formed in the ER can be 
transported to the cytosol and is also reduced by Glr1. When Glr1 is depleted, large amounts of GSSG formed in the 
cytosol are transported to the vacuole (B). However, Opt3 does not affect this increasing GSSG pool what clearly 
suggests that Opt3 is not in the vacuole and cannot modulate cytosolic derived GSSG.  

It was previously shown that cellular transporters can be regulated via post-translational 

modifications (Czuba et al., 2018; Mieyal and Chock, 2012). For instance, Ycf1 is thought to be 

negatively regulated by protein-S-glutathionylation on a cysteine residue (Wei et al., 2014). While 

it was suggested that import of GSH into the ER is regulated via oxidation of Kar2 in yeast, it was 

recently demonstrated in humans, that also the function of the Kar2 homolog BiP can be 

modulated via protein-S-glutathionylation (Musaogullari and Chai, 2020; Wang and Sevier, 2016; 

Zhang et al., 2020). Finally, to rule out that GSSG accumulation in GLR1 deletion cells was not 

due to Opt3 inactivation via post-translational cysteine modification, the GSSG content of cells 
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lacking GLR1 with overexpressed OPT3 cysteine mutants was analyzed (Figure 36). Excitingly, 

the mutations of Opt3 cysteines had no impact on total cellular GSSG in the GLR1 deletion strain. 

These observations clearly underline the model that under physiological conditions, GSSG 

measured in whole cell lysates is mostly formed in the ER, where Opt3 exports GSSG to the 

cytosol (Figure 46 A). Simultaneously, only small amounts of GSSG are exported via Ycf1 from 

the cytosol to the vacuole. When Glr1 is depleted, GSSG formed in the cytosol cannot be efficiently 

reduced, resulting in an enhanced uptake of GSSG into the vacuole. This vacuolar GSSG pool is 

independent of Opt3 as discussed previously (Figure 46 B). 

3.4 Glutathione synthesis can be re-localized to the endoplasmic reticulum  

After co-localization studies revealed Opt3 localization in the ER and further studies demonstrated 

that Opt3 does not export GSSG out of the vacuole, an experimental set up was created to proof 

if Opt3 exports GSSG exclusively from the ER lumen. As it is now known that GSH import into the 

ER is regulated, it was speculated that overcoming regulated GSH import into the ER might 

increase ER-glutathione content (Ponsero et al., 2017). Thus, depletion of Opt3 might has a 

stronger effect on GSSG found in whole cell lysates. Therefore, glutathione synthesis was partially 

shifted to the ER by expressing an ER targeted variant of Gsh2 from a plasmid. ER-localized Gsh2 

was able to rescue the lethal phenotype of the ∆gsh2∆opt3 deletion mutant when grown on 

glutathione-free medium (Figure 18). 

Although it might sound unconventional to shift a cytosolic pathway into the ER, comparable 

experiments have been done. For instance, re-localization of the pyruvate decarboxylase (PDC) 

from the cytosol into the periplasm was shown in the bacteria Zymomonas mobilis (Balodite et al., 

2019). The purpose of this study was to increase the yield of acetaldehyde, a volatile by-product 

of aerobic fermentation, which is normally rapidly metabolized in the cytosol. The shift of PDC to 

the periplasm was realized by introducing a N-terminally signal peptide, comparable to the 

technique used in this dissertation to re-localize Gsh2 (Balodite et al., 2019). Interestingly, there 

is a certain analogy between bacterial periplasm and the eukaryotic ER (Miller and Salama, 2018). 

In both compartments proteins are oxidatively folded (Goemans et al., 2014). Thus, the study from 

2019 might not only indicate that cytosolic proteins can be transferred to another compartment but 

also demonstrates that some cytosolic proteins maintain functionality in this oxidative challenging 

environment (Balodite et al., 2019). 
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Not only in bacteria but also in S. cerevisiae metabolic pathways were re-localized from one 

subcellular compartment to another. The endogenous mitochondrial matrix proteins ketol-acid 

reductoisomerase (Ilv5) and dihydroxy-acid dehydratase 3 (Ilv3) were successfully targeted to the 

cytosol in order to increase cellular isobutanol production (Park and Hahn, 2019). 

Above all, Quintana-Cabera and colleagues demonstrated already in 2012 that it is possible to 

target one enzyme of the glutathione synthesis machinery into a subcellular compartment. 

Thereby, they re-localized Gsh1 to the mitochondrial matrix to force an accumulation of γ-GC in 

the mitochondria. Interestingly this experimental set up revealed that γ-GC can reduce ROS such 

as H2O2, irrespective of cellular glutathione concentrations (Quintana-Cabrera et al., 2012). 

The successful synthesis of GSH by Gsh2 in the ER requires the import of γ-GC and glycine from 

the cytosol. However, since GSH can enter the ER via facilitated diffusion through the channel 

forming translocon Sec61, other molecules with smaller or equal sizes as GSH are thought to be 

able to diffuse in and out of the ER through Sec61 (Ponsero et al., 2017). Thus, γ-GC might enter 

the ER via facilitated diffusion through Sec61. 

Intriguingly, diffusion of γ-GC into the ER might explain the lethality of a ∆gsh2∆opt3 mutant strain 

without GSH in the media (Figure 13). In general ∆gsh2 deletion mutants are viable and do not 

require GSH import from the surrounding media (Inoue et al., 1998). This implies, that the 

glutathione precursor γ-GC can take over the essential function of GSH in the cell. However, 

∆gsh2 strains contain large amounts of γ-GC (Grant et al., 1997). Furthermore, γ-GC is a 

redox-active molecule since it can substitute the antioxidant function of GSH. This results in the 

formation of γ-GC-disulfide (Grant et al., 1997; Quintana-Cabrera et al., 2012). Thus, γ-GC in the 

∆gsh2 background, which diffuses into the ER might be oxidized to γ-GC-disulfide. Through 

continuous formation of γ-GC-disulfide in the ER, the γ-GC concentration gradient between the 

cytosol and the ER is maintained. Additionally, according to the model that Opt3 is an ER-localized 

GSSG exporter, Opt3 might be able to transport γ-GC-disulfide back to the cytosol, where it is 

reduced (Figure 47 A). 
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Figure 47 Model of GSH synthesis in the ER. In a ∆gsh2 deletion strain γ-GC is synthesized in the cytosol and diffuses 
permanently into the ER through the Sec61 channel. In the ER γ-GC is oxidized. γ-GC-disulfide can be exported by 
Opt3 (A) maintaining high cytosolic γ-GC and thus viability. When OPT3 is deleted in a ∆gsh2 background, 
γ-GC-disulfide accumulates in the ER resulting in depletion of the cytosolic γ-GC content, which is lethal (B). When 
Gsh2 is targeted to the endoplasmic reticulum (ER-Gsh2), ER localized γ-GC is synthesized to GSH (C, D). While 
GSSG can be exported via Opt3 (C) cells missing Opt3 accumulate GSSG in the ER (D). However, synthesized GSH 
in the ER, which is not directly oxidized might diffuse into the cytosol via Sec61 and thereby rescues lethality of the 
∆gsh2∆opt3 double deletion mutant. 

When Opt3 is depleted together with Gsh2, γ-GC-disulfide is trapped in the ER. Thus, 

γ-GC-disulfide cannot be re-reduced in the cytosol, what decreases the cytosolic γ-GC 

concentration. Consequently, there might be not enough γ-GC available, to maintain crucial 

functions in other subcellular compartments (Figure 47 B). Please consider, that it is nowadays 

assumed that the vital role of GSH is linked to iron-sulfur cluster homeostasis in the cytosol and 

the mitochondrial matrix (Kumar et al., 2011). Thereby, the here made findings support the 

hypothesis that the essential role of GSH is related to FeS cluster homeostasis in the cytosol or 

the mitochondrial matrix, as γ-GC in the ER lumen is not sufficient to maintain viability. But how 

does ER-localized Gsh2 rescue this lethal phenotype? When Gsh2 is present in the ER, GSH is 

synthesized from γ-GC and can be oxidized to GSSG. However, when GSH is synthesized in the 

ER a diffusion gradient arises from the ER to the cytosol. Thus, there might be an equilibrium 
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between ER-localized GSH oxidation and GSH diffusion into the cytosol (Figure 47 C). While 

formed GSSG is trapped in the ER of the ∆gsh2∆opt3 mutant, GSH diffusion to the cytosol is 

sufficient to maintain cell viability (Figure 47 D). 

3.5 Two plausible pathways for GSSG depletion from the ER 

Since shifting Gsh2 from the cytosol into the ER seemed to be possible, it was tested whether ER-

localized glutathione synthesis would increase ER GSSG levels and in turn increases the impact 

of OPT3-mutants on whole cell GSSG content. Strikingly, OPT3 deletion caused a strong increase 

of GSSG found in whole cell lysates, while overexpression cells had almost no GSSG. This 

observation indeed suggests that the effect of Opt3 on cellular GSSG was ER specific. For control, 

GSH and GSSG content of OPT3-mutants was measured, which expressed a cytosolic Gsh2 

construct (Cyto-Gsh2) and a Gsh2 construct which could enter the ER but was not necessarily 

kept in there, since the ER-retention signal was missing (SP-Gsh2). While ∆gsh2∆opt3 cells with 

SP-Gsh2 had slightly more GSSG than ∆gsh2 cells with the same construct, OPT3 deletion had 

no effect on the GSSG content when Gsh2 was present in the cytosol. Interestingly, regardless 

which construct was expressed, OPT3 overexpression cells always had a strongly decreased 

GSSG content. In general, GSH synthesis was more efficient in the cytosol and the secretory 

pathway since cells containing Cyto-Gsh2 and SP-Gsh2 had almost 30% more GSH than the 

same cells with ER-Gsh2 (Figure 20). 

Gsh2 is a cytosolic protein, thus it is not surprising, that GSH synthesis in cells with Cyto-Gsh2 is 

very efficient and cells expressing the construct have GSH concentrations comparable to those in 

WT cells, as shown in previous experiments. Although the experiment clearly demonstrated that 

GSH synthesis in the ER is possible, several circumstances might have decreased GSH 

production in the ER. For example, it remains unclear how efficiently ER-Gsh2 can be fold. By 

N-terminal fusion of the signal peptide to Gsh2, it is co-translationally imported into the ER and 

thus must fold in the ER-lumen (Aza et al., 2021; Fitzgerald and Glick, 2014; Rothe and Lehle, 

1998). Since the ER has a strongly oxidative environment, native protein folding might be difficult. 

