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Summary 

 

The thioredoxin superfamily contains a large number of proteins, including thiol-disulfide 

oxidoreductases. Many of these proteins remain uncharacterized and it is unclear if they are 

redox active or not. Classic in vitro characterization with recombinant proteins has several 

limitations such as initial time-consuming protein purification and the inactivity of some proteins 

in these assays. Therefore, the development of new methods is highly desirable. 

Here, assays utilizing genomically engineered yeast cells, expressing genetic fusion constructs 

between redox sensitive fluorescent proteins and thioredoxin superfamily members, were 

developed to monitor enzymatic activity in vivo. Importantly, the oxidation kinetics of roGFP2 

were found to directly correlate with the in vitro-determined enzymatic activity of a range of 

thioredoxin proteins and mutants thereof. These novel assays were applied as high-throughput 

screens to address unanswered questions relating to glutaredoxin structure-function 

relationships and catalytic mechanisms. We were able to (i.) identify the key structural 

determinants of glutaredoxin enzymatic activity. (ii.) Demonstrate that endogenous and 

artificial protein disulfides can be reduced by monothiol glutaredoxins, in contradiction to 

prevailing mechanistic models. (iii.) Reveal that glutaredoxins can catalyze GSNO-dependent 

oxidation of roGFP2 in vivo. This new methodology should accelerate future research into 

redox protein mechanisms and function. 
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Zusammenfassung 

 

Der Thioredoxin-Superfamilie (TSF) gehört eine Vielzahl von Proteinen an. Davon sind einige 

noch kaum erforscht und es ist oftmals unklar ob sie redox-aktiv sind oder nicht. Meist werden 

diese Proteine in vitro charakterisiert. Zu den Limitationen dieser Methode gehören die 

zeitintensive Aufreinigung sowie darauffolgende Inaktivität einiger Proteine. Daher ist die 

Entwicklung neuer Methoden von großer Bedeutung. 

In dieser Arbeit wurden genetisch veränderte Hefezellen verwendet, die Fusionskonstrukte 

zwischen roGFP2 und TSF Proteinen exprimieren, um deren enzymatische Aktivität in vivo zu 

bestimmen. Dabei wurde herausgefunden, dass roGFP2-Oxidationskinetiken die Aktivität des 

fusionierten Proteins widerspiegeln und mit den in vitro-Daten korrelieren. Die neuartigen 

Methoden erlauben dabei ein Hochdurchsatz-Screening, welches genutzt wurde, um Fragen 

hinsichtlich der Struktur-Funktions-Beziehungen und katalytischer Mechanismen von 

Glutaredoxinen zu adressieren. Dies ermöglichte (i.) die Identifikation der wichtigsten 

strukturellen Unterschiede zwischen redox-aktiven und -inaktiven Glutaredoxinen.  

(ii.) Entgegen bestehender Modelle konnte demonstriert werden, dass Disulfide in endogenen 

Proteinen durch monothiole Glutaredoxine reduziert werden können. (iii.) Weiter wurde 

gezeigt, dass Glutaredoxine die GSNO-abhängige Oxidation von roGFP2 in vivo katalysieren. 

Diese neue Methodik wird die zukünftige Erforschung der Mechanismen und Funktion von 

Redox-Proteinen beschleunigen. 
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1. Introduction 

 

1.1. Thioredoxin-fold enzymes have versatile functions 

 

The thioredoxin superfamily is highly diverse and contains a large number of proteins 

(Höög et al., 1983; Nilewski et al., 2021). They appear in basically all living organisms and 

often have multiple isoforms in different subcellular compartments (Carvalho et al., 2006). 

Although the degree of sequence similarity is low between different classes, structurally they 

all share the so-called thioredoxin fold (Holgrem et al., 1975). The thioredoxin fold was first 

described for thioredoxins and consists of a four- or five-stranded β-sheet flanked by at least 

three α-helices (Sousa et al., 2019). Many members of this huge family are enzymatically 

active redox proteins e.g., glutathione-dependent thiol-disulfide oxidoreductases or thiol 

peroxidases (Zimmermann et al., 2021). Often, the active site in these proteins contains two 

cysteine residues separated by two amino acids in a -CxxC- motif (Martin, 1995).  

However, the family also contains enzymatically inactive members e.g., iron-sulfur (Fe-S) 

cluster binding glutaredoxins. (Deponte, 2013; Lu, Holgrem, 2014). The thioredoxin 

superfamily still contains many uncharacterized proteins with unknown enzymatic activity, 

substrates and cellular functions. This dissertation predominantly focuses on glutaredoxins 

and peroxiredoxins, which are introduced in more detail in the following sections. 

 

1.1.1. Glutaredoxins can function as glutathione-dependent oxidoreductases 

 

Glutaredoxins were first described in 1976. Lysates made from Escherichia coli cells lacking 

thioredoxins could still reduce ribonucleotide reductase in the presence of NADPH, reduced 

γ-glutamylcysteinylglycine (glutathione; GSH) and glutathione reductase. The finding 

suggested an alternative reduction pathway for disulfide substrates apart from the known 

thioredoxin system. Due to the preference for reduced glutathione as an electron donor, the 

enzyme facilitating the reduction was called ‘glutaredoxin’ (Holgrem, 1976). Since then, 

glutaredoxins were found in almost all lifeforms (Couturier et al., 2014). Oxidoreductase 

activities of glutaredoxins and related proteins are typically determined in vitro with 

recombinant proteins. However, not all glutaredoxins are enzymatically active 

oxidoreductases. Others are inactive and were shown to coordinate Fe-S clusters 

(Wingert et al., 2005, Mieyal et al., 2008; Rodríguez-Manzaneque et al., 2002). Based on their 

activity in vitro, these proteins are divided into two major classes, often referred to as 

enzymatically active class I or inactive class II glutaredoxins. 
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Dithiol glutaredoxins harbor a typical -CxxC- active site motif and tend to be enzymatically 

active. According to the traditional model for glutathione-dependent catalysis, these 

glutaredoxins reduce disulfide substrates via a dithiol mechanism (Figure 1A), while 

glutathionylated substrates are reduced via a monothiol mechanism (Figure 1B) 

(Holgrem, Aslund, 1995, Lillig et al., 2008). The second active site cysteine residue is 

dispensable for the monothiol mechanism. Therefore, these reactions can also be performed 

by active class I monothiol glutaredoxins. In agreement with the traditional model, the native 

glutaredoxin disulfide substrate, ribonucleotide reductase from E. coli, is not reduced by 

engineered monothiol E. coli glutaredoxins (Bushweller et al., 1992). However, recombinant 

mouse ribonucleotide reductase was efficiently reduced by an engineered monothiol Grx2, 

suggesting that reduction of disulfide bonds does not exclusively require the dithiol mechanism 

(Zahedi Avval, Holgrem, 2009). 

 

Figure 1. Traditional model of the glutathione-dependent catalysis of glutaredoxin. (A) Dithiol mechanism for 

reduction of disulfide substrates. The disulfide exchange mechanism involves both active site cysteine residues of 

the glutaredoxin. The disulfide bond in glutaredoxins is reduced with two molecules GSH. (B) Monothiol mechanism 

for reduction of glutathionylated substrates. The second cysteine is dispensable for catalysis. Red arrows in (A) 

and (B) indicate transition from the oxidative into the reductive half-reaction (Deponte, 2013). 

The glutaredoxin catalysis requires binding of both glutaredoxin substrates, the glutathionyl 

moiety of the glutathionylated substrate and GSH. However, the traditional model does not 

explain how the glutathionyl moiety during the oxidative half-reaction and GSH during the 

reductive half-reaction are bound. Therefore, refined catalytic concepts were proposed 

(Eckers et al., 2009; Deponte, 2013). These models distinguish between protein areas 
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contributing to either of the half-reactions. Thus, the ‘glutathione scaffold site’ maintains the 

correct orientation of the glutathionyl moiety of the glutathionylated substrate. 

The ‘glutathione activator site’ mediates the interaction and binding of GSH as the reducing 

agent (Figure 2). Previous in vitro studies on Saccharomyces cerevisiae ScGrx7 have 

demonstrated and confirmed the contribution of two distinct glutathione interaction sites to the 

oxidoreductase activity (Begas et al., 2017). 

 

Figure 2. Schematic illustration of the refined models for the glutaredoxin-dependent catalysis for both 

glutathione moieties. The glutathione scaffold site stabilizes the glutathionyl moiety of the glutathionylated 

substrate during the oxidative half-reaction (left). The glutathione activator site binds reduced glutathione for the 

reductive half-reaction (right). Shown are transition states for both half-reactions. The models discriminate between 

the glutathionyl moieties of both glutaredoxin substrates. Conformational changes upon glutathionylation of the 

glutaredoxin could make the activator site accessible for GSH. (Eckers et al., 2009; Deponte, 2013) 

Often, oxidoreductase activity correlates with the number of cysteine residues in the active 

site. Naturally occurring monothiol glutaredoxins with -CxxS- active site motifs tend to be 

inactive in vitro and often have other functions i.e., transfer and binding of Fe-S clusters using 

glutathione as a ligand (Herrero et al., 2007; Couturier et al., 2015). However, there are 

exceptions regarding the activity of mono- and dithiol glutaredoxins. Dithiol human GRX2 is 

described as a hybrid protein. It can efficiently reduce disulfides when not coordinating 

Fe-S clusters. Consequently, binding of the Fe-S cluster impairs the oxidoreductase activity of 

the enzyme (Lillig et al.,2005). ScGrx6 and ScGrx7 are both monothiol glutaredoxins. 

However, both are enzymatically active in vitro. Unlike ScGrx7, ScGrx6 can also bind Fe-S 

clusters. Furthermore, these isoforms were the first described glutaredoxins related to the 

secretory pathway (Mesecke et al., 2008; Izquierdo et al., 2008). 