In the ER, proteins are not just oxidatively folded, but also processed (Thibault and Ng, 2012). 

This includes cleavage of the signal peptide and post-translational modifications in the form of 

glycosylation of specific amino acid residues (Tanner and Lehle, 1987). The latter might be a 

critical point for Gsh2 activity, since glycosylation can alter protein stability and activity (Karki et 

al., 2021). However, independent of total [GSx], only when Gsh2 was present in the ER OPT3 
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deletion caused an accumulation of GSSG. This indicates that the effect of OPT3 deletion on total 

cellular GSSG must be ER-specific. 

Conversely, although OPT3 deletion only affected total [GSSG] when Gsh2 was re-localized to 

the ER, it remains unclear why high levels of Opt3 almost completely decreased the cellular GSSG 

content, independently if Gsh2 was expressed in the cytosol or the ER (Figure 20). As discussed 

before, under physiological conditions, GSSG found in whole cell lysates seems to mainly descend 

from the ER. Thus, OPT3 overexpression might always cause low GSSG concentration, since 

formed GSSG is immediately exported back into the cytosol for reduction. However, if the latter is 

correct, how can it be that the effect of OPT3 deletion on total [GSSG] in cells with ER-localized 

GSH synthesis increases, although total [GSSG] in whole cell lysates of cells with cytosolic 

localized GSH synthesis is higher?  

This might implicate, that a second mechanism exists, which can export GSSG from the lumen. 

Such a mechanism cannot be the direct transport of GSSG into the cytosol as seen from Opt3 

because this would decrease cellular GSSG through Glr1 activity (Morgan et al., 2013). Thus, the 

Opt3-independent pathway might rather be the export of GSSG from the ER by vesicular 

glutathione transport (VGT). Thereby, GSSG might be stored e.g., in the vacuole. Furthermore, 

VGT might depend on ER GSSG levels and is regulated in a GSSG concentration-dependent 

manner. Thus, targeting Gsh2 to the ER might not as expected increase GSH in the ER but rather 

decrease GSH and GSSG in the lumen. Under moderate GSSG concentrations, ER GSSG export 

mainly relies on the Opt3 pathway. Hence, OPT3 deletion has a strong effect when Gsh2 is in the 

ER. However, with increasing ER GSSG, VGT is stimulated and GSSG is exported via vesicular 

transport. Conclusively, in cells with OPT3 overexpression, GSSG can be efficiently exported to 

the cytosol, thus VGT activity remains low (Figure 48). 

The model, that the Opt3-pathway and the VGT-pathway exist in parallel and that upon increasing 

GSSG concentration VGT was activated, is supported by other interesting findings in this thesis. 

For instance, the overexpression of OPT1 leads to a massive influx of GSH from the media into 

the cytosol. High cytosolic GSH promotes its diffusion into the ER where it indirectly activates Ero1 

(Ponsero et al., 2017). Ero1 activation leads to the oxidation of GSH and as a result of that 

increased GSSG concentration in the ER (Kumar et al., 2011; Ponsero et al., 2017). While OPT3 

overexpressing cells had very low levels of GSSG before the growth media was supplemented 

with GSH, GSSG was accumulating nearly as much as in WT or OPT3 deletion cells after the 

GSH pulse. This indicates that before GSH was induced, the Opt3 amount in the ER was high 

enough to export almost all GSSG. However, after the pulse of GSH the GSSG concentration was 
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dramatically increased, which stimulated VGT to export GSSG from the ER. Supportive to this 

model, Kumar and colleagues demonstrated, that genes involved in vesicular trafficking from the 

ER to the Golgi are upregulated during GSH influx in OPT1 overexpressing cells (Kumar et al., 

2011). 

It was further demonstrated in this thesis, that even when large amounts of GSSG were imported 

from the media, the cytosol stayed almost totally reduced (Figure 29). This was mainly maintained 

by Glr1. However, in OPT3-mutant strains overexpressing OPT1, GSSG remained constantly high 

after the wash-out of GSH followed by 1h incubation in GSH-free media (Figure 24). This means, 

that GSSG formed during the GSH pulse was stored and not transported back to the cytosol, 

where it could have been reduced. If GSSG was stored in the ER, OPT3 overexpressing cells 

could export GSSG to the cytosol and thus GSSG concentration in these cells would decrease 

over time. Interestingly, GSSG stored in the vacuole seems to be stable, since Ycf1 imported 

GSSG formed in ∆glr1 cells after a pulse of H2O2 remained unchanging for at least 1h (Morgan et 

al., 2013). Thus, GSSG formed in the ER during high GSH influx, might be stored in the vacuole. 

 

Figure 48 Model of GSSG export from the ER. Under physiological conditions (A), GSSG is formed in the ER and 
exported via Opt3 and vesicular GSSG export (VGT). When OPT3 is overexpressed, mostly all GSSG is exported to 
the cytosol where it gets reduced (B). However, when ER GSSG is increased, VGT is stimulated and large amounts of 
GSSG get transported to the vacuole (C). Thereby it remains elusive, if Opt3 is inactivated or not. 

Lastly, it remains unclear if Opt3 function is inhibited during active VGT. However, comparing 

GSSG concentrations of cells with endogenous Opt3 to an OPT3 overexpressing strain during 

physiological growth conditions suggest that Opt3 transport capacity is mainly determined by its 

expression levels. Additionally, the amount of Opt3 in the ER membrane seems to be limited, 
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since the localization studies suggest that strong overexpression of OPT3 results in 

mis-localization of Opt3 to the vacuole. 

Interestingly, a strain lacking Gsh1 with endogenous Opt1 has approximately 30% less GSH than 

a WT strain (Kumar et al., 2011). However, overexpression of OPT1 leads to a more than seven-

fold increase of cellular GSH, which suggests that Opt1 function might also mainly, if not 

exclusively, be regulated by expression levels (Kumar et al., 2011). This in general indicates that 

modulating expression levels is the key regulator for OPT-family members. 

3.6 The physiological role of Opt3 

When GSSG is formed in the ER, it might be exported via two pathways, as discussed in previous 

sections. Interestingly VGT alone seems to be enough to maintain cell viability, since Opt3-

mutants grew as WT cells throughout all experiments in different conditions. Furthermore, also 

the resistance to reductive or oxidative stress was not impaired when OPT3 was deleted  

(Figure 39). Even when cells were treated with tunicamycin to induce ER-stress, Opt3-mutant 

strains were as resistant as WT cells (Figure 40). Surprisingly, when UPR activity in Opt3-mutant 

strains was analyzed, both deletion and overexpression of OPT3 led to less HAC1 splicing, 

suggesting a decreased UPR. This was consistent when cells were treated with tunicamycin 

where OPT3 deletion and overexpression strains had less HAC1 splicing activity than WT cells 

(Figure 42). This latter observation was surprising for many reasons: On the one hand one would 

expect that impaired UPR decreases tunicamycin resistance, which might lead to decreased cell 

viability (Torres-Quiroz et al., 2010). On the other hand, it is unexpected, that both deletion and 

overexpression of a protein, causes the same UPR-repressing phenotype. 

During ER-stress, the oxidative folding capacity of the ER is impaired and nascent or incorrectly 

folded protein chains begin to accumulate (Pincus et al., 2010). One key-player, who is crucial to 

prevent proteins from aggregation or support the correct folding of newly post-translational 

integrated nascent protein chains, is the HSP70-family member Kar2 (Ngosuwan et al., 2003; 

Sharma and Masison, 2009). Kar2 possesses a nucleotide-binding domain (NBD) and a 

substrate-binding domain (SBD) (Xu et al., 2016). While, the SBD binds to hydrophobic residues 

of a protein, NBD activity is important for dissociation of Kar2 from the unfolded substrate (Kimata 

et al., 2003). Under physiological conditions, cycles of ATP- and ADP-binding to the NBD allow 

association and dissociation of the SBD at specific hydrophobic substrate regions (Xu et al., 2016). 

Interestingly, it was demonstrated that a cysteine (C63) in the Kar2 NBD can be 
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post-translationally modified by glutathionylation, resulting in an increased holdase activity (Wang 

and Sevier, 2016). This modification seems to be a sensing mechanism to increase ER-stress 

resistance under redox-conditions, which might be unfavourable for protein folding. Thus, 

glutathionylated Kar2 can prevent protein accumulation to a certain degree (Wang et al., 2014). 

Intriguingly, Kar2 oxidation is thought to be the main regulator of GSH import into the ER by 

blocking the Sec61 translocation channel (Ponsero et al., 2017). Finally, glutathionylation of Kar2 

occurs either via the formation of a sulfenic acid followed by the reaction with GSH (two-electron 

mechanism) or directly via thiol-exchange reaction with GSSG. The latter would require an 

increase in ER EGSH (Wang and Sevier, 2016). The sulfenic acid formation on C63 of Kar2 can be 

formed through thiol reaction with H2O2 (Wang et al., 2014). The main producer of H2O2 in the ER 

is the oxidoreductase Ero1, which transfers electrons from Pdi1 directly to molecular oxygen (Tu 

and Weissman, 2002; Zito, 2015). However, Ero1 activity in eukaryotes is regulated (Niu et al., 

2016). This regulation is maintained by several cysteines, which can form intramolecular 

disulfides, causing a conformational change and inhibit Ero1 activity (Sevier et al., 2007). Please 

note, that recently a model was presented suggesting that unlike in human cells, oxidized 

regulatory cysteines in yeast Ero1 maintain low oxidase activity and can be thus rather switch from 

a low activity state into a high activity state (Niu et al., 2016). The switch from low activity to high 

activity states require the regulatory disulfide reduction by Pdi1 (Zhang et al., 2014). However, 

Ero1 and Pdi1 in yeast are mostly oxidized during physiological conditions, suggesting that the 

low activity state of Ero1 is sufficient to maintain oxidized Pdi1 (Niu et al., 2016). Nevertheless, 

the increase of the GSH:GSSG ratio can lead to the reduction of Pdi1 cysteines and consequently 

the switch of Ero1 into its high active state (Niu et al., 2016). This stimulates the formation of H2O2 

and facilitates sulfenic acid formation on the cysteine residue of Kar2 (Wang et al., 2014).  