Besides ScGrx6 and ScGrx7, S. cerevisiae harbors six other glutaredoxins distributed 

throughout the cell. Three are dithiol isoforms located in the cytosol, namely ScGrx1, ScGrx2 

and ScGrx8. ScGrx1 and ScGrx2 most likely arose from whole genome duplication and share 

high sequence similarity (Discola et al., 2009). Due to a second in-frame start codon ScGrx2 

can also be translocated to the mitochondrial matrix. ScGrx2 is the most abundant glutaredoxin 

in yeast (Ghaemmaghami et al., 2003). 
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ScGrx8 is far less active in vitro with bis(2-hydroxyethyl) disulfide (HEDS) as substrate in 

comparison to ScGrx1 and ScGrx2 (Eckers et al., 2009; Tang et al., 2014). This might result 

from the unusual Trp14-type -SWCPDC- motif. ScGrx8 is often considered to be a 

glutaredoxin/thioredoxin hybrid protein. However, its physiological function remains unclear. 

Monothiol ScGrx3 and ScGrx4 are located in the cytosol and in the nucleus, while ScGrx5 

functions in the mitochondrial matrix (Herrero et al., 2006). ScGrx3 and ScGrx4 share similar 

cellular functions and probably arose from genome duplication (Wolfe, Shields, 1997). Both 

are involved in iron trafficking (Mühlenhoff et al., 2014). ScGrx5 was the first glutaredoxin with 

proven important implications for iron metabolism. Deletion of ScGRX5 results in accumulation 

of iron and inactivation of proteins requiring Fe-S clusters 

(Rodríguez-Manzaneque et al., 2002). Noteworthy, the function of ScGrx5 in Fe-S cluster 

biogenesis and assembly was shown to be conserved throughout species as indicated by 

studies with recombinant human GRX5 or expression of Grx5 homologs in zebrafish and mice 

(Vilella et al., 2004; Herrero et al., 2006; Wingert et al., 2005).  

Physiological functions and substrates of glutaredoxins seem to overlap with those of 

thioredoxins. Unlike thioredoxins, glutaredoxins show a preference for GSH as an electron 

donor, while thioredoxins are reduced by thioredoxin reductases (Grant, 2001). Glutaredoxins 

and thioredoxins also share common disulfide substrates. As mentioned previously, both 

classes can facilitate the essential reduction of the disulfide bond in certain ribonucleotide 

reductase isoforms (Bushweller et al., 1992; Zahedi Avval, Holgrem, 2009). Therefore, these 

enzymes are crucial for DNA synthesis as ribonucleotide reductase catalyzes the production 

of deoxyribonucleotides from ribonucleotides (Elledge et al., 1992) Altered glutaredoxin 

abundance and activities within certain tissues or cells were also shown to have implications 

on the neuronal development and medical implications including diabetes, cardiovascular 

diseases, lung diseases and cancer (Mieyal et al., 2008; Gorelenkova et al., 2018). 

Glutathionylation of proteins as posttranslational modification can further alter their activity or 

affect signaling transduction (Cabiscol et al., 1996; Mohr et al., 1999; Adachi et al., 2004 

Song et al., 2003). 

Altogether, not all glutaredoxins function as glutathione-dependent oxidoreductases, as certain 

isoforms show poor oxidoreductase activity in vitro and facilitate Fe-S cluster binding and 

trafficking. The mechanism by which active class I glutaredoxins exert their function is not yet 

fully understood. Especially the contribution of residues to the glutathione activator site 

remains elusive. Based on the proposed models for the glutathione-dependent redox catalysis, 

structurally altered glutathione interaction sites might explain the uncoupling from the 

glutathione pool in inactive class II glutaredoxins, which will be discussed later in this 

dissertation. 
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1.1.2. Peroxiredoxins are peroxide scavengers and signal mediators 

 

Peroxiredoxins are among the most abundant proteins in pro- and eukaryotes 

(Winterbourn, 2008; Netto et al., 2014). These members of the thioredoxin superfamily are 

highly conserved and often distributed across multiple cellular compartments. They fulfill 

various functions including hydroperoxide detoxification and signaling transduction. Further 

they were shown to act as chaperones during heat- and oxidative stress (Jang et al., 2004; 

Perkins et al., 2015).  

Generally, all peroxiredoxins share a peroxidatic cysteine residue (CP). The CP in 

peroxiredoxins is among the most reactive thiols within cells and react with H2O2 with second 

order rate constants of ~105-107 M-1 s-1 (Ogusucu et al., 2006; Trujillo et al., 2007; 

Peskin et al., 2007). Presence or absence of a second, so-called resolving cysteine (CR), alters 

the catalytic mechanism and determines classification into either 1-Cys or 2-Cys 

peroxiredoxins. The latter are further divided into typical and atypical isoforms which are both 

active as dimers. Two subunits are either covalently (typical 2-Cys) or non-covalently 

(atypical 2-Cys) bound to each other in a head-to-tail fashion (Chae et al., 1994; 

Wood et al., 2003). 

The CP in either of the classes is oxidized to a sulfenic acid (S-OH) upon peroxide exposure 

(Rhee, 2016). The sulfenic acid is then either directly reduced (observed in 1-Cys 

peroxiredoxins) or resolved by the CR from the same (intramolecular disulfide bond; observed 

in atypical 2-Cys peroxiredoxins) or another peroxiredoxin subunit (intermolecular disulfide 

bond; observed in typical 2-Cys peroxiredoxins) (Nelson et al., 2011; Hall et al., 2011). The 

disulfide bond is then reduced via a disulfide exchange mechanism with thioredoxins, which 

are recycled in a NADPH-dependent process by thioredoxin reductases (Lu, Holgrem, 2014). 

S. cerevisiae harbors different peroxiredoxin isoforms within different subcellular 

compartments. The most abundant is the cytosolic typical 2-Cys peroxiredoxin ScTsa1 

(Ghaemmaghami et al., 2003; Tairum et al., 2012). ScTsa1 has a homolog probably arisen 

from genome duplication, ScTsa2 (Wolfe, Shields, 1997). Atypical 2-Cys ScAhp1 is the third 

cytosolic peroxiredoxin. Besides the cytosolic isoforms there is also the nuclear ScDot5 and 

mitochondrial 1-Cys ScPrx1. An important function of peroxiredoxins is the detoxification of 

peroxides. However, they also achieved growing importance in H2O2-dependent signaling 

(Rhee, 2016). Until recently, H2O2 was considered an exclusively unwanted, yet unavoidable 

(by-) product of biological processes including respiration, oxidative protein folding or 

β-oxidation of fatty acids (Zito, 2015; Hashimoto, Hayashi, 1990). Relevance of H2O2 as a 

signaling molecule was shown for regulation of kinase driven pathways and other mechanisms 

including cell proliferation and migration, cell survival and apoptosis (Gough, Cotter, 2011). 
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However, the high activation energy barrier makes it rather unreactive with biological 

molecules. Therefore, H2O2 signaling and general reactions with H2O2 are rather kinetically 

than thermodynamically driven and often mediated by proteins with highly reactive thiols 

(Winterbourn, 2013). 

Interestingly, peroxiredoxins can form sulfinic (S-O2H) or sulfonic acids (S-O3H) on their CP 

upon further reaction with peroxide. Formation of higher oxidation states is called 

hyperoxidation. In yeast and mammals, ATP-dependent sulfiredoxins can slowly reduce 

sulfinic acids, while formation of sulfonic acids is irreversible (Veal et al., 2018). Hyperoxidation 

leads to inactivation of the CP and therefore also inactivation of the enzyme. The accessibility 

of peroxiredoxins to hyperoxidation is an important feature of these enzymes regarding their 

function as signaling transducers. There are two directly opposing models for the role of 

peroxiredoxins in H2O2 signaling and oxidation of thiols in target proteins (Figure 3). 

 

Figure 3. Opposing models for H2O2 signaling via peroxiredoxin inactivation. (A) In the ‘floodgate’ model, 

peroxiredoxin-mediated peroxide scavenging prevents direct oxidation of target proteins and therefore signal 

transmission. Inactivation by hyperoxidation enables oxidation of less reactive thiols. (B) In the ‘redox relay’ model, 

peroxiredoxins are signaling mediators. Contrarily, their inactivation disrupts H2O2-signal transmission. 
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The ‘floodgate’ model proposes that H2O2 temporarily accumulates at the site of generation at 

such high amounts that hyperoxidize and therefore inactivate peroxiredoxins as potent 

peroxide scavengers. When peroxide scavenging is impaired, H2O2 could accumulate and 

directly oxidize thiols in target proteins (Figure 3A; Wood et al., 2003). According to this 

model, peroxiredoxin inactivation leads to protein thiol oxidation. Localized inactivation of 

membrane-associated Prx1 by phosphorylation, and Prx2 by hyperoxidation in mice was 

shown to allow accumulation of H2O2 in proximity of membranes promoting sustained H2O2 

signals (Woo et al., 2010). Contrarily, the ‘redox relay’ model proposes highly reactive thiols 

e.g., the CP of peroxiredoxins, as mediators of H2O2 signals to less reactive protein thiols.  

In this model, hyperoxidation and inactivation of the peroxiredoxins would inhibit the relay and 

switch off signaling transduction instead of promoting it (Figure 3B; 

D’Autreaux, Toledano, 2007). For instance, such relays were shown in S. cerevisiae for 

oxidation and activation of the transcription factor ScYap1 by the thiol peroxidase ScOrp1 and 

in humans for HsPRDX2-mediated oxidation and activation of the transcription factor HsSTAT3 

(Delaunay et al., 2002; Sobotta et al., 2015). 