The enhanced export of GSSG during OPT3 overexpression, eventually increases the ER 

GSH:GSSG ratio, which might initiate sulfenic acid formation and therefore glutathionylation on 

Kar2. Glutathionylated Kar2 with its increased holdase activity, ultimately prevents proteins from 

accumulation during tunicamycin treatment, what would explain lower UPR in a OPT3 

overexpressing strain. This is supported by preliminary data in which Ero1 in OPT3 

overexpression strains remained in its reduced high active state after reduction with DTT, whereas 

Ero1 in WT or ∆opt3 cells returned quickly into the oxidized low active confirmation 

(Supplementary Figure 3). In contrast to OPT3 overexpression, the deletion of OPT3 prevents 

direct GSSG export from the ER, what eventually decreases the GSH:GSSG ratio. Although, 

according to the presented model, GSSG is mainly exported by VGT in a ∆opt3 strain, even a 

small increase in ER GSSG might decrease GSH:GSSG ratio in the lumen. Thus, increased 
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GSSG in ∆opt3 cells could be sufficient to favour thiol exchange between Kar2 and GSSG. Again, 

this would lead to an increased holdase activity of Kar2 and thus less protein aggregation in the 

ER. Finally, the described model explains, how both deletion and overexpression of OPT3 can 

cause the same phenotype for UPR induction. 

The described mechanisms, which might explain how both deletion and overexpression of OPT3 

decreases UPR activation, rely on changes in ER GSSG, which can consequently cause a change 

in ER EGSH. However, when EGSH in WT, ∆opt3 and OPT3 overexpressing cells was analyzed, 

there was no detectable difference between the EGSH of different strains observable (Figure 44). 

Even the treatment with H2O2 to agitate the cellular glutathione pool did not cause a sensor 

response. 

Studying EGSH in the ER was done by other groups before. In their studies, roGFP-based probes 

or other EGSH sensors e.g., rxYFP were used (Meyer et al., 2007; Østergaard et al., 2004). 

However, these sensors were not fused to a glutaredoxin, although in the cytosol equilibration 

between roGFP2 and the 2GSH:GSSG redox couple requires glutaredoxin activity (Gutscher et 

al., 2008). Hence it remains unclear, where the glutaredoxin activity for sensors targeted into the 

ER might come from. Nevertheless, other groups reported equal ER EGSH values when they 

measured with the same sensors fused to Grx1 (Birk et al., 2013a; Ponsero et al., 2017). However, 

this raises further questions e.g., how redox-probes (roGFP1-iL, rxYFP), of which no clear 

mechanism exist, equilibrate with the 2GSH:GSSG redox-couple (if they do at all) in absence of 

an active glutaredoxin facilitating this equilibration. Similar response patterns of genetic fusions or 

unfused constructs might indicate that both types of probes do rather equilibrate with a different 

and not the glutathione redox-couple in the ER. 

I recently fused Pdi1 to roGFP2 and expressed the construct in a strain lacking cytosolic Grx1, 

Grx2 and Glr1. Interestingly, I now have preliminary data, which suggest that influx of GSSG from 

the media cause a Pdi1 dependent roGFP2 oxidation (Supplementary Figure 4). Our new findings 

convincingly demonstrate, that Pdi1 can interact with roGFP2. Thus, it remains elusive to which 

degree measurements with roGFP- or rxYFP-based probes monitor the glutathione redox-couple 

in the ER or in which way highly abundant oxidoreductases can manipulate the recorded probe 

signal. 

In summary I think that Opt3 is a GSSG exporter in the ER. I furthermore conclude that the export 

of GSSG is mainly regulated by Opt3 expression levels. The extremely low endogenous 

expression of Opt3 causes a slow export rate of GSSG from the ER, which is beneficial to maintain 

low ER GSH:GSSG ratios under physiological conditions. However, I assume that GSSG can 
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freely diffuse through the ER and thus can be packed into ER-vesicles and transported to the 

vacuole. Moreover, the vesicular transport rate of GSSG might be dependent on total ER GSSG 

concentration – as more GSSG is present, as more molecules diffuse into vesicles. Nevertheless, 

massive production of GSSG in the ER upon highly active Ero1 leads to a loss of Opt3 function 

and eventually an increase of vesicular trafficking towards the vacuole. Thus, under ER-stress 

conditions most GSSG in the ER is transferred to the vacuole where it is stored. How Opt3 is 

inactivated during high ER GSSG conditions remains elusive. However, Opt3 inactivation during 

high-Ero1 activity is plausible. Highly active Ero1 produces H2O2, which can diffuse into the 

cytosol. Thus, under oxidative stress conditions Opt3 inactivation supports the cytosol in 

maintaining a reduced glutathione pool, since ER derived GSSG is trapped in the secretory 

pathway. 



 
  Material and Methods 

99 
  

4 Material and Methods 

4.1 Molecular Biology Methods 

4.1.1 Plasmid isolation from E. Coli 

Plasmid containing E. Coli (TOP10) were inoculated in 5 ml LBamp and incubated overnight at 

37°C with shaking (140 rpm). Next day, 3 ml of culture was harvested by centrifugation (1 min,  

13 000 rpm). For cell lysis and plasmid purification the NucleoSpin® Plasmid Quick Pure Kit from 

Marchery-Nagel was used. All steps were performed exactly like documented in the user manual. 

In short: Cells were resuspended in 250 µl cooled buffer A1 and immediately 250 µl buffer A2 was 

added. After careful inversion of the samples and incubation for 5 min at room temperature,  

300 µl of the neutralization buffer was added followed by another inversion step. Next the 

supernatant was loaded on a NucleoSpin® Column and centrifuged for 1 min at  

11 000 rpm. After washing the column twice with AE buffer (1 min, 11 000 rpm), DNA was collected 

in a fresh reaction tube by elution from the membrane with 30 µl elution buffer incubated for 2 min 

and centrifugation for 1 min at 11 000 rpm. 

4.1.2 Determination of DNA concentration 

For the plasmid DNA determination, after isolation from E. Coli, the QuickDrop from Molecular 

Devices was used. After blanking the machine with 1 µl H2O followed by cleaning of the sensor 

with tissue paper, 1 µl of the DNA sample was added. DNA content was determined by absorption 

measurements at 260 nm. 

4.1.3 Preparation of chromosomal DNA of S. cerevisiae 

Yeast cells were picked and transferred from growth plates to 30 µl 0.2% SDS. After shaking on 

a VortexGenie2 (Scientific Industries) samples were cooked for 10 min at 95°C followed by 

another round of shaking. A centrifugation step (1 min, 13 200 x g) was used to separate the DNA 

containing aqueous fraction from the remaining cell components. 10 µl of DNA containing 

supernatant was transferred to a fresh reaction tube. 
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4.1.4 Polymerase chain reaction for DNA amplification 

For DNA amplification different protocols were used. When genes were amplified from a plasmid 

or genomic DNA the reaction mix listed in Table 1 was used. 5 x Fusion HF buffer and Fusion 

polymerase were ordered from Mobidaig.  

Table 1 Standard PCR-components. Ingredients and volumes used for gene amplification from a plasmid, or the 
genome are listed. When genomic DNA was used as template, 5x fusion HF buffer was substituted by 5x GC-rich buffer. 

PCR-Components Volume 

5 x Fusion HF buffer 10 µl 

Forward Primer 1 µl 

Reverse Primer 1 µl 

dTNPs 1 µl 

Template 1 µl 

Fusion Polymerase 0.3 µl 

dH2O  35.7 µl 

 
For template amplification with high GC-content, for example amplification of the natNT2 cassette, 

the PCR reaction mix was adapted. Thereby the 5x Fusion HF buffer was replaced by 1 µl of 5 x 

GC rich buffer from Mobidaig. If not other mentioned in the text, the protocol described in Table 2 

was used. 

Table 2 Standard PCR cycler program. Temperatures and time frames for the individual PCR steps denaturation, 
annealing and elongation are listed. PCR reaction was started with a 5 min denaturation step and ended with a final 
elongation step.  

Heat Time Cycles 

98°C 5 min 1 

98°C 0.5 min 

35 65°C 0.5 min 

72°C 3 min 

72°C 10 min 1 
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4.1.5 PCR- and Agarose Gel clean up 

Both, PCR-clean up and agarose gel extraction was carried out with the NucleoSpin R Gel and 

PCR clean up kit from Machery-Nagel. 

4.1.6 Restriction digestion of DNA 

For cloning the DNA template (30 µl of cleaned up PCR product or 1 µg plasmid DNA) was mixed 

with 5 µl 10 times concentrated cutsmart from New England BiolabsR (NEB) and 2 µl of each 

corresponding restriction enzyme. The reaction mix was adjusted to 50 µl with dH2O and incubated 

for 2h at 37°C. Restriction digest was also used to verify the correct integration of insert in the 

plasmid backbone after ligation reaction. Therefore 2 µl of ligated and purified plasmid was cut 

with 0.5 µl of corresponding enzymes in 3 µl cutsmart buffer and 19 µl dH2O. The reaction mix 

was incubated for 30 min at 37°C. All enzymes used in this study were ordered from NEB. 

4.1.7 Ligation of DNA fragments 

Ligation was performed by using the FAST-LINK™ DNA LIGATION Kit (Lucigen). Thereby the 

relationship of plasmid/insert concentration was calculated with help of NEBioCalculatorR 

(https://nebiocalculator.neb.com/#!/ligation). 

Plasmid and insert were mixed with reaction buffer, ATP and ligase as described in manufacturers 

protocol and total reaction volume was adjusted to 15 µl with dH2O. Ligation reaction was 

performed in a thermo cycler (Peltier Thermal Cycler DTC-200) as mentioned in the Kit manual. 

4.1.8 Agarose gel electrophoresis 

To separate restricted DNA fragments after restriction digest according to their size, agarose gel 

electrophoresis was used. Therefore 1% agarose (Biozym) was solubilized in TAE buffer (40 mM 

Tris, 1.14% acetic acid, 10 mM EDTA pH 8) by heating in a microwave. For DNA detection 2 µl 

MidoriGreen (NipponGenetics) was added to 50 ml gel solution before it polymerized for 30 min 

at 26°C. Before the samples were transferred on the gel, 6 x loading dye (NEB) was added. For 

size determination additionally a 1 kb DNA ladder from (NEB) was loaded next to the samples. 