 

1.1.3. The role of peroxiredoxins in the yeast metabolic cycle 

 

Biological clocks are ubiquitous in all lifeforms. Often, circadian rhythms underly 

transcription-translation feedback loops (TTFL) (Reddy, Rey, 2014). However, oscillations 

independent of TTFL were also shown. For instance, persistent circadian timekeeping during 

inhibition of gene expression was demonstrated in the algae Ostreococcus tauri by periodic 

cycles in peroxiredoxin hyperoxidation (O’Neill et al., 2011). Oscillations in peroxiredoxin 

hyperoxidation were also shown in human red blood cells within persistent 24h cycles 

(O’Neill, Reddy 2011). This is particularly interesting as red blood cells do not harbor nuclei 

and are therefore also independent of TTFL. Furthermore, involvement of peroxiredoxins and 

posttranslational modifications by formation of sulfinic or sulfonic acids were also 

demonstrated to correlate with circadian rhythms in mice and flies (O’Neill et al., 2011; 

Edgar et al., 2012). Redox changes were shown to affect the expression of clock-related 

genes and vice versa as demonstrated in different organisms (Hirayama et al., 2007; 

Yoshida et al., 2011; Ivleva et al., 2005; Kondratov et al., 2006). Besides their well-known 

function in peroxide detoxification, all these studies suggest further implications of 

peroxiredoxins in redox sensing and signaling in respect to cellular timekeeping. 

S. cerevisiae does not possess a circadian but rather an ultradian clock i.e., periodic 

oscillations shorter than 24h. The hallmark are high amplitude periodic oscillations in oxygen 

consumption that occur over several hours in continuous, synchronized and glucose-limited 
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cultures. The periodic change in oxygen demand was termed ‘yeast metabolic cycle’ (YMC). 

Two phases are exceptional and characteristic for the YMC. First, a phase of high oxygen 

consumption (HOC), indicated by low dissolved oxygen within the culture medium. Second, a 

phase of low oxygen consumption (LOC), where the oxygen saturation in the medium is high 

(see publication 2.4. Figure 1a). During these metabolic oscillations, microarray studies 

demonstrated cyclical expression changes in ~50% of all cellular genes. Furthermore, 

metabolism and cellular processes including cell cycle and division are coupled and occur in 

synchrony (Tu et al., 2005). 

In S. cerevisiae, deletion of both typical 2-Cys peroxiredoxins ScTSA1 and ScTSA2 was shown 

to heavily perturb these metabolic cycles (Causton et al., 2015). Besides the genetic 

perturbation, chemical perturbation can also affect the YMC e.g., by application of H2O2 into 

the culture vessel (Causton et al., 2015; Tu et al., 2007). Despite the known crosstalk between 

metabolism, gene expression and redox changes, the mechanisms behind this remains, thus 

far, elusive. On this basis, cyclical changes in oxygen consumption of synchronized yeast 

cultures are a suitable model to further investigate the role and mechanism in which 

peroxiredoxins maintain the YMC and couple metabolism to cell cycle and division. 

 

1.2. Measurements of redox-active molecules using fluorescence-based sensors 

 

Detection of reactive oxygen species inside living cells was and still is extremely challenging. 

While certain redox species can be monitored with dyes or fluorometric probes 

(Mohanty et al., 1997; Robinson et al., 2006; Rastogi et al., 2010; Daudi, Brien, 2012), 

intracellular redox active molecules are usually short-lived, and their concentrations often 

change quickly, making direct, real-time detection almost impossible. Thus, genetically 

encoded fluorescent sensors are considered a huge breakthrough in the field, enabling 

real-time monitoring of specific redox species inside living cells (Björnberg et al., 2006; 

Belousov et al., 2006). Generally, fluorescent sensors function by coupling changes in certain 

redox species to changes in the fluorescent properties of the probe. The most commonly used 

sensors are based upon circularly permuted fluorescent proteins (cpFP) or genetic fusions 

between a sensor protein and a fluorescent reporter protein or Förster resonance energy 

transfer (FRET) within a specific fluorescent FRET pair (Belousov et al., 2006; 

Dooley et al., 2004, Enyedi et al., 2013; Langford et al., 2018). 

The relevant redox sensors used in this dissertation harbor a sensor moiety fused to the redox 

sensitive green fluorescent protein, roGFP2. The probe responds sensitively to changes in a 

certain endogenous redox species and then induces structural changes in the chromophore of 
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roGFP2. The fluorescent reporter protein contains two cysteine residues adjacent to the GFP 

chromophore. Reversible formation of an intramolecular disulfide bond changes its protonation 

state. The anionic chromophore, predominantly in reduced roGFP2, has a fluorescence 

excitation maximum at ~490 nm, while in the neutral chromophore, predominantly in oxidized 

roGFP2, this maximum is shifted to ~405 nm. In both protonation states the chromophore emits 

at ~510 nm (Hanson et al., 2004; Dooley et al., 2004). The shift in fluorescence excitation 

allows for ratiometric measurements i.e., the fluorescence excitation ratio correlates with the 

degree of roGFP2 oxidation making the probe independent of varying expression levels. 

 

1.2.1. Measurements of the glutathione redox couple 

 

The laboratory of Jakob R. Winther introduced a pair of cysteine residues into a yellow 

fluorescent protein (YFP). Upon disulfide bond formation, fluorescence intensity and therefore 

the redox state of this redox sensitive YFP (rxYFP) could be followed in vitro and in vivo in 

yeast (Østergaard et al., 2001). They also found that rxYFP expressed in the cytosol of 

S. cerevisiae equilibrates with the cytosolic glutathione pool catalyzed by endogenous 

glutaredoxins i.e., ScGrx1 and ScGrx2 (Østergaard et al., 2004). Based on their previous 

results, they directly tethered ScGrx1 to rxYFP which improved the oxidation rates. These were 

further elevated by mutation of the second active site cysteine residue of ScGrx1 

(Björnberg et al., 2006). The fusion was applied to gain mechanistic insights into the 

glutaredoxin-dependent redox catalysis but proved to be an important step towards the 

development of sensitive and highly specific redox probes. Nowadays, rxYFP is predominantly 

replaced by roGFP2 as it allows for ratiometric rather than intensiometric measurements 

(Dooley et al., 2004), but the principle of genetic fusions was adapted to generate the 

HsGrx1-roGFP2 sensor (Gutscher et al., 2008). Interestingly, this probe was not capable of 

translocation into the mitochondria of plants and Drosophila melanogaster. This problem was 

overcome by inversion of the domains to roGFP2-HsGrx1 (Albrecht et al., 2014). Moreover, 

this probe shows slightly enhanced reduction and oxidation kinetics and was the probe of 

choice for creation of the fusions in this dissertation. The sensors have been applied in many 

different organisms and subcellular compartments (Maughan et al., 2010; Heller et al., 2012; 

Back et al., 2012; Morgan et al., 2013). As outlined previously, endogenous glutaredoxins 

facilitate the equilibration of unfused roGFP2 with the intracellular 2GSH/GSSG redox couple 

(Figure 4A). Equilibration kinetics are improved in genetic fusions between glutaredoxins and 

roGFP2 as the fusion increases the effective glutaredoxin concentration relative to roGFP2 

(Meyer, Dick, 2010). GSSG is sensed by the recombinant glutaredoxin in the fusion via 

glutathionylation of the more N-terminally located active site cysteine residue. 
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Subsequently, one of the engineered, redox-active cysteine residues in roGFP2 

nucleophilically attacks the sulfur atom of the glutathionyl moiety. Release of GSH by the attack 

of the second engineered cysteine residue leads to formation of an intramolecular disulfide 

bond in roGFP2 (Figure 4B). 

Figure 4. Mechanism of glutaredoxin-dependent equilibration of roGFP2. (A) Equilibration of unfused roGFP2 

is mediated by endogenous glutaredoxins. (B) Fusion between roGFP2 and glutaredoxins enhance the oxidation 

and reduction kinetics making the reaction independent of endogenous glutaredoxins. The second cysteine residue 

in dithiol glutaredoxins is dispensable for roGFP2 glutathionylation and subsequent disulfide bond formation. 

Therefore, this mechanism also applies for monothiol active class I glutaredoxins as later discussed 

(Zimmermann, Morgan, unpublished). 

 

1.2.2. Measurements of endogenous H2O2 changes 
 

The idea of fusing roGFP2 to an active class I glutaredoxin facilitating the efficient equilibration 

with the glutathione redox couple was adapted and applied to other proteins for sensing 

peroxides. First, the glutathione peroxidase-like thiol peroxidase ScOrp1 (also known as 

ScGpx3) was fused to roGFP2. The redox relay introduced earlier between ScOrp1 and 

ScYap1 is the bases for functionality of this sensor (Delaunay et al., 2002). The roGFP2 moiety 

in the fusion to ScOrp1 replaces ScYap1 in the redox relay as the receiving end of oxidative 

equivalents from H2O2 and ScOrp1. The direct fusion between these two proteins promotes 

their efficient interaction. The probe responded sensitively to peroxides in vitro and in vivo 

(Gutscher et al., 2009). Further optimization of the roGFP2-based peroxide sensor was 

accomplished by fusing each of the eight thiol-peroxidases from S. cerevisiae to roGFP2 and 

test their sensitivity towards H2O2 (Morgan et al., 2016). Although ScTsa1 and ScTsa2 contain 

extremely reactive thiols with second order rate constants of 2.2 x 107 M-1 s-1 and 

1.3 x 107 M-1 s-1 respectively for the reaction with H2O2 at pH 7 (Ogusucu et al., 2007), they 

showed similar sensitivity compared to roGFP2-ScOrp1. The reason was efficient competition 

of the endogenous thioredoxins for the disulfide bond formed in the fused thiol peroxidases 

(Figure 5A). 
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Figure 5. Deletion of the resolving cysteine in ScTsa2 eliminates competition with endogenous 

thioredoxins. (A) The peroxidatic cysteine residue attacks H2O2 forming a sulfenic acid. Subsequently, the 

resolving cysteine residue nucleophilically attacks the sulfenic acid resulting in an intramolecular disulfide bond. 

Endogenous thioredoxins can efficiently compete with roGFP2 for reduction of ScTsa2 decreasing the sensitivity of 

the probe. (B) In roGFP2-ScTsa2ΔCR the sulfenic acid on the Tsa2ΔCR moiety is directly attacked by one of the 

cysteines of roGFP2, forming an intermolecular disulfide bond. Subsequently, roGFP2 forms the intramolecular 

disulfide bond changing its fluorescence properties. The sensor is based on the principle of a redox relay. 

(Zimmermann, Morgan, unpublished) 

Site-directed mutagenesis of the CR solved the problem of efficient thioredoxin competition 

resulting in the ultrasensitive peroxide probe roGFP2-Tsa2ΔCR (Figure 5B; 

Morgan et al., 2016). The probe was further adapted for measurements in fission yeast 

Schizosaccharomyces pombe in the peroxide sensor roGFP2-SpTpx1C169S 

(Carmona et al., 2019). Both versions were more sensitive to H2O2 than their cpYFP-based 

counterpart, HyPer1. In cpYFP, N- and C-termini are arranged near the YFP chromophore 

decreasing the stability of the β-barrel. HyPer sensors harbor fragments of the H2O2-sensitive 

regulatory domain from the bacterial transcription factor OxyR (Belousov et al., 2006). These 

fragments are attached to the newly arranged N- and C-termini of cpYFP. Disulfide bond 

formation between both H2O2-sensitive OxyR fragments induces slight structural changes in 

the YFP chromophore. Recently, the most optimized HyPer version, HyPer7, was developed 

(Pak et al., 2020). First studies in yeast indicate lower peroxide sensitivity compared to 

roGFP2-Tsa2ΔCR in S. cerevisiae or roGFP2-SpTpx1C169S in S. pombe, respectively 

(Kritsiligkou et al., 2021; Cubas et al., 2021). However, HyPer7 is brighter and can further be 

used in mammalian cell systems, where roGFP2-Tsa2ΔCR was not successfully applied, yet. 

The reasons why roGFP2-Tsa2ΔCR cannot be expressed in higher plants or mammalian cells 

remain unclear. Due to the very recent publication of HyPer7 and the advantages of having an 

engineered redox relay within the probe itself, roGFP2-Tsa2ΔCR was the sensor of choice for 

measurements of endogenous H2O2 changes for this dissertation. 
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1.3. Towards in vivo measurements of redox enzyme activity 

 

In vitro characterization of thioredoxin fold proteins mainly contributed to the current 

understanding of this versatile family. These measurements enable quantitative assessment 

of the catalytic activity of thioredoxin superfamily proteins. However, inactivity of certain 

proteins and their initial purification limit broad in vitro studies with many different proteins. 

Analyses of redox proteins in S. cerevisiae does not require initial purification. Characterization 

often involves interpretation and comparison of phenotypes or measurements of metabolites 

in whole-cell lysates e.g., upon genomic manipulation of yeast cells or chemical treatments. 

Finding a balance between quantitative in vitro and rather qualitative in vivo approaches could 

provide novel insights into thioredoxin superfamily proteins and accelerate their 

characterization. The recent application of fluorescence-based redox sensors to monitor 

different characteristics regarding the thiol peroxidase catalysis in living yeast cells might 

permit a way to ‘bridge this gap’. 

 

1.3.1. In vitro characterization of the glutaredoxin oxidoreductase activity 

 

In vitro kinetic measurements for studies on ScGrx7, HsGrx5 and mutants thereof were 

performed in the laboratory of Prof. Dr. Marcel Deponte at the University of Kaiserslautern. 

Two different low molecular weight disulfide substrates were used in these assays 

(see publication 2.1.). Either the non-glutathione substrate bis(2-hydroxyethyl) disulfide 

(HEDS) (Nagai, Black, 1968), or L-cysteine-glutathione disulfide (GSSCys) as a 

glutathionylated substrate were employed to assess structure-function relationships of different 

glutaredoxins (Mesecke et al., 2008; Begas et al., 2015; Begas et al., 2017). HEDS first reacts 

with GSH forming a mixed disulfide between GSH and 2-mercaptoethanol (GSSEtOH).  

The glutathionyl moiety of GSSEtOH or GSSCys are then attacked by the glutaredoxin of 

interest. Subsequently, glutathionylated glutaredoxins react with GSH as an electron donor. 

Both assays rely on the enzyme-dependent formation of GSSG and the subsequent 

NADPH-dependent reduction by glutathione reductase (Begas et al., 2015).  

Glutaredoxin activity is monitored spectrophotometrically by consumption of NADPH. 

Alternative assays also involve the glutaredoxin-dependent reduction of oxidized model 

proteins e.g., ribonucleotide reductase or PAPS reductase. These alternative approaches play 

an important role for the development of novel in vivo methods as discussed later in this 

dissertation (see publication 2.3.) (Lillig et al., 1999). In publication 2.2., stopped-flow kinetic 

measurements for S-nitrosoglutathione- (GSNO) and glutaredoxin-dependent oxidation of 

roGFP2 were monitored in a spectrofluorometer. 
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Therefore, a syringe contained either roGFP2 alone or in combination with the glutaredoxin in 

question. A second syringe contained GSNO. Oxidation of roGFP2 upon mixing of the 

protein(s) with GSNO was subsequently monitored. 

Thioredoxin fold proteins are commonly studied in vitro. Although the approach advanced the 

understanding of this huge family, it still harbors limitations. The initial effort of protein 

purification and subsequent confirmation of the protein quality is both, time-consuming and 

labor-intensive. This limits the number of enzymes or mutants that can be studied 

simultaneously. Bacterial strains are commonly used as expression systems for recombinant 

proteins. If necessary, proteins can also be expressed in yeast, plants or mammalian cells. 

However, low yield of recombinantly expressed proteins, or proteins that are generally inactive 

when analyzed outside their native environment, further limit the in vitro characterization.  

For instance, land plant-specific class III glutaredoxins could not be purified as recombinant 

proteins thus far. The reason for that is a functionally important, hydrophobic motif at the 

C-terminal end that prevents expression in E. coli (Couturier et al., 2010). Furthermore, in vitro 

assays rely on the reaction with certain model substrates or proteins e.g., HEDS or GSSCys 

as described previously. Therefore, inactivity of purified proteins in vitro does not exclude 

activity with specific, perhaps unknown substrates in vivo. Moreover, essential interactions with 

other proteins or possible posttranslational modifications, which are generally challenging to 

assess in vitro, are neglected. Consequently, novel assays are needed to overcome these 

limitations and complement existing in vitro approaches. 

 

1.3.2. In vivo approaches for protein analyses in Saccharomyces cerevisiae 

 

The budding yeast, S. cerevisiae, is a unicellular, eukaryotic organism that can exist in haploid 

or diploid states. Baker’s yeast harbors 6275 genes of which ~800 are essential 

(Goffeau et al., 1996). Many of these have homologs in the human genome which enable 

complementation and gene function studies (Botstein et al., 1997; Liu et al., 2017). Among the 

biggest advantages of yeast as a model organism is the accessibility of the yeast genome to 

genetic manipulations.  

In this dissertation, genes were replaced by an antibiotic resistance cassette or a gene 

encoding an auxotrophic marker protein using a homologous recombination-based technique 

or tetrad dissection (Janke et al., 2004; Papazian, 1952; Escorcia, Forsburg, 2018). 

Homologous recombination can also be used to apply tags or fluorescent proteins for 

immunoblotting or microscopic identification of the subcellular localization (Wach et al., 1994; 

Knop et al.,1999). Furthermore, yeast cells can be readily transformed with plasmids. 
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The roGFP2-based sensors in publications 2.1., 2.2. and 2.3. were expressed from plasmids 

in the cytosol of yeast cells. In this dissertation complementation studies in yeast were 

performed in the context of ‘plasmid shuffling’ (Boeke et al., 1987). Plasmid shuffling is 

particularly useful when investigating essential genes that cannot be deleted from the genome. 

For this, two different plasmids are transformed into yeast cells. The first plasmid is selected 

by an uracil auxotrophic marker and encodes a viability supporting protein. The second plasmid 

harbors a certain gene encoding the protein in question. Subsequently, yeast cells grow under 

counter-selective pressure induced by application of 5-fluoroorotic acid (5-FOA) to the growth 

medium. In presence of functional uracil biosynthesis, 5-FOA is converted into toxic 

5-fluorouracil which is lethal after incorporation into the RNA. Hence, yeast cells are 

counter-selected against the first plasmid and viability or growth phenotypes on 5-FOA depend 

upon the protein encoded on the second plasmid (Forsburg, 2001). 

Very basic, but still commonly used, are growth assays e.g., drop dilution assays or automated 

measurements of the optical density for growth curves. These methods are often combined 

with growth on media with different carbon sources or chemical treatments to assess the 

impact of genomic manipulations in a certain yeast strain. Falsely, it is often assumed that the 

physiological relevance of a specific protein directly correlates with phenotypes observed in 

these indirect assays as outlined above. However, these phenotypes might actually be caused 

by perturbations of downstream processes, where the protein in question participates.  

For instance, peroxide sensitivity of thiol peroxidase deletion strains is often postulated to result 

from impaired peroxide scavenging (Jacobson et al., 1989; Chae, et al., 1994; 

Hofmann et al., 2002). However, it is known that these proteins are also involved in other 

processes besides peroxide detoxification i.e., H2O2 signaling or protein folding 

(Sobotta et al., 2015; Jang et al., 2004; Teixeira et al., 2019). Recently, it was demonstrated 

that deletion of ScTSA1 affected regulation of the protein kinase A subunit ScTpk1, which was 

shown to be the cause of the growth phenotypes on plates containing H2O2. Therefore, they 

postulated that sensitivity of a Δtsa1 strain does not result from impaired peroxide scavenging 

per se but rather from protein kinase A hyperactivity due to its misregulation in absence of 

ScTsa1 (Roger et al., 2020; Bodvard et al., 2017). Further insights into the diverse function of 

peroxiredoxins are given in publication 2.4. Adaptation of yeast deletion strains or suppressor 

mutations as a response to the loss of a certain gene can lead to variations in phenotypes 

(Liu, Zhang, 2019). In many cases it remains unknown if a certain gene deletion causes an 

overexpression of another protein or leads to other compensatory mechanisms (Zeyl, 2004). 