DNA separation was carried out at 90 V for 45 min in 1x TAE buffer. Afterwards fragments were 

visualized with UV light recorded by the Molecular imager R ChemiDoc™XRS from BIORAD. 
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4.1.9 Chemical transformation of E. Coli cells 

Chemo competent TOP10 cells were transformed with plasmid DNA by a heat shock-based 

approach. Therefore, 50 µl cells were incubated on ice with 1 µl corresponding plasmid for 30 min. 

After acclimatization cells were transferred for heat shock to a 42°C warm water bath for 1 min, 

followed by a cooldown on ice for 2 min. Next, cells were resuspended in  

100 µl LB media and incubated for 1h at 37°C with shaking (750 rpm). Afterwards cells were plated 

on LB+Amp selection plates and incubated over night at 37°C. 

4.2 Genetic methods 

All cloned constructs in this thesis are based of the plasmid backbones described by Mumberg et 

al. in 1995 (Mumberg et al., 1995). The individual primers and plasmids used in this thesis are 

mentioned in Table 3 and 4. 

4.2.1 p416-TEF-OPT1 cloning 

OPT1 was amplified from the genome. Thereby the designed primers introduced a 5’ SpeI 

(SpeI_Opt1 F) and a 3’ SalI restriction site (SalI_Opt1 R). The resulting PCR construct as well as 

the p416-TEF empty plasmid were digested with the corresponding enzymes SpeI and SalI and 

mixed in a ligation reaction to generate the construct p416-TEF-OPT1.  

4.2.2 Cloning of GSH2 variants 

To shift Gsh1 and Gsh2 in the endoplasmic reticulum the enzymes had to be cloned on specific 

expression vectors with an integrated targeting sequence. In a first step to introduce the 

endoplasmic targeting sequence on the N-terminus of either Gsh1 or Gsh2 the plasmid 

p415-TEF-SS-PHluorin-HDEL was cut with NheI and NotI. PCR amplified GSH1 

(SpeI_GSH1-ATG F; NotI_GSH-Stop R) lacking the start and stop codon was cut with SpeI and 

NotI and ligated in p415-TEF empty to generate p415-TEF-SS-GSH1-HDEL. GSH2 (NheI_GSH2-

ATG F; NotI_GSH2-Stop R) also amplified without start and stop codons, was cut with the same 

enzymes and mixed in a ligation reaction with digested p415-TEF-SS-PHluorin-HDEL plasmid. 

The resulting plasmid p415-TEF-SS-GSH2-HDEL was further cut with XbaI and HindIII to ligate it 

in a p416-TEF empty vector. The advantage of having GSH1 and GSH2 on plasmids containing 

different amino acid markers was to select for both enzymes in parallel. Since the expression of 

the ER-targeted Gsh1 and Gsh2 constructs was lethal under a TEF promoter a weaker promoter 
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was introduced. Therefore, p415-TEF-SS-GSH1-HDEL and p416-TEF-SS-GSH2-HDEL were cut 

with XbaI and HindIII and further cloned in a p415-ADH empty plasmid. Finally, p415-ADH-SS-

GSH2-HDEL was cut with SacI and HindIII to shift the construct ADH-SS-GSH2-HDEL on a p416 

backbone and generate the plasmid p416-ADH-SS-GSH2-HDEL. 

To produce p415-ADH-SS-GSH2, GSH2 was amplified from the genome with primers introducing 

a 5’ NheI cutting site (NheI_GSH2 F) and 3’ terminal XhoI restriction site (XhoI_GSH2 R). The 

resulting PCR product was digested and ligated into a p415-ADH-SS-GSH2-HDEL plasmid 

digested with the same restriction enzymes. The plasmid p415-ADH-GSH2 was constructed by 

cutting p415-ADH with NheI and XhoI. A PCR amplified GSH2 gene with corresponding flanking 

restriction sites was ligated in (NheI _GSH2 F; XhoI_GSH2 R). All primer sequences used for 

cloning are listed in Table 3. 

Table 3 Primers used in this thesis. All primers used in this thesis are listed in this table with their sequence and final 
usage. Cloning primers were used for gene integration into a plasmid. Gene deletion primers have homologous 
overhangs which bind the flanking gene regions for homologous recombination. Check primer were used to verify correct 
gene manipulation. N- and C- terminal tagging primers to introduce a tag of interest on the N- or C- terminal gene end. 
qPCR primers were used to quantify RNA levels in a qPCR reaction. 

Primer Sequence Usage 

SpeI_Opt1 F CTGGACCACTAGTATGAGTACCATTTATAGGGAG cloning 

SalI_Opt1 R GTCCTATGAGTCGACTTACCACCATTTATC cloning 

SpeI_GSH1-ATG F 
CATTACGACTAGTGGACTCTTAGCTTTGGGCAC 
 cloning 

NotI_GSH1-Stop R 
CTTACAGGCGGCCGCACATTTGCTTTCTATTGAAG
GC cloning 

NheI _GSH2 -ATG F CATTACGGCTAGCGCACACTATCCACCTTCC cloning 

NotI _GSH2 -Stop R 
CTTACAGGCGGCCGCGTAAAGAATAATACTGTCCA
AACATCCG cloning 

NheI _GSH2 F 
CATTACGGCTAGCACCATGGCACACTATCCACCTT
CC cloning 

XhoI_GSH2 R 
CTTACAGCTCGAGCTAGTAAAGAATAATACTGTCCA
AACATCCG cloning 

S1 GSH2 
CAAAGGTAGCAAAGTGCCACTTCAAGCAATTATAG
GAAGAAAGCACTACTCCTATAAAATATGCGTACGCT
GCAGGTCGAC 

gene deletion 

S2 GSH2 
CTTAACTAATTGTTAATCAAGTTCTAGCATCATCTTC
CTAGCATCTATGTGTATAGTACATGTACACCTAATC
GAT 

gene deletion 
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S1 OPT3 
CAGTATAGAGGACTAACCGTTAAAGATTCTAAATCG
GTACTGTAAATACTTTGAAATGCGTACGCTGCAGGT
CGAC 

gene deletion 

S2 OPT3 
ATAATTTAAAATTTGTAAACTTTGTAAATTCTTTATTA
GTAAAATATTATATACCTAATCGATGAATTCGAGCT
CG 

gene deletion 

S3 OPT3 
GGTGGAGGTATCTTTAGCGTAATAAACATGCTCTTC
ATCTGCTTAAATGTCCCTCACTATCGTACGCTGCAG
GTCGAC 

C-terminal tagging 

S4 OPT3 
CAAAGCAGGTTTATTATCCCATGGTACACGCTGTAC
TTCTTGACTTGGAGTAGATTGAGGCATCGATGAATT
CTCTGTCG 

N-terminal tagging 

OPT3-Neongreen F 
GTATCTTTAGCGTAATAAACATGCTCTTCATCTGCT
TAAATGTCCCTCACTATATGGTCTCTAAGGGTGAAG C-terminal tagging 

OPT3-Neongreen R 
AAATTTGTAAACTTTGTAAATTCTTTATTAGTAAAAT
ATTATATACCTAATCGATGAATTCGAGCTCG C-terminal tagging 

S2 SEC63 
AAGAGCTAAAATGAAAAACTATACTAATCACTTATAT
CTGAATTCGAGCTCGTTTAAAC C-terminal tagging 

S3 SEC63 
CGATACGGATACAGAAGCTGAAGATGATGAATCAC
CAGAA C-terminal tagging 

SEC63 5'UTR CHK F TGGTGAATGTGAAGTTTGTG check primer 

SEC63 3'UTR CHK R AATACCAGTGGGTGGTTTG check primer 

GSH2 5'UTR CHK F TGGAATAATTGGACAAGTGC check primer 

GSH2 3'UTR CHK R GTGCAGCTAAATGGTGTACTTCGCTAC check primer 

GSH1 5'UTR CHK F GTTGTGCTGGAGTAGTTGGATCTTTCC check primer 

GSH1 3'UTR CHK R GGTCGTTGCTTTTTCAATCACCG check primer 

OPT3 5'UTR CHK F CGTGAGATCTATCTCAAGGCATC check primer 

OPT3 3'UTR CHK R GGAAATCTAAGACATCGAATTATGTG check primer 

YCF1 5'UTR CHK F CTATGTGGAAGCTGGTTTACAACCTAC check primer 

YCF1 3'UTR CHK R CATCCTACGTACGTACCAGATTGTGCG check primer 

GLR1 5'UTR CHK F GATAGTTTAATTCATTTGCACGGCG check primer 

GLR1 3'UTR CHK R CTTCTTTGAAGGCTTAAAGTTAGAAAGCAG check primer 

TRX1 5'UTR CHK F CGATATGTATATTCTTTTCGTTGGAAAAGATGTC check primer 

TRX1 3'UTR CHK R CCTCTTGTGTGAAAAATTAATTGTTTCCTCC check primer 

TRX2 5'UTR CHK F CGGAACCAACGTATTTAGAG check primer 
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TRX2 5'UTR CHK R AATGTTCCAGTTGAAGCAAG check primer 

HAC1spliced F CTTTGTCGCCCAAGAGTATGCG q-PCR 

HAC1spliced R ACTGCGCTTCTGGATTACGC q-PCR 

PDI1 F GATCGATTACGAGGGACCTAGA q-PCR 

PDI1 R GCGGAGGGCAAGTAAATAGAA q-PCR 

KAR2 F GAAGCCCGCTGTAGAAGTAAG q-PCR 

KAR2 R AGTACCACCACCCAAATCATAAA q-PCR 

 

4.2.3 One-step transformation of S. cerevisiae / homologous recombination 

Cells were inoculated in 10 ml YPD for 17h at 30°C with shaking (140 rpm). The next day 1 ml of 

cells were collected by centrifugation (3 min, 3000 rpm) and washed once with 1 ml dH2O. After 

removing the water, cells were resuspended in 100 µl One-step buffer (40% polyethylene glycol, 

0.2 M lithium acetate and 0.1 M Dithiothreitol (DTT)) and 5 µl Salomon sperm single-strand DNA 

(SIGMA-ALDRICH) along with 1 µl plasmid DNA was added. After mixing with a Vortex, samples 

were heat shocked at 42°C for 30 min with continues shaking at 750 rpm. The heat shock was 

followed by incubation overnight at 30°C on corresponding HC selection plates. 