The readout of these genomic manipulation-based in vivo approaches often relies on 

phenotypes. How can living yeast cells be used to complement quantitative in vitro approaches 

for monitoring redox enzymes activity or even use them to assess structure-function 

relationships within a certain protein? 
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1.3.3. Novel fluorescence- and yeast-based approaches for redox enzyme analyses 

 

The development of genetically encoded redox sensors enabled measurements of intracellular 

redox species. Sensors are available for reliable monitoring of the major redox-active 

molecules including H2O2 (Belousov et al., 2006; Gutscher et al., 2009; Morgan et al., 2011), 

glutathione (Gutscher et al., 2008), NADH (Zhao et al., 2011; Hung et al., 2011; 

Zhao et al., 2015) and NADPH (Tao et al., 2017). These sensors are continuously optimized 

in respect to their sensitivity and specificity to certain redox species. Since their development, 

such sensors have predominantly been used to monitor changes in these species with 

subcellular resolution. However, recently it was demonstrated that roGFP2-based sensors can 

assess structure-function relationships and activity of thiol peroxidases. Interestingly, the first 

advances regarding this novel use of these sensors were gained relatively early. In 2006, 

Björnberg and colleagues employed fusions between rxYFP and ScGrx1. These were the first 

fusions that permitted rapid equilibration between a redox-sensitive fluorescent protein and the 

glutathione redox couple. Moreover, they fused an engineered monothiol ScGrx1 variant to 

rxYFP to gain insights into the glutaredoxin catalysis. They found that the cysteine mutant was 

capable of oxidizing roGFP2 more efficiently. Consequently, they postulated elevated 

oxidoreductase activity of an engineered monothiol ScGrx1 mutant in accordance with in vitro 

data (Björnberg et al., 2006). Although the idea of fluorescence-based measurements of redox 

enzyme activity was born about 15 years ago, it was followed up in detail just recently. 

Staudacher and colleagues demonstrated in 2018 that roGFP2 oxidation depends upon the 

activity of the fused thiol peroxidase. Using these fusions, they tested multiple gain- and 

loss-of-function mutations regarding hyperoxidation of Plasmodium falciparum PfAOP in vivo 

and in vitro (Djika et al., 2013; Staudacher et al., 2018). Fusions between roGFP2 and ScPrx1 

were employed in combination with established glutathione sensors to gain insights into the 

mitochondrial glutathione homeostasis. They demonstrated ScPrx1-dependent oxidation of 

the matrix glutathione pool and engineered less hyperoxidation-sensitive variants of ScPrx1 

(Calabrese et al., 2019). Hetero-oligomerization of peroxiredoxins was shown using a 

cysteine-less Tsa2 moiety fused to roGFP2 i.e., roGFP2-Tsa2ΔCPΔCR. Intriguingly, roGFP2 

was still oxidized in wild-type yeast cells upon H2O2 application. The probe was observed to 

assemble into oligomeric complexes with endogenous cytosolic ScTsa1 and ScTsa2 mediating 

the oxidation of roGFP2. In contrast, in ScTsa1 and ScTsa2 double deletion cells, 

roGFP2-Tsa2ΔCPΔCR responses upon H2O2 treatment were absent (Morgan et al., 2016). 

These studies all demonstrated different ways of how roGFP2-based fusions were used to 

gain insights into properties of thiol peroxidase redox catalysis or structure-function 

relationships in vivo. 
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1.4. Aim of this work 

 

Thioredoxin superfamily proteins are predominantly characterized in vitro with purified 

proteins. In vitro protein characterization harbors several limitations including time-consuming 

protein purification, inactivity of certain proteins in these assays or analysis of enzymes outside 

their ‘native’ environment. In order to overcome these limitations, alternative approaches are 

needed to accelerate and improve on characterization of thioredoxin fold proteins. Since their 

development, fluorescence-based redox sensors were almost exclusively used to monitor 

intracellular redox species (Figure 6A). Recently, advances were made regarding the 

application of roGFP2-based probes to monitor several aspects of the thiol peroxidase 

catalysis, including hyperoxidation and hetero-decamerization. Whether these approaches are 

applicable to other thioredoxin superfamily enzymes remains to be shown. 

The goal is to complement and improve upon existing in vitro approaches by rapidly screening 

through many different redox enzymes or mutants thereof. Consequently, the present work 

aims to develop, establish and apply novel assays that permit rapid monitoring of the 

glutaredoxin oxidoreductase activity in living yeast cells. The cytosol of these yeast cells serves 

as an in-cell ‘test tube’. Genomic manipulations by deletion or overexpression of specific genes 

permit an engineered and fine-tuned environment. This allows for accurate monitoring of the 

enzyme-dependent roGFP2 oxidation. Yeast cells can readily be transformed with plasmids 

containing fusions between roGFP2 and many different redox enzymes or mutants thereof. 

This avoids the initial effort of protein purification for enzyme analyses and is therefore less 

labor-intensive. Together with automated, fluorescence plate reader-based measurements, 

the approach enables high-throughput screening of many constructs and conditions in parallel. 

The study also aims to provide a deeper understanding of both, the roGFP2-based readout of 

oxidoreductase activity and glutaredoxin structure-function relationships. To ‘bridge the gap’ 

between in vitro and in vivo approaches, relative differences in roGFP2 oxidation kinetics of 

various constructs will be measured in the cytosol of living yeast cells (Figure 6B). 

In collaboration with Prof. Dr. Marcel Deponte at the University of Kaiserslautern, the 

respective recombinant proteins and mutants will be characterized in vitro allowing for 

side-by-side comparison. Subsequent studies will then aim to dissect the important structural 

motifs that determine classification into either class I or class II glutaredoxins.  

Furthermore, another in-cell system will be developed for monitoring reduction of essential and 

non-essential endogenous disulfide substrates. Together, both approaches aim for a 

comprehensive understanding of the glutaredoxin-dependent catalysis. The presented 

screens will certainly be applied in future experiments to assess the function of even more, 

potentially uncharacterized thioredoxin superfamily proteins. 
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Figure 6. Schematic illustration for common and novel application of roGFP2-based redox sensors.  

(A) Thus far, roGFP2 fusions have predominantly been used to monitor a certain redox metabolite. Therefore, the 

specific sensor moiety mediates the thermodynamic equilibration between this redox species and roGFP2. 

Monitoring the roGFP2 redox state provides information about the redox state of the endogenous redox metabolite. 

(B) In contrast to (A), the sensor equilibrates roGFP2 to an induced change in a certain metabolite. Kinetics of 

roGFP2 equilibration to that change depend upon the activity of the fused sensor moiety. Hence, relative differences 

in oxidation kinetics between different sensor moieties reflect changes in their activity. 
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Supplementary Figure 1 

 

 

Supplementary Figure 1 | Purification of recombinant wild-type and mutant enzymes. 

SDS-PAGE analyses of representative eluates on 15% gels after protein purification by Ni-

NTA affinity chromatography. (a) Tyr110 mutants of ScGrx7. ScGrx7 wild-type enzyme, WT; 

ScGrx7Y110A, Y110A; ScGrx7Y110H, Y110H; ScGrx7Y110F, Y110F. (b) Asp144, Glu147 and 

Arg153 mutants of ScGrx7. ScGrx7 wild-type enzyme, WT; ScGrx7D144A, D144A; ScGrx7D144K, 

D144K, ScGrx7E147A, E147A; ScGrx7E147K, E147K; ScGrx7R153A, R153A; ScGrx7R153E, R153E. 

Average yields from up to seven independent protein purification experiments for each mutant 

were highly reproducible and ranged from 12.6 ± 4.1 to 53.7 ± 5.1 mg of recombinant ScGrx7 

per liter of E. coli culture depending on the mutant. (c) Interconversion mutants of ScGrx7 and 

HsGrx5. Left side: ScGrx7 wild-type enzyme, WT; ScGrx7WP, WP; ScGrx7loop, Loop; 

ScGrx7WP+loop, WP+loop. Right side: Wild-type HsGrx5, WT; HsGrx5RR, RR; HsGrx5loop, Loop; 

HsGrx5RR+loop, RR+loop. The calculated molecular masses of recombinant wild-type ScGrx7 

and HsGrx5 are 20.2 and 15.1 kDa, respectively. ScGrx7 runs at approximately 26 kDa as 

reported previously. The exchange of the active site loop in ScGrx7 results in partial 

proteolysis. Average yields from three independent protein purification experiments for each 

mutant were highly reproducible and ranged from 2.2 to 16.2 mg of recombinant protein per 

liter of E. coli culture depending on the mutant. 
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Supplementary Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2 | GSSCys assay steady-state kinetics of ScGrx7 wild-type 

enzyme and Y110X mutants. (a) Michaelis-Menten plots of the GSH-dependent reaction 

velocity at different initial concentrations of GSSCys. (b) Lineweaver-Burk plots of the GSH-
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dependent reaction velocity at different initial concentrations of GSSCys revealing ping-pong 

kinetic patterns. (c) Lineweaver-Burk plots of the GSSCys-dependent reaction velocity at 

different initial concentrations of GSH. Data points and error bars are the mean ± s.d. from 

three independent protein purification experiments and were plotted and fitted in SigmaPlot 13 

according to Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes theory (the latter 

two plots are not shown). Calculated kcat
app and Km

app values from the four different plots usually 

varied by less than 10%. Data points in brackets were omitted from the regression analysis 

when the kcat
app or Km

app values from all four plots varied by more than 10% and converged 

after removal of the outlier. True kinetic constants were estimated from secondary plots in 

Supplementary Fig. 3 and are listed in Supplementary Table 1. Selected apparent kinetic 

constants from non-linear regression analyses of Michaelis-Menten plots are listed in 

Supplementary Table 2.  
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Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 | GSSCys assay secondary plots for ScGrx7 wild-type enzyme 

and Y110X mutants. (a) Secondary plots of the kcat
app values at different concentrations of 

GSSCys (left panels) and GSH (right panels) allowing the estimation of the true kcat value from 

the y-axis intercept (1/kcat) and of the true Km value from the x-axis intercept (-1/Km). Estimated 
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true kinetic constants have to be interpreted with care because of the proximity of the 

intersection points to the origin of the graphs. Dalziel coefficients were obtained from the 

slopes. (b) Secondary plots of the Km
app values at different concentrations of GSSCys (left 

panels) and GSH (right panels). Km
app and kcat

app values were obtained from non-linear 

regression analyses of Michaelis-Menten plots (Supplementary Fig. 2). Error bars are the 

calculated standard error from the hyperbolic curve fits in SigmaPlot 13. Outliers in brackets 

were identified based on the r2 values and omitted from the linear regression analysis in 

SigmaPlot 13. Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 1. 
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Supplementary Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4 | Replacement of Tyr110 in ScGrx7 slows down the turnover of 

both substrates in the HEDS assay. (a) and (b) Selected kcat
app and Km

app
 values of ScGrx7 

wild- type enzyme and Y110X mutants for HEDS and GSH. (c) Calculated catalytic efficiencies 
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from panels a and b. Original plots and kinetic parameters for panels a-c are shown in 

Supplementary Fig. 5 and Supplementary Table 3. Error bars are the calculated standard error 

from the curve fits in SigmaPlot 13. (d) Reciprocal Dalziel coefficients obtained from 

Supplementary Fig. 6. The reciprocal Dalziel coefficients and true kcat values are also listed in 

Supplementary Table 1. (e) Summary of the altered kinetic parameters. (f) Potential reaction 

sequence for the HEDS assay. Please note that GSSEtOH is a product and substrate that can 

bind in two orientations at the Grx active site. This could explain the sequential kinetic patterns 

with a common x-axis intercept in the Lineweaver-Burk plots (Supplementary Fig. 5) as 

discussed previously12. Statistical analyses and P-values for the kcat
app and Km

app values from 

panels a and b are listed in Supplementary Table 11.  
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Supplementary Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5 | HEDS assay steady-state kinetics of ScGrx7 wild-type enzyme 

and Y110X mutants. (a) Michaelis-Menten plots of the GSH-dependent reaction velocity at 

different initial concentrations of HEDS. (b) Lineweaver-Burk plots of the GSH-dependent 
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reaction velocity at different initial concentrations of HEDS revealing sequential kinetic 

patterns. (c) Lineweaver-Burk plots of the HEDS-dependent reaction velocity at different initial 

concentrations of GSH. Data points and error bars are the mean ± s.d. from three independent 

protein purification experiments and were plotted and fitted in SigmaPlot 13 according to 

Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes theory (the latter two plots are 

not shown). Calculated kcat
app and Km

app values from the four different plots usually varied by 

less than 10%. Data points in brackets were omitted from the regression analysis when the 

kcat
app or Km

app values from all four plots varied by more than 10% and converged after removal 

of the outlier. True kinetic constants were estimated from secondary plots in Supplementary 

Fig. 6 and are listed in Supplementary Table 1. Selected apparent kinetic constants from non-

linear regression analyses of Michaelis-Menten plots are listed in Supplementary Table 3. 
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Supplementary Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6 | HEDS assay secondary plots for ScGrx7 wild-type enzyme 

and Y110X mutants. Km
app and kcat

app values were obtained from non-linear regression 

analyses of Michaelis-Menten plots (Supplementary Fig. 5). Error bars are the calculated 

standard error from the hyperbolic curve fits in SigmaPlot 13. (a) Secondary plots of the kcat
app 



Scientific articles 

49 
 

values at different concentrations of HEDS (left panels) and GSH (right panels) allowing the 

estimation of the true kcat value from the y-axis intercept (1/kcat) and of the true Km value from 

the x-axis intercept (-1/Km). Outliers in brackets at the lowest substrate concentration were 

identified based on the r2 values and omitted from the linear regression analysis in SigmaPlot 

13. Estimated true kinetic constants have to be interpreted with care because of the proximity 

of the intersection points to the origin of the graphs. The Dalziel coefficients were obtained 

from the slopes. (b) Secondary plots of the Km
app values at different concentrations of HEDS 

(left panels) and GSH (right panels). Please note that the differences for Km
app values among 

independent measurements and mutants are mostly not statistically significant (see also 

Supplementary Table 3). Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 1.  
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Supplementary Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7 | GSSCys assay steady-state kinetics of ScGrx7 wild-type 

enzyme and D144X mutants. (a) Michaelis-Menten plots of the GSH-dependent reaction 

velocity at different initial concentrations of GSSCys. (b) Lineweaver-Burk plots of the GSH-

dependent reaction velocity at different initial concentrations of GSSCys revealing ping-pong 

kinetic patterns. (c) Lineweaver-Burk plots of the GSSCys-dependent reaction velocity at 

different initial concentrations of GSH. Data points and error bars are the mean ± s.d. from 

three independent protein purification experiments and were plotted and fitted in SigmaPlot 13 

according to Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes theory (the latter 
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two plots are not shown). Calculated kcat
app and Km

app values from the four different plots usually 

varied by less than 10%. Data points in brackets were omitted from the regression analysis 

when the kcat
app or Km

app values from all four plots varied by more than 10% and converged 

after removal of the outlier. True kinetic constants were estimated from secondary plots in 

Supplementary Fig. 8 and listed in Supplementary Table 4. Selected apparent kinetic 

constants from non-linear regression analyses of Michaelis-Menten plots are listed in 

Supplementary Table 5.  
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Supplementary Figure 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 8 | GSSCys assay secondary plots for ScGrx7 wild-type enzyme 

and D144X mutants. (a) Secondary plots of the kcat
app values at different concentrations of 

GSSCys (left panels) and GSH (right panels) allowing the estimation of the true kcat value from 

the y-axis intercept (1/kcat) and of the true Km value from the x-axis intercept (-1/Km). Estimated 

true kinetic constants have to be interpreted with care because of the proximity of the 

intersection points to the origin of the graphs. Dalziel coefficients were obtained from the 

slopes. (b) Secondary plots of the Km
app values at different concentrations of GSSCys (left 

panels) and GSH (right panels). Km
app and kcat

app values were obtained from non-linear 

regression analyses of Michaelis-Menten plots (Supplementary Fig. 7). Error bars are the 
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calculated standard error from the hyperbolic curve fits in SigmaPlot 13. Outliers in brackets 

were identified based on the r2 values and omitted from the linear regression analysis in 

SigmaPlot 13. Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 4.  
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Supplementary Figure 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 9 | GSSCys assay steady-state kinetics of ScGrx7 wild-type 

enzyme and E147X mutants. (a) Michaelis-Menten plots of the GSH-dependent reaction 

velocity at different initial concentrations of GSSCys. (b) Lineweaver-Burk plots of the GSH-

dependent reaction velocity at different initial concentrations of GSSCys revealing ping-pong 

kinetic patterns. (c) Lineweaver-Burk plots of the GSSCys-dependent reaction velocity at 

different initial concentrations of GSH. Data points and error bars are the mean ± s.d. from 

three independent protein purification experiments and were plotted and fitted in SigmaPlot 13 

according to Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes theory (the latter 
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two plots are not shown). Calculated kcat
app and Km

app values from the four different plots usually 

varied by less than 10%. Data points in brackets were omitted from the regression analysis 

when the kcat
app or Km

app values from all four plots varied by more than 10% and converged 

after removal of the outlier. True kinetic constants were estimated from secondary plots in 

Supplementary Fig. 10 and are listed in Supplementary Table 4. Selected apparent kinetic 

constants from non-linear regression analyses of Michaelis-Menten plots are listed in 

Supplementary Table 5.  
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Supplementary Figure 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 10 | GSSCys assay secondary plots for ScGrx7 wild-type enzyme 

and E147X mutants. (a) Secondary plots of the kcat
app values at different concentrations of 

GSSCys (left panels) and GSH (right panels) allowing the estimation of the true kcat value from 

the y-axis intercept (1/kcat) and of the true Km value from the x-axis intercept (-1/Km). Estimated 

true kinetic constants have to be interpreted with care because of the proximity of the 

intersection points to the origin of the graphs. Dalziel coefficients were obtained from the 

slopes. (b) Secondary plots of the Km
app values at different concentrations of GSSCys (left 

panels) and GSH (right panels). Km
app and kcat

app values were obtained from non-linear 

regression analyses of Michaelis-Menten plots (Supplementary Fig. 9). Error bars are the 
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calculated standard error from the hyperbolic curve fits in SigmaPlot 13. Outliers in brackets 

were identified based on the r2 values and omitted from the linear regression analysis in 

SigmaPlot 13. Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 4.  
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Supplementary Figure 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 11 | GSSCys assay steady-state kinetics of ScGrx7 wild-type 

enzyme and R153X mutants. (a) Michaelis-Menten plots of the GSH-dependent reaction 

velocity at different initial concentrations of GSSCys. (b) Lineweaver-Burk plots of the GSH-

dependent reaction velocity at different initial concentrations of GSSCys revealing ping-pong 

kinetic patterns. (c) Lineweaver-Burk plots of the GSSCys-dependent reaction velocity at 

different initial concentrations of GSH. Data points and error bars are the mean ± s.d. from 

three independent protein purification experiments and were plotted and fitted in SigmaPlot 13 

according to Michaelis-Menten, Lineweaver-Burk, Eadie-Hofstee and Hanes theory (the latter 

two plots are not shown). Calculated kcat
app and Km

app values from the four different plots usually 
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varied by less than 10%. Data points in brackets were omitted from the regression analysis 

when the kcat
app or Km

app values from all four plots varied by more than 10% and converged 

after removal of the outlier. True kinetic constants were estimated from secondary plots in 

Supplementary Fig. 12 are listed in Supplementary Table 4. Selected apparent kinetic 

constants from non-linear regression analyses of Michaelis-Menten plots are listed in 

Supplementary Table 6. 
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Supplementary Figure 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 12 | GSSCys assay secondary plots for ScGrx7 wild-type enzyme 

and R153X mutants. (a) Secondary plots of the kcat
app values at different concentrations of 