Table 4 Plasmids used in this thesis. All plasmids used in this thesis are listed with their selection marker, the vector 
backbone, the corresponding gene insert and the source of plasmid origin.  

Plasmid 
Resistance 
Marker 

Backbone Insert Source 

p415-TEF AmpR/LEU2 p415-TEF  Mumberg et 
al. 

p416-TEF AmpR/URA3 p416-TEF  Mumberg et 
al. 

p415-ADH AmpR/LEU2 p415-ADH  Mumberg et 
al. 

p415-ADH-SS-GSH2 AmpR/LEU2 p415-ADH SS-GSH2 This study 

p415-ADH-GSH2 AmpR/LEU2 p415-ADH ADH-GSH2 This study 
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p415-ADH-SS-GSH2-HDEL AmpR/LEU2 p415-ADH SS-GSH2-HDEL This study 

p415-TEF-SS-GSH2-HDEL AmpR/LEU2 p415-TEF SS-GSH2-HDEL This study 

p415-TEF-SS-PHLUORIN-
HDEL 

AmpR/LEU2 p415-TEF SS-PHLUORIN-HDEL This study 

p416-MET25-SS-PHLUORIN-
HDEL 

AmpR/URA3 p416-TEF SS-PHLUORIN-HDEL 
Bruce 
Morgan 

p416-TEF-OPT1 AmpR/URA3 p416-TEF OPT1 This study 

p415-TEF-OPT1 AmpR/LEU2 p415-TEF OPT1 This study 

p416-MET25-PHLUORIN AmpR/URA3 p416- 
MET25 PHLUORIN This study 

p415-TEF-GRX1-roGFP2 AmpR/LEU2 p415-TEF GRX1-roGFP2 Gutscher et 
al., 2008 

p416-MET25-SS-
roGFP2-GRX1-HDEL 

AmpR/MET25 p416- 
MET25 

SS-roGFP2-GRX1 
HDEL 

Bruce 
Morgan 

p416-TEF-OPT3 AmpR/URA3 p416-TEF OPT3 GeneScript 

p416-TEF-OPT3-C65A AmpR/URA3 p416-TEF OPT3-C65A GeneScript 

p416-TEF-OPT3-C205A AmpR/URA3 p416-TEF OPT3-C205A GeneScript 

p416-TEF-OPT3-C320A AmpR/URA3 p416-TEF OPT3-C320A GeneScript 

p416-TEF-OPT3-C452A AmpR/URA3 p416-TEF OPT3-C452A GeneScript 

p416-TEF-OPT3-C459A AmpR/URA3 p416-TEF OPT3-C459A GeneScript 

p416-TEF-OPT3-C565A AmpR/URA3 p416-TEF OPT3-C565A GeneScript 

p416-TEF-OPT3-C572A AmpR/URA3 p416-TEF OPT3-C572A GeneScript 

p416-TEF-OPT3-C584A AmpR/URA3 p416-TEF OPT3-C584A GeneScript 

p416-TEF-OPT3-C607A AmpR/URA3 p416-TEF OPT3-C607A GeneScript 

p416-TEF-OPT3-C623A AmpR/URA3 p416-TEF OPT3-C623A GeneScript 

p416-TEF-OPT3-C719A AmpR/URA3 p416-TEF OPT3-C719A GeneScript 

pFA6α-natNT2 AmpR/natNT2 PEG202 natNT2 Janke et al. 

pFA6α-hphNTI AmpR/hphNTI p425-GAL1 hphNTI Janke et al. 
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pFA6α-kanMX4 AmpR/kanMX4 pYM3 kanMX4 Janke et al. 

pFA6α-cherry-HIS3MX6 AmpR/HIS3 pFA6α cherry-HIS3MX6 Janke et al. 

pYM-N18 AmpR/kanMX4 p413-TEF kanMX4 Janke et al. 

pYM-N7 AmpR/natNT2 p413-ADH pADH Janke et al. 

pFA6a-ymNeongreen-
CaURA3 

AmpR/URA3 pFA6a ymNEONgreen Botman et al. 

 

4.2.4 Construction of yeast deletion and tagged strains 

If not otherwise indicated throughout the text, yeast strains come from the S. cerevisiae wild-type 

BY4742 (his3∆1leu2 ∆0lys2∆0ura3∆0) yeast strain. Deletion strains were constructed by using 

homologous recombination approach previous described by Janke et al., 2004 (Janke et al., 

2004). Therefore, antibiotic resistance cassettes (NatNT2, kanMX4 or hphNTI), which replaced 

the gene of interest were amplified via PCR from the donor plasmids pFA6α-natNT2, pFA6α-

hphNTI and pFA6α-kanMX4. For knock-out strain production, primers to amplify the antibiotic 

resistance cassettes had 50-60 bp long overhangs, which were homologue to genomic regions 

up and downstream of the replaced gene. The manipulation of endogenous promoters was also 

a PCR based tagging approach. Corresponding primers were designed as recommended by 

Janke et al. in 2014 (Janke et al., 2004). As donor-plasmids the pYM based plasmids, pYM-N18, 

and pYM-N7 were used. Endogenous promoters were replaced by either a TEF1 or an ADH1 

promoter. The strain ADH-OPT3-ymNeonGreenSEC63-mCherry was produced stepwise. First 

ymNeonGreen was introduced by PCR based tagging using a URA3 marker for selection. In a 

second step SEC63 in the same strain was C-terminally tagged with mCHERRY linked to a HIS3 

marker for selection (donor plasmid: pFA6a-cherry-HIS3MX6). Finally, the endogenous promoter 

was replaced by an ADH promoter with a natNT2 selection marker. The donor plasmid pFA6a-

ymNeonGreen-CaURA3 was a gift from Bas Teusink (Addgene plasmid #125703) (Botman et al., 

2019). All primer used are listed in Table 3. 

For homologous recombination, the above-mentioned amplified resistance cassettes were 

transformed into the yeast cells by a lithium acetate/polyethyleneglycol-based protocol. In short, 

cells were grown over night. The next day, 1 ml culture was collected by centrifugation (3 min, 

3000 rpm, 25°C) washed with 1 ml distilled water before and taken up in 200 µl of one-step 

transformation buffer (40% polyethylene glycol, 0.2 M lithium acetate and 0.1 M Dithiothreitol 

(DTT)). Next, 10 µl salmon sperm single-strand DNA (SIGMA-ALDRICH) and the corresponding 
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PCR product was supplemented. Cells were kept for 30 min at 42°C with continuous shaking  

(750 rpm). Positive knock out clones were selected on growth plates supplemented with 

corresponding antibiotics. All strains were confirmed by PCR. For further information see Table 5. 

Table 5 Strains used in this thesis. All strains which were used in this thesis are listed with their corresponding 
genotypes and the source of origin. 

Strain Genotype Source 

BY4742 MATα his3∆1leu2∆1lys2∆0ura3∆0 Euroscarf 

∆gsh1 BY4742 ∆gsh1::kanMX4 Euroscarf 

∆gsh2 BY4742 ∆gsh2::kanMX4 Euroscarf 

∆gsh1∆gsh2 BY4742 ∆gsh1::kanMx4 ∆gsh2::natNT2 This study 

∆opt3 BY4742 ∆opt3::natNT2 This study 

pTEFOPT3 BY4742 pTEFOPT3::natNT2 This study 

∆gsh1∆opt3 BY4742 ∆gsh1::kanMx4 ∆opt3::hphNTI This study 

∆gsh2∆opt3 BY4742 ∆gsh2::kanMx4 ∆opt3::hphNTI This study 

∆gsh1∆gsh2∆opt3 
BY4742 ∆gsh1::kanMx4 ∆gsh2::natNT2 
∆opt3::hphNTI This study 

∆gsh1pTEFOPT3 BY4742 ∆gsh1::kanMX4 pTEFOPT3::hphNTI This study 

∆gsh2pTEFOPT3 BY4742 ∆gsh2::kanMX4 pTEFOPT3::hphNTI This study 

∆gsh1∆gsh2pTEFOPT3 
BY4742 ∆gsh1::kanMx4 ∆gsh2::natNT2 

pTEFOPT3::hphNTI 
This study 

∆ycf1 BY4742 ∆ycf1::kanMX4 Euroscarf 

∆ycf1∆opt3 BY4742 ∆ycf1::kanMX4 ∆opt3::natNT2 This study 

∆ycf1pTEFOPT3 BY4742 ∆ycf1::kanMX4 pTEFOPT3::natNT2 This study 

∆gsh2∆ycf1 BY4742 ∆gsh2::kanMX4 ∆ycf1::natNT2 This study 

∆gsh2∆ycf1∆opt3 
BY4742 ∆gsh2::kanMX4 ∆ycf1::natNT2 
∆opt3::hphNTI This study 
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∆gsh2∆ycf1pTEFOPT3 
BY4742 ∆gsh2::kanMX4 ∆ycf1::natNT2 

pTEFOPT3::hphNTI 
This study 

∆glr1 BY4742 ∆glr1::kanMX4 Euroscarf 

∆glr1∆opt3 BY4742 ∆glr1::kanMX4 ∆opt3::natNT2 This study 

∆glr1pTEFOPT3 BY4742 ∆glr1::kanMX4 pTEFOPT3::natNT2 This study 

∆gsh2∆glr1 BY4742 ∆gsh2::kanMX4 ∆glr1::natNT2 This study 

∆gsh2∆glr1∆opt3 
BY4742 ∆gsh2::kanMX4 ∆glr1::natNT2 
∆opt3::hphNTI This study 

∆gsh2∆glr1pTEFOPT3 
BY4742 ∆gsh2::kanMX4 ∆glr1::natNT2 
pTEFOPT3::hphNTI This study 

∆trx1∆trx2 BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 Morgan et al. 