GSSCys (left panels) and GSH (right panels) allowing the estimation of the true kcat value from 

the y-axis intercept (1/kcat) and of the true Km value from the x-axis intercept (-1/Km). Estimated 

true kinetic constants have to be interpreted with care because of the proximity of the 

intersection points to the origin of the graphs. Dalziel coefficients were obtained from the 

slopes. (b) Secondary plots of the Km
app values at different concentrations of GSSCys (left 

panels) and GSH (right panels). Km
app and kcat

app values were obtained from non-linear 

regression analyses of Michaelis-Menten plots (Supplementary Fig. 11). Error bars are the 
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calculated standard error from the hyperbolic curve fits in SigmaPlot 13. Outliers in brackets 

were identified based on the r2 values and omitted from the linear regression analysis in 

SigmaPlot 13. Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 4.  
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Supplementary Figure 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 13 | GSSCys assay steady-state kinetics of ScGrx7 wild-type 

enzyme and mutants ScGrx7WP, ScGrx7loop and ScGrx7WP+loop. (a) Hanes plots of the GSH-

dependent reaction velocity at different initial concentrations of GSSCys. (b) Lineweaver-Burk 
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plots of the GSH-dependent reaction velocity at different initial concentrations of GSSCys 

revealing ping-pong kinetic patterns. (c) Lineweaver-Burk plots of the GSSCys-dependent 

reaction velocity at different initial concentrations of GSH. Data points and error bars are the 

mean ± s.d. from three independent protein purification experiments and were plotted and fitted 

in SigmaPlot 13 according to Hanes, Lineweaver-Burk and Eadie-Hofstee theory (the latter 

plots are not shown). Calculated kcat
app and Km

app values from the three different plots usually 

varied by less than 10%. Data points in brackets were omitted from the regression analysis 

when the kcat
app or Km

app values from all four plots varied by more than 10% and converged 

after removal of the outlier. True kinetic constants were estimated from secondary plots in 

Supplementary Fig. 14 and are listed in Supplementary Table 7. Selected apparent kinetic 

constants from linear regression analyses of Hanes plots are listed in Supplementary Table 8.  
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Supplementary Figure 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 14 | GSSCys assay secondary plots for ScGrx7 wild-type enzyme 

and mutants ScGrx7WP, ScGrx7loop and ScGrx7WP+loop. (a) Secondary plots of the kcat
app 

values at different concentrations of GSSCys (left panels) and GSH (right panels) allowing the 
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estimation of the true kcat value from the y-axis intercept (1/kcat) and of the true Km value from 

the x-axis intercept (-1/Km). Estimated true kinetic constants have to be interpreted with care 

because of the proximity of the intersection points to the origin of the graphs. Dalziel 

coefficients were obtained from the slopes. (b) Secondary plots of the Km
app values at different 

concentrations of GSSCys (left panels) and GSH (right panels). Km
app and kcat

app values were 

obtained from linear regression analyses of Hanes plots (Supplementary Fig. 13). Error bars 

are the calculated standard error from the hyperbolic curve fits in SigmaPlot 13. Outliers in 

brackets were identified based on the r2 values and omitted from the linear regression analysis 

in SigmaPlot 13. Estimated true kinetic constants and Dalziel coefficients are listed in 

Supplementary Table 7.  
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Supplementary Figure 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 15 | GSSCys assay steady-state kinetics of HsGrx5loop and 

HsGrx5RR+loop. (a) Hanes plots of the GSH-dependent reaction velocity at different initial 

concentrations of GSSCys. (b) Lineweaver-Burk plots of the GSH-dependent reaction velocity 

at different initial concentrations of GSSCys revealing ping-pong kinetic patterns. (c) 

Lineweaver-Burk plots of the GSSCys-dependent reaction velocity at different initial 

concentrations of GSH. Data points and error bars are the mean ± s.d. from three independent 

protein purification experiments and were plotted and fitted in SigmaPlot 13 according to 

Hanes, Lineweaver-Burk and Eadie-Hofstee theory. Data points in brackets were omitted from 

the regression analysis when the kcat
app or Km

app values from all four plots varied by more than 

10% and converged after removal of the outlier. True kinetic constants were estimated from 

secondary plots in Supplementary Fig. 16 and are listed in Supplementary Table 7. Selected 

apparent kinetic constants from linear regression analyses of Hanes plots are listed in 

Supplementary Table 9. The activities of HsGrx5 and HsGrx5RR were similar to the NADPH 

consumption of negative controls without enzyme and could not be analyzed. 
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Supplementary Figure 16 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 16 | GSSCys assay secondary plots for HsGrx5loop and 

HsGrx5RR+loop. (a) Secondary plots of the kcat
app values at different concentrations of GSSCys 

(left panels) and GSH (right panels) allowing the estimation of the true kcat value from the y-

axis intercept (1/kcat) and of the true Km value from the x-axis intercept (-1/Km). Estimated true 

kinetic constants have to be interpreted with care because of the proximity of the intersection 

points to the origin of the graphs. Dalziel coefficients were obtained from the slopes. 

(b) Secondary plots of the Km
app values at different concentrations of GSSCys (left panels) and 

GSH (right panels). Km
app and kcat

app values were obtained from linear regression analyses of 

Hanes plots (Supplementary Fig. 15). Error bars are the calculated standard error from the 

hyperbolic curve fits in SigmaPlot 13. Outliers in brackets were identified based on the r2 values 

and omitted from the linear regression analysis in SigmaPlot 13. Estimated true kinetic 

constants and Dalziel coefficients are listed in Supplementary Table 7.  
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Supplementary Figure 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 17 | Noninvasive intracellular assessment of ScGrx7 intercon-

version mutants with or without pretreatment with DTT. (a) Time-dependent ratiometric 

degree of roGFP2 oxidation (OxD) for yeast cells with genetically encoded fusion constructs 

between roGFP2 and interconversion mutants of ScGrx7 under standard conditions (upper 

row) or after pretreatment and subsequent washout of DTT (lower row). Representative results 

for bolus treatments with 1 mM (circles), 0.2 mM (triangles) and 0.05 mM (squares) H2O2 are 

shown. (b) Integrated dose-response curves for interconversion mutants ScGrx7WP (WP), 

ScGrx7loop (Loop) and ScGrx7WP+loop (WP + loop) under standard conditions. The area under 

the OxD curves was determined for the first 48 seconds following the addition of H2O2. RoGFP2 

alone (roGFP2) as well fusion constructs with inactive ScGrx7C108S (C108S) or wild-type 

ScGrx7 (WT) served as negative and positive controls. All experiments were repeated at least 

three times and data were reported as mean AUCs with error bars representing the standard 

deviation. Source data are provided as a Source Data file. Statistical analyses and P-values 

are listed in Supplementary Table 12. 
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Supplementary Figure 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 18 | RMSD time series of ScGrx7 and HsGrx5. The RMSD of the 

peptide backbone atoms of ScGrx7 to the starting structure was calculated for the wild-type 

ScGrx7 (a), the K105E variant (b), K105R variant (c), and E147K variant (d) as well as for 

HsGrx5 WT (e), HsGrx5RR (f), HsGrx5loop (g) and HsGrx5RR+loop (h) over the simulation time of 

500 ns. For each protein, the four independent replications of the simulation are colored purple, 

blue, green, and yellow, respectively. The frequency distributions of the RMSD time series 

were normalized to a total sum of 1 per replication. 



Scientific articles 

70 
 

Supplementary Figure 19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 19 | Structural fluctuations of ScGrx7 and HsGrx5. Per-residue 

root mean square fluctuations (RMSF) of protein backbone atoms over the MD trajectories of 
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500 ns are shown per replication (purple, blue, green, and yellow) for ScGrx7 WT (a), K105E 

(b), K105R (c), and E147K (d) as well as for HsGrx5 WT (e), HsGrx5RR (f), HsGrx5loop (g) and 

HsGrx5RR+loop (h). The active cysteine residue is marked with a red line and important positions 

of the variants are marked with grey lines. The gap in the sequence for short-loop variants of 

HsGrx5 is plotted to maintain the residue numbering of the WT. 
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Supplementary Figure 20 

 

Supplementary Figure 20 | Orientation of R153 in the ScGrx7 variants. The angle between 

the sulfur atom of the bound glutathione (SSG), the Cα-carbon of R153 and the carbon of the 

guanidino group of its side chain was chosen to show the differential orientation of R153 

towards the SSG moiety. In the WT (a), the K105E (b) and K105R variants (c), the angle is 

mainly distributed between 90° and 130°. For the E147K (d) variant, the angle predominantly 

shows a narrow distribution around 90°. For each ScGrx7 variant, the four independent 

replications of the simulation are colored purple, blue, green, and yellow, respectively. The 

frequency distributions were normalized to a total sum of 1 per replication. 
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Supplementary Figure 21 

 

Supplementary Figure 21 | Contact analysis of GS– with ScGrx7. Bars show the fraction of 

the molecular dynamics simulations where a contact between a residue of ScGrx7 and a freely 

diffusing GS– was present for the WT (grey), the K105R variant (light blue), K105E variant 

(red), and E147K variant (dark blue) with error bars showing the standard deviation over the 

four replications. Contacts were counted when the distance between the Cγ of the glutamyl 

moiety of a GS– and a specific atom of the residue was below 8 Å. For each residue type, a 

specific atom of the side chain was selected for the contact definition such that there is no bias 

against residues with longer side chains. The glutathione disulfide (SSG) bound to Cys108 

was not counted in the residue numbering and is represented following Cys108 as three 

residues: γ-glutamyl, cysteine, and glycine. 
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Supplementary Figure 22 

 

Supplementary Figure 22 | Interactions of the conserved active-site lysine residue in 

HsGrx5 and ScGrx7. (a) Distributions of the distances of Lys59 Nζ of HsGrx5 variants to the 

closer oxygen atom of the glycine carboxyl group of the covalently bound glutathione for each 

of the four replications. (b) For ScGrx7, the equivalent residue Lys105 was used in the 
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analysis. (c) Distance distributions of Lys59 Nζ to the sulfur atom of bound glutathione. (d) 

Structural representation of the measured distances (yellow for the distance to the carboxyl 

group as in panels (a) and (b), purple for the distance as in panel (c)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Scientific articles 

76 
 

Supplementary Table 1. Comparison of estimated true kcat and Km values and Dalziel coeffi-

cients Φ1 and Φ2 of wild-type ScGrx7 and Y110X mutants in the GSSCys and HEDS assay. 