∆trx1∆trx2∆opt3 BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆opt3::natNT2 This study 

∆trx1∆trx2pTEFOPT3 
BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 
pTEFOPT3::natNT2 This study 

∆ire1 BY4741 Carsten Mattes 

OPT3-ymNeongreen BY4742 pADHOPT3::natNT2 ymNeongreen::URA3 This study 

OPT3-ymNeongreen 
SEC63-mCherry 

BY4742 ymNeongreen::URA3 SEC63-
mCherry::HIS3 

This study 

pADHOPT3-ymNeongreen 
SEC63-mCherry 

BY4742 ymNeongreen::URA3 SEC63-
mCherry::HIS3 pADHOPT3::natNT2 This study 

SGA-starter strain 
 his3∆1 leu2∆0 lys2+ MET+ ura3∆0 can1∆::STE2pr-
sp HIS5 lyp1∆::STE3pr-LEU2 cyh2 Cohen et al. 

 

4.3 Cell Biology methods 

4.3.1 Synthetic Genetic Array (SGA) 

For the identification of genetically interaction partners of OPT3 a SGA-starter strain (his3∆1 

leu2∆0 lys2+ MET+ ura3∆0 can1∆::STE2pr-sp HIS5 lyp1∆::STE3pr-LEU2 cyh2) was mated with 

the BY4741 xx::kanMX2 deletion library and BY4741 DAmP library of essential genes followed by 

the analysis of cell growth as described by Cohen et al. in 2011 (Cohen and Schuldiner, 2011). 
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4.3.2 Growth curves 

The yeast strains By4742 wild-type (WT), ∆gsh1, ∆gsh2, ∆opt3, pTEFOPT3, ∆gsh1∆opt3, 

∆gsh2∆opt3, ∆gsh1pTEFOPT3 and ∆gsh2pTEFOPT3 were transformed with an empty p415-TEF 

empty plasmid. Precultures grew in HC medium without supplemented leucine and additional  

2 µM GSH. Next day the cultures were diluted to 0.5 OD600 and grown for another 4h before  

1 OD600 unit (1 OD600 unit represents 1 OD600 in 1 ml) was harvested, washed with 1 ml distilled 

water, and diluted 1:100 in 100 µl HC−leu without any GSH. Cells were incubated at 30°C with 

continuous shaking using a BioTek-Microplate Reader. The OD600 was measured every 10 min 

for as a minimum 30h. Three individual repeats were performed. 

4.3.3 Determination of total GSH and GSSG content in cell lysates 

Determination of whole cell GSH and GSSG is based on the DTNB-recycling assay described by 

Rahman et al., 2006 (Rahman et al., 2006). 50 OD600 units of cells were harvested by 

centrifugation (3 min, 3000 rpm, 25°C). After washing the cells once with 10 ml Milli-Q H2O the 

cell pellet was taken up in 250 µl ice-cold SSA/HCl buffer (1.3% sulfosalicylic acid, 8 mM HCL) 

and transferred on ice. Approximately 500 µl of glass beads (Scientific Industries) were added to 

the cell suspension. Cells were automatically lysed at 4°C using a cell disruptor (Scientific 

Industries) and after 3 min of disruption another 100 µl of ice-cold SSA/HCl buffer was inserted to 

each tube, followed by a further disruption step for 5 min. After protein precipitation by incubation 

of the cell suspension on ice for 15 min, samples were centrifuged at 16 000 g for 15 min at 4°C 

and the lysate was transferred to a fresh tube. For determination of total glutathione, 10 µl of 

supernatant was diluted 1:100 in ice-cold KPE buffer (100 mM KH2PO4, 100 mM k2hPO4, 5 mM 

EDTA, pH 7.5). For determination of GSSG, 100 µl supernatant was treated for 1h at 25°C with 2 

µL of 20% 2-vinylpyridine (SIGMA-ALDRICH) in 100% ethanol and 40 µl 1 M MES/TRIS pH 7.0, 

to raise the pH and allow GSH to get alkylated. GSSG samples were agitated briefly every 10 min 

to prevent lysate from settling. GSH and GSSG standards were prepared by serially diluting GSH 

(1 mg/ml stock, diluted in KPE buffer, SIGMA-ALDRICH) in KPE buffer or GSSG (2 mg/ml stock, 

diluted in KPE buffer, SIGMA-ALDRICH) in SSA/HCl buffer. For the recycling assay, 120 µl of ice-

cold KPE buffer with supplemented 0.9 mg/ml NADPH (AppliChem) and 0.9 mg/ml DTNB (SIGMA-

ALDRICH) was inserted to either 20 µl of GSH or GSSG samples and the corresponding standards 

in a 96-well plate (Falcon). Each sample was analyzed in duplicate. Absorbance was measured 

at 412 nm by a CLARIOstar microplate reader (BMG labtech, Ortenberg, Germany) and after 5 

measurement cycles, 6.0 U of glutathione reductase (diluted in KPE buffer, SIGMA-ALDRICH) 

was added to start the reaction. Total GSH and GSSG content was determined using a standard 
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curve derived from a linear regression analysis of a known GSH and GSSG standard curve. GSH 

concentration was obtained subtracting GSSG concentration from the total glutathione pool. 

4.3.4 Measurement with OPT1 overexpression 

Whole cell glutathione was analyzed by a DTNB-based assay. Therefore, BY4742 wild-type, 

∆opt3, pTEFOPT3, ∆ycf1, ∆ycf1∆opt3 and ∆ycf1pTEFOPT3 strains were transformed with 

p416-TEF-OPT1. Cells were grown in HC−ura medium overnight (30°C, 24h) and diluted the next 

day to grow another 17h to 3.5 OD600. Next, 50 OD600 units per strain were separated in Falcon 

tubes. To the remaining cells 100 µM GSH and 50 µM GSSG was added. Whilst the treated cells 

incubated for another 1h at 30°C, the before separated cells were collected by centrifugation  

(3000 rpm, 3 min, 25 °C) washed once with distilled water, taken up in 250 µl ice cold SSA/HCL 

buffer and kept on ice. Analysis of whole cell GSH and GSSG was carried out as described in 

4.3.3. 

4.3.5 Phluorin measurements 

The yeast strains ∆opt3, pTEFOPT3 and a BY4742 wild-type were co-transformed with the plasmids 

p415-TEF-OPT1 and p416-MET-PHLUORIN. For background subtraction a WT was transformed 

with p415-TEF-OPT1 plus an empty p416-MET plasmid. Cells were grown in corresponding 

selection media for 24h diluted 1:800 in fresh selection media. After 17h cultivation, 1.5 OD600 unit 

per measurement condition was collected by centrifugation for 3 min at 3000 rpm. 200 µl of each 

individual strain was resuspended in fresh HC−ura−leu−met growth media and 0.1 M Mes/Tris 

buffer solutions with pH of 5.5, 6, 6.5, 7 and 7.5 to establish a standard curve for probe calibration. 

Afterwards samples were shifted to a 96 well plate (Falcon) and analyzed in a Clariostar (BMG 

labtech). For pH determination the samples were excited with 410 nm and 470 nm and emission 

at 508 nm was detected. After 15 cycles of measurement, cells resuspended in  

HC−ura−leu−met were treated with 20 µl of 100 µM GSH (solubilized in HC-ura-leu-met) and 

measurement was continued for 1h. For analyzation the 470/410 nm ratio of each calibration 

sample was calculated. Next, the average of the ratio from the first 10 cycles was build and a 

standard curve was calculated using Excel. To determine the pH before and after the treatment 

with GSH not only the average of the first 10 cycles before GSH induction, but also of the last 10 

cycles after induction was built. With help of the standard curve the pH was calculated. The 

calculated ∆pH corresponds to the subtraction of pH after GSH treatment and before treatment.  
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4.3.6 Determination of EGSH 

Yeast strains were transformed with either p415-TEF-GRX1-roGFP2 or a p415-TEF empty 

plasmid and p416-TEF-OPT1. The cells were inoculated in corresponding HC−ura−leu selection 

media and grown for 24h at 30°C. After overnight growth, cells were diluted 1:400 in fresh media 

and incubated for another 17h at 30°C till they reached an OD600 of approximately 3.5. 1.5 OD600 

units per well (1 OD600 unit equals 1 ml culture with and OD600 of 1) were collected by centrifugation 

(3 min, 3000 rpm) and resuspended in 200 µl HC−ura−leu aliquots with a density of 7.5 OD600/ml. 

The aliquots were transferred into a Falcon 96-well plate and treated with 20 mM diamide (SIGMA-

ALDRICH) or 100 mM DTT (SIGMA-ALDRICH) as oxidized and reduced controls or treated with 

either 100 µM GSH (SIGMA-ALDRICH) or 50 µM GSSG (SIGMA-ALDRICH). For fluorescence 

background subtraction, cells transformed with the p415-TEF empty plasmid were used. roGFP2 

has two excitation maxima dependent on the oxidation state of the close to the chromophore 

introduced cysteines. While the roGFP2 chromophore is mostly in its anionic form when roGFP2 

is oxidized and shows predominantly an excitation maximum at ~400 nm, the chromophore of 

reduced roGFP2 is mostly protonated and thus has an excitation maximum at ~480 nm. For both 

excitation wavelength the emission was recorded at 510 nm. Data was analyzed using MARS 

software (BMG labtech). The degree of roGFP2 oxidation was calculated with equation below. 

��������2 =  
1390 ∗ 1480��� − 1390��� ∗ 1480

1390 ∗ 1480��� − 1390 ∗ 1480�� + 1390�� ∗ 1480 − 1390��� ∗ 1480
 

 

4.3.7 roGFP2 measurements in the ER 

The strains ∆opt3, pTEFOPT3 and wild-type were transformed with a 

p416-MET25-SS-roGFP2-GRX1-HDEL plasmid and grown over night in HC media lacking 

methionine and uracil. After 24h growth cells were diluted 1:400 in fresh HC−ura−met and 

incubated for 17h till they reached an OD600 of approximately 3.5. The harvesting procedure was 

carried out like described in 4.3.6 except that samples were resuspended in 0.1 M MES/TRIS 

buffer (pH 6) instead of fresh media. For measurement, cells were treated with diamide or DTT as 

oxidized and reduced control or in 0.1 M MES/TRIS buffer (pH 6) serial diluted H2O2 (SIGMA-

ALDRICH) with 8 concentrations from 1000 µM to 0 µM. 

4.3.8 Growth test with shifted glutathione synthesis 

The BY4742 strains ∆gsh2, ∆gsh2∆opt3 and ∆gsh2pTEFOPT3 were transformed with the different 

plasmid combinations p416-TEF empty + p415-TEF empty, p415-TEF-SS-GSH1- HDEL + p416-
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TEF empty, p416-TEF-SS-GSH2-HDEL + p415-TEF empty or p415-TEF-SS-GSH1-HDEL + 

p416-TEF-SS-GSH2-HDEL and selected on 2 µM GSH containing HC−ura−leu plates. For control 

a BY4742 WT strain was transformed with the empty plasmids p415-TEF and p416-TEF before 

selected on same growth plates. Strains were streaked on HC−ura−leu plates supplemented with 

2 µM GSH and HC−ura−leu plates without GSH and incubated over night at 30°C. After two more 

rounds of re-streaking, potential growth phenotypes were analyzed, and the plates were scanned. 

4.3.9 Growth assay of OPT3 Cysteine-Mutants 

OPT3 and single cysteine mutants of OPT3 were created and ordered from GeneScript 

(sequences in Appendix).The strain ∆gsh2∆opt3 was transformed with the plasmids p416-TEF; 

p416-TEF-OPT3-C65A; p416-TEF-OPT3-C205A; p416-TEF-OPT3-C320A; p416-TEF-OPT3-

C452A; p416-TEF-OPT3-C459A; p416-TEF-OPT3-C565A; p416-TEF-OPT3-C572A; p416-TEF-

OPT3-C584A; p416-TEF-OPT3-C607A; p416-TEF-OPT3-C623A; p416-TEF-OPT3-C719A and 

plated on HC−ura plates, supplemented with 2 µM GSH and incubated for 24h at 30°C. Next, cells 

were re-streaked on both: HC−ura plates supplemented with 2 µM and on HC−ura plates without 

GSH followed by an incubation time of 24 hours. Afterwards a second re-streak was performed 

on fresh plates. After another 24 hours incubation time the growth plates were analyzed. 

4.3.10 Drop dilution assay 

Cells were cultured for 17h at 30°C in HC media and diluted the next day to 0.5 OD600. After cells 

grew for another 4h at 30°C in HC media, 1 OD600 unit per sample was harvested and washed 

once in 1 ml MiliQ-water and finally resuspended in 1 ml fresh MiliQ-water. A dilution series of 

each resuspended sample was performed in MiliQ-water (from 1 OD to 1x10-5
 OD). 5 µl of each 

concentration was dropped on corresponding growth plates. The plates were incubated for 42h at 

30°C and scanned afterwards. Drop dilution assay of each strain was repeated at least 3 times. 

4.3.11 Halo assay 

Cells were inoculated in HC medium overnight (17h). The next day cultures were diluted to 0.1 

OD600 in HC media and incubated for another 4h. Afterwards, 1 OD600 unit per strain was 

harvested, washed in 1 ml MlliQ-water, and finally diluted to 0.1 OD600 unit in MilliQ-water. 

100 µl of each diluted strain was plated in duplicates on HC plates. Next, a 9 mm filter paper 

(CarlRoth) was arranged in the middle of the agar plate and 5 µl of either 3 mM DTT, 3 mM H2O2 

or MilliQ-water as control, was dropped on the filter paper. After incubation for 42h at 30°C the 
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radius of each halo was measured and plates were scanned. The assay was repeated at least 3 

times per strain in technical duplicates. 

4.3.12 ER Stress Resistance assay  

BY4742 WT, ∆opt3, pTEFOPT3 and BY4741 ∆ire1 were inoculated in YPD media and incubated 

for 19h at 30°C. The next day pre-cultures were diluted in 3 ml fresh YPD with a starting OD600 of 

approximately 0.2. After another 6h growth at 30°C samples were diluted to 0.05 OD600 in 10 ml 

YPD. Aliquots of 50 µl sample were transmitted into a 96 well plate and 180 µl YPD was added. 

Finally, 20 µl of a tunicamycin dilution series with the concentrations 0.21, 0.27, 0.34, 0.42, 0.52, 

0.66, 0.82, 1.02, 1.28, 1.6 or 2 µg/ml were added to the samples resulting in an OD of 0.01 per 

well. After tunicamycin treatment for 18h at 30°C, 200 µl of cell suspension was transferred to a 

new 96 Falcon plate and OD600 was measured. 

4.3.13 RNA, DNA isolation and quantitative real-time PCR analysis  

RNA was obtained from 5 OD600 units of cells treated with and without tunicamycin (1µg/ml), 

following the instructions of the RNeasy RNA Isolation Kit (QIAGEN). Afterwards, 500 ng of the 

RNA samples served as a qPCR template. For the synthesis of the corresponding cDNA the 

Oligo(dT) Primer and the SuperscriptTM from Invitrogen were used. For the quantitative real-time 

PCR, qPCR SYBR Green Mix (Thermo Scientific) was used in the magnetic Induction Cycler (bio 

molecular systems). The cDNA of interest was amplified with the primer pairs listed in Table 3 with 

a final concentration of 400 nM. 

The qPCR program started with denaturation step for 15 min at 95 °C, followed by a 3-step cycle 

amplification (95°C 20 sec; 58°C 20 sec; 72°C 30 sec) for a total of 40 cycles. Subsequent analysis 

of the relative gene expression was carried out using the 2-∆∆CT
 method as described by Livak and 

colleagues (Livak and Schmittgen, 2001). 

4.3.14 Microscopy 

Cells were streaked out freshly on a HC plate and grown for 17h at 30 °C. The next day, cells 

were imaged with a Zeiss AxioScan7 using 63x and 100x oil objectives. For GFP detection 

samples were excited with light at 495 nm and emission was recorded at 509 nm. mCherry was 

observed by excitation at 587 nm and its emission was recorded at 610 nm. Pictures were 

analyzed using the software ImageJ. 
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4.4 Growth Media 

4.4.1 LB-Media 

LB media was produced by autoclaving 20 g of Difco™ LB Broth, Lennox (BD) dissolved in  

1l dH2O.  

4.4.2 LB-Plates 

LB media was produced by autoclaving 20 g of Difco™ LB Agar, Lennox (BD) and dissolved in 1l 

dH2O. Afterwards the media was filled in petri dishes. 

4.4.3 YPD-media 

1.1% yeast extract (SERVA) and 2.1 % bacto pepton (Roth) were dissolved in water. Afterwards, 

pH was adapted to 5.5 with HCl before autoclaving the solution. As carbon source 2% glucose 

(Roth) was added to the autoclaved YP (YPD). 

4.4.4 YPD-plates 

1.1% yeast extract (SERVA) and 2.1 % bacto pepton (Roth) were mixed in water and pH was 

adjusted to 5.5 before 2% Agar (SIGMA-ALDRICH) was added. After autoclaving 2% glucose 

(Roth) was added and solution was poured into petri dishes. 

4.4.5 Yeast Nitrogen Base-solution (YNB) 

To generate YNB solution 2% of yeast nitrogen base (Difco™) and 2.5% ammonium sulphate 

((NH4)2)SO4, Gössing) were dissolved in distilled H2O and autoclaved. 

4.4.6 Ten times drop out mix 

Drop out mix is an essential component of the defined yeast growth media used in this study. For 

10 x drop out mix defined amounts of amino acids (Table 6) were dissolved in 1l distilled H2O.  
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Table 6 10 x drop out mix composition. The amino acids mixed in the 10 x HC drop out mix and their corresponding 
concentrations. 

Amino acid g/l 

Arginine 0.2 

Isoleucine 0.8 

Methionine 0.2 

Phenylalanine 0.5 

Threonine 2 

Tyrosine 0.6 

Valine 1.5 

Glutamic acid 1 

Aspartic acid 1 

Serine 2.5 

 

For experiments in which DNA was under control of a MET25 promoter a 10 x drop out mix without 

methionine was used. 

4.4.7 Hartwell`s complete (HC) media 

If not other mentioned in the text, HC media was used in most experiments. To produce HC media 

100 ml YNB solution was mixed with 100 ml 10 x drop out mix and 50 ml of 40% stock glucose 

(Roth) was added. Additionally, amino acid solutions were added (Table 7) and media was 

adjusted to 1l with dH2O. Afterwards the media was sterile filtered using a sterile bottle top filter 

(0.2 µM) (VWR). 

Table 7 Drop out amino acids. Variable amino acids in HC media. Individual amino acids can be dropped out for 
plasmid selection. 

Amino acid g/l 

Uracil 0.8 

Adenine 3.2 

Lysine 0.8 

Tryptophan 2 

Leucine 8 

Histidine 2.4 



 
  Material and Methods 

117 
  

Commonly, HC media is used for plasmid selection. Thereby one or more of the amino acid 

solutions listed in Table 7 can be dropped out. In this study predominately HC−ura, HC−leu and 

HC−ura−leu were used. 

4.4.8 HC-plates 

For 1l HC-plates: YNB, 10 x drop out mix, glucose and the individual amino acids were mixed as 

mentioned in 4.4.7. In parallel 2% agar (SIGMA-ALDRICH) were dissolved in 670 ml dH2O an 

autoclaved. After autoclaving the solubilized agar was added to the remaining components and 

the solution was poured in petri dishes.
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TAE Tris-acetate EDTA 
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UPR Unfolded protein response 
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Appendix 

Supplementary Table 1: SGA Hits  

Supplementary Table  1 Hits from the SGA high throughput screen. All genes are listed, which had a negative 
growth phenotype when deleted together with OPT3. 

Gene Gene description from Saccharomyces Database 

CCR4 Component of the CCR4-NOT transcriptional complex 

FUN12 Translation initiation factor eIF5B 

YAL037W Putative protein of unknown function 

TSC3 Protein that stimulates the activity of serine palmitoyltransferase; involved in sphingolipid biosynthesis 

AIM3 Protein that inhibits barbed-end actin filament elongation 

CMD1 Calmodulin 

LYS2 Alpha aminoadipate reductase 

ALG7 UDP-N-acetyl-glucosamine-1-P transferase 

MRPS5 Mitochondrial ribosomal protein of the small subunit 

PAF1 Component of the Paf1p complex involved in transcription elongation 

SRO9 Cytoplasmic RNA-binding protein 

MRC1 S-phase checkpoint protein required for DNA replication 

VMS1 Component of a Cdc48p-complex involved in protein quality control 

RRG1 Protein of unknown function; required for vacuolar acidification and mitochondrial genome maintenance 

DOA4 Ubiquitin hydrolase 

SVF1 Protein with a potential role in cell survival pathways 

YDR526C Dubious open reading frame; unlikely to encode a functional protein 

HEM14 Protoporphyrinogen oxidase 

EDC2 RNA-binding protein that directly activates mRNA decapping 

CEM1 Mitochondrial beta-keto-acyl synthase 

LYS5 Phosphopantetheinyl transferase involved in lysine biosynthesis 

GND1 6-phosphogluconate dehydrogenase (decarboxylating) 

NVJ1 Nuclear envelope protein 

YIL055C Putative protein of unknown function 

ICE2 
Integral ER membrane protein with type-III transmembrane domains; required for maintenance of ER zinc 
homeostasis 

GSH1 Gamma glutamylcysteine synthetase; catalyzes the first step in glutathione (GSH) biosynthesis 
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CDC6 Essential ATP-binding protein required for DNA replication 

COF1 Cofilin, involved in pH-dependent actin filament depolarization 

YPS1 Aspartic protease 

YLR317W Dubious open reading frame 

RCH1 Putative transporter; member of the SLC10 carrier family 

CCS1 Copper chaperone for superoxide dismutase Sod1p; involved in oxidative stress protection 

RPS16A Protein component of the small (40S) ribosomal subunit 

NIP1 eIF3c subunit of the eukaryotic translation initiation factor 3 (eIF3) 

YAF9 Subunit of NuA4 histone H4 acetyltransferase and SWR1 complexes 

PFA4 Palmitoyltransferase with autoacylation activity 

ARG1 Arginosuccinate synthetase 

ELP4 Subunit of hexameric RecA-like ATPase Elp456 Elongator subcomplex 

SAR1 ARF family GTPase; component of the COPII vesicle coat 

YPR170C Dubious open reading frame 
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Supplementary Figure 1 Transmembrane prediction Opt3. The transmembrane prediction was carried out using 
the online available tool “TopologYeast” (http://www.weizmann.ac.il/molgen/TopologYeast/home). This online tool 
bundles and provides graphic output of nine different prediction algorithms (TMMHMM, TOPCONS, OCTOPUS, Philius, 
PolyPhobius, SCAMPI, SPCTOPUS, HMMtop, memsat svm). The here presented analysis was carried out on the 21 
of September 2021.  
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Supplementary Figure 2 Microscopy GPD sFGFP OPT3. sFGFP-
Opt3 has dual localization in the ER and the vacuole when it is strongly 
overexpressed. At the 5` prime termini of OPT3 in a ∆opt3 mutant strain, 
a super folder GFP (sFGFP) under the control of the strong constitutive 
promoter GPD was introduced. sfGFP-Opt3 was imaged using a Leica 
TCS SP5 and pictures were analyzed using the Leica Application Suite 
Advanced Fluorescence (LAS AF) software. Pictures were taken with 
the help of Lucas Schuck from the group of Plant Physiology at the TU 
Kaiserslautern.  
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Supplementary Figure 3 Ero1 re oxidation assay. Ero1 regulatory cysteines remain longer reduced in an OPT3 
overexpression strain. The strains WT, ∆opt3 and PTEFOPT3 containing Ero1 with a C-terminal 6X HA-tag were growing 
overnight in HC media. Next day 3 OD600/ml per strain was harvested, samples were taken up in 1 ml fresh HC media 
and 5 mM DTT was added. As control, one wild-type sample was not treated with DTT. Samples of each strain were 
harvested and washed with 1 ml dH2O directly after incubation in DTT-containing media and after 15 min incubation at 
30°C in glutathione free media before taken up in non-reducing SDS sample-buffer (1M Tris/Cl, pH 6.8; 20% SDS; 
glycerin, 0.1% bromophenol blue) containing 20 mM AMS followed by incubation on ice for 15 min. Afterwards, all 
samples were cooked at 95°C for 5 min before diluted 1:4 in 50 mM sodium citrate (pH 5.5) with 100 U EndoHf (NEB) 
to remove glycosylation. After 2h incubation at 37°C all samples were loaded on a non-reducing SDS page before 
western blot analysis and detection of the HA-tag (A). To analyze how fast Ero1 returns to its oxidized low activity state, 
the ratio between the western blot band intensity of reduced Ero1 and oxidized Ero1 of each sample was analyzed (B).
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Supplementary Figure 4 roGFP2 Pdi1 measurements. Pdi1 transfers oxidation from GSSG to roGFP2. The plasmids 
p416-TEF-roGFP2-PDI1 and p415-TEF-OPT1 were expressed in ∆glr1∆grx1∆grx2 mutant strain. Cells were incubated 
overnight in corresponding growth media and resuspended the next day to an OD600 = 7.5 in fresh growth media. The 
cells were transferred to a 96-well plate and fluorescent roGFP2 signal was recorded in a fluorescent-plate-reader based 
assay. After 5 cycles measurement was paused and either H2O2 (A) or GSSG (B) was added to the samples before 
recording was continued. At least three independent experiments were performed. Error bars denote standard 
derivations. The experiment was performed with the help by Halie Ropp during her Bachelor Thesis.  
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Sequences of OPT3 cysteine mutants from gene script 

P416-TEF-OPT3 seq. opt. with XbaI/XhoI cutting sites 

All highlighted cysteine residues were mutated separately to alanine 

 

TCTAGAATGCCTCAATCTACTCCAAGTCAAGAAGTACAGCGTGTACCATGGGATAATAAACC

TGCTTTGAAGCAGATAACACTCCGAGCAACCATAGCAGGTATCGCTATAGGGTCTCTGGTG

CTAACATCAAATTTTCAATTTGGCCTGCAAACCGGTTGGGTTTCCATGATGTCCCTGCCATC

GGCATTGTTAGCTTGTGCTTTCTTTAAAAATATCTGGCCATTAATATTTCCGAACGACAGGC

CTTTCAGTGACGTTGAAAATGTATACGTACAAAGTATGGCAGTAGCTG 

TCGGAACAGGCCCATTAGCCTTTGGGTTTGTCGGCGTCATACCTGCCATCGAGAAGTTCCT

TACTAACGACGAAAGTGGTGGATTAAGGGAACAAGGACAGTCCTTCACTTTTAGAGAATTGT

TAATATGGTCCACAGCCCTAGCATTCTTCGGTATTTTTTTTGCAGTTCCTCTAAGAAAGCAA

GTAATTGTTAGAGAGAAACTTCCCTTCCCCAGTGGTAGCGCCACGGCCACTTTAATTTCAGT

GCTAAATGGAACTGAGATTTTACAAGAGGTTTCTAAGTCAGAGTTATTGGAAATGAGGCAGA

GGAGATTGAATGAATGCCCTGAAGTGCTACAACCCAACAGAGATCCAGAGGAGGCGGATT

ATTTAATGAACTCTTCTCATAGCGAACTTGGTGATTATACGGCAACTAGCCAAGATGGAAGT

TCTATCCTTTCTACTGGCTCTGAGAACTACAGAGCGAATATTATTATTTTATTGAAAACTTTT

GTTGTTTCTTCGCTTTACACCATGGTGTCATATTTTGTACCGGTAATACGGTCTATTCCAGTC

TTCGGAAAATACCTCTCGAACAATTATCTCTGGAATTTTCAGCCGTCGCCTGCGTATATAGG

CCAAGGGATAATAATGGGTCTTCCAACAGTATCGTATATGCTTATCGGGTGCTTCTTAGGCT

GGGGTGTGTTAGCACCATTGGCGAGATACAAAAGATGGGTACCACCAGATGCTGATGTCCA

CGACTGGGAGGAGGGAGTGCAAGGATGGATTCTTTGGTCGTCGCTTTCAATAATGGTTGCT

GACAGTGTAGTCGCTTTTATTGTTGTGACAGTGAAGTCCATTGTGAAATTTATTCTTATAGAT

GACAAAGCTGCTTTACTGAACAACATAATCGATGATACATTTCAATCTATGTTACTGGAGGA

GGAACGCGCCATTAATAGCAGCAGAAGAAATACATATGTTGATGGAAGGCAGGACACCGTA

AGATTAGTGAGTAGAGATAACGAAATAGAAGTAGATTCGAAGCATTTGGTTCGCTATACCAC

CGTTATCAGTGGATGTCTAGTCTCCTCGATAATATGCATTGTTTCCATAATATATTTGTTTGG

GATACAAGTAATTCCCCTATATGCTATTATCACTGCTTTGATACTTGCGTTGTTTCTATCTATT

CTCGGTATTCGAGCACTTGGAGAGACCGATCTGAATCCTGTGAGCGGCATTGGTAAGATCT

CTCAATTGATTTTTGCCTTTATCATACCAAGGGATAGACCTGGATCAGTGTTAATGAACGTG

GTATCGGGAGGTATTGCAGAAGCCTCTGCCCAACAGGCGGGCGATTTAATGCAGGATTTG

AAAACGGGGCACCTCCTCGGCGCCTCCCCAAGAGCTCAGTTCTGTGCCCAATTGATAGGG
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GCCTGTTGGTCAATTATTTTGTCTAGCTTCATGTATTTGTGCTACAATAAAGTTTATTCAATTC

CGAGTGAGCAATTCAGGATACCGACAGCAGTAGTGTGGATAGATTGTGCAAGACTAGTAAC

TGGTAAAGGGCTCCCTGATAAGGCCTTGGAGTGCTCCATGATTCTCGGAGTCATATTTGCC

GTTTTATCATTAATCAGAAACACTTATAGAGATTACGGATACGGGTGGATATTATATATTCCG

TCTGGTGTAGCAGTCGGTGTTGGTATATTTAATTCTCCCAGTTTTACAATTGCAAGATTCATC

GGCGGGTGGGCTTCGCATTTTTGGTTGAAGAATCATAGGGGTGACTTAAATGCGAAAACAA

AAATGATTGTATTCAGTTCGGGGTTGGTCTTAGGTGAAGGTATCTTTAGCGTAATAAACATG

CTCTTCATCTGCTTAAATGTCCCTCACTATTAGCTCGAG 