  
                  GSSCys assay  

    
    
 1/Φ1 

a 1/Φ2 
a kcat (GSSCys)

 a kcat (GSH)
 a Km (GSSCys)

 a Km (GSH)
 a 

ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (µM) 
        
        WT 7.2 x 105 2.2 x 105 380 219 292 762 

Y110F 7.7 x 105 2.5 x 105 554 346 784 1067 
Y110H 1.8 x 105 2.2 x 105 74 154 375 422 
Y110A 9.2 x 104 4.7 x 104 35 36 332 426 

      
           

                 HEDS assay  

    
    
 1/Φ1 

b 1/Φ2 
b kcat (HEDS)

 b kcat (GSH)
 b Km (HEDS)

 c Km (GSH)
 c 

ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (mM) (mM) 
        
       WT 2.4 x 105 1.5 x 105   185 136 1.3 ± 0.3 1.3 ± 0.8 

± 0.2 Y110F 1.2 x 105 1.2 x 105 485 
± 70 

275 1.5 ± 0.2 2.1 ± 0.9 
± 0.5 Y110H 2.9 x 104 3.7 x 104 43 

± 8.6 
92 1.7 ± 0.2 1.8 ± 0.3 

± 0.5 Y110A 9.5 x 103 4.6 x 103 30 
± 0.5 

15 1.4 ± 0.3 0.7 ± 0.2 
± 0.2        

a Estimated Dalziel coefficients, kcat and Km values were obtained from Supplementary Fig. 3. The true 
kcat and Km values have to be interpreted with care because of the proximity of the intersection points to 
the origin of the graphs. 
b Estimated Dalziel coefficients and kcat values were obtained from Supplementary Fig. 6a. The true kcat 
values have to be interpreted with care because of the proximity of the intersection points to the origin 
of the graphs. 
c Estimated Km values were averaged from Supplementary Fig. 5.  
 

 

 

 

 

 

 

 

 

 

 

 

 



Scientific articles 

77 
 

Supplementary Table 2. Selected kcat
app and Km

app values from GSSCys assays with ScGrx7 

wild-type enzyme and Y110X mutants obtained from Supplementary Fig. 2. 

         
  [GSSCys]  kcat

app
(GSH) 

a  Km
app

(GSH) 
a  kcat

app/Km
app

(GSH) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  25  18.8 ± 0.3  100 

% 
104 ± 7.6 100 

%
 180 100 %  

Y110F  25  17.9 ± 0.2  95 % 68.1 ± 4.2  65 %  264 147 %  
Y110H  25  4.8 ± 0.1  26 % 24.8 ± 3.8  24 %  198 110 %  
Y110A  25  2.4 ± 0.0  13 % 58.2 ± 4.5  56 %  41 23 %  

            
            

WT  50  31.1 ± 1.1  100 
% 

128 ± 16.8 100 
%

 243 100 %  
Y110F  50  36.6 ± 0.5  118 

% 
141 ± 7.7  110 

%
 259 107 %  

Y110H  50  8.4 ± 0.0  27 % 42.8 ± 0.9  33 %  196 81 %  
Y110A  50  4.1 ± 0.1  13 % 100 ± 5.7  78 %  41 17 %  

               
               

WT  100  52.3 ± 2.2  100 
% 

215 ± 28.5 100 
%

 243 100 %  
Y110F  100  60.7 ± 1.0  116 

% 
216 ± 10.8 101 

%
 280 115 %  

Y110H  100  16.9 ± 5.0  32 % 93.0 ± 5.0  43 %  181 74 %  
Y110A  100  7.2 ± 0.1  14 % 159 ± 7.1 74 %  46 19 %  

               
               

WT  150  75.2 ± 1.6  100 
% 

291 ± 17.6 100 
%

 258 100 %  
Y110F  150  82.5 ± 2.0  110 

% 
302 ± 20.1 104 

%
 273 106 %  

Y110H  150  21.6 ± 0.3  29 % 105 ± 6.4  36 %  204 79 %  
Y110A  150  10.1 ± 0.1  13 % 219 ± 9.6 75 %  46 18 %  

               
                        
  [GSH]  kcat

app
(GSSCys) 

a  Km
app

(GSSCys) 
a  kcat

app/Km
app

(GSSCys) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  50  12.6 ± 0.5  100 

% 
19.7 ± 3.8  100 

%
 639 100 %  

Y110F  50  13.9 ± 0.03 110 
% 

19.6 ± 0.2  99 %  712 111 %  
Y110H  50  9.4 ± 0.5  75 % 50.4 ± 6.4  256 

%
 187 29 %  

Y110A  50  2.5 ± 0.1 20 % 42.8 ± 6.5  217 
%

 60 9 %  
            
            

WT  100  21.2 ± 1.5  100 
% 

34.2 ± 6.4  100 
%

 621 100 %  
Y110F  100  23.9 ± 1.2 113 

% 
32.0 ± 5.2  94 %  746 120 %  

Y110H  100  17.0 ± 0.6  80 % 90.3 ± 6.1  264 
%

 188 30 %  
Y110A  100  4.1 ± 0.2  19 % 48.9 ± 6.7 143 

%
 84 14 %  

               
               

WT  200  40.4 ± 5.2  100 
% 

64.7 ± 19.7 100 
%

 624 100 %  
Y110F  200  49.1 ± 2.4 122 

% 
68.6 ± 7.6 106 

%
 716 115 %  

Y110H  200  24.2 ± 1.1 60 % 116 ± 10.3 180 
%

 207 33 %  
Y110A  200  7.5 ± 0.7  19 % 85.9 ± 15.9 133 

%
 87 14 %  

               
               

WT  1000  163 ± 54.8 100 
% 

266 ± 129  100 
%

 612 100 %  
Y110F  1000  142 ± 13.7 87 % 202 ± 28.3 76 %  753 123 %  
Y110H  1000  63.1 ± 16.3 39 % 319 ± 113 120 

%
 198 32 %  

Y110A  1000  19.2 ± 1.9  12 % 204 ± 30.7 77 %  94 15 %  
                

a Mean ± s.d. from Michaelis-Menten plots of three independent protein purifications. Percentages are 
 relative to wild-type enzyme. P-values are listed in Supplementary Table 11 'Statistics'. 
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Supplementary Table 3. Selected kcat
app and Km

app values from HEDS assays with ScGrx7 

wild-type enzyme and Y110X mutants obtained from Supplementary Fig. 5. 

         
  [HEDS]  kcat

app
(GSH) 

a  Km
app

(GSH) 
a  kcat

app/Km
app

(GSH) 

ScGrx7  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
              WT  0.18  32.1 ± 1.4  100 

% 
1.55 ± 0.12 100 

%
 20.7 100 %  

Y110F  0.18  19.7 ± 2.5  61 % 1.64 ± 0.38 106 
%

 12.0 58 %  
Y110H  0.18  4.9 ± 0.2  15 % 1.52 ± 0.10 98 %  3.2 15 %  
Y110A  0.18  1.6 ± 0.1  5 % 1.64 ± 0.12 106 

%
 0.9 4 %  

            
            

WT  0.37  58.6 ± 2.4  100 
% 

1.60 ± 0.12 100 
%

 36.7 100 %  
Y110F  0.37  39.9 ± 1.0  68 % 1.73 ± 0.08 108 

%
 23.0 63 %  

Y110H  0.37  10.2 ± 0.7  17 % 1.89 ± 0.23 118 
%

 5.4 15 %  
Y110A  0.37  2.6 ± 0.1  4 % 1.07 ± 0.09 67 %  2.5 7 %  

               
               

WT  0.55  64.6 ± 3.4  100 
% 

1.14 ± 0.12 100 
%

 56.6 100 %  
Y110F  0.55  52.7 ± 2.8  82 % 1.46 ± 0.14 128 

%
 36.1 64 %  

Y110H  0.55  14.0 ± 0.3  22 % 1.89 ± 0.06 166 
%

 7.4 13 %  
Y110A  0.55  3.6 ± 0.4  6 % 1.25 ± 0.24 110 

%
 2.9 5 %  

               
               

WT  0.74  72.9 ± 3.4  100 
% 

1.10 ± 0.10 100 
%

 66.5 100 %  
Y110F  0.74  63.4 ± 4.9  87 % 1.32 ± 0.19 120 

%
 48.0 72 %  

Y110H  0.74  16.0 ± 1.1  22 % 1.64 ± 0.18 149 
%

 9.7 15 %  
Y110A  0.74  5.6 ± 0.2  8 % 1.52 ± 0.12 138 

%
 3.7 6 %  

               
                        
  [GSH]  kcat

app
(HEDS) 

a  Km
app

(HEDS) 
a  kcat

app/Km
app

(HEDS) 

ScGrx7  (mM)  (s-1)  (mM)  (mM-1s-1) 
         
              WT  0.3  34.1 ± 4.1  100 

% 
0.92 ± 0.18 100 

%
 36.9 100 %  

Y110F  0.3  31.2 ± 15.8 91 % 1.78 ± 1.20 193 
%

 17.5 47 %  
Y110H  0.3  10.2 ± 1.9  30 % 2.27 ± 0.53 245 

%
 4.5 12 %  

Y110A  0.3  1.7 ± 0.3 5 % 1.10 ± 0.33 120 
%

 1.5 4 %  
            
            

WT  0.5  63.9 ± 4.1  100 
% 

1.33 ± 0.12 100 
%

 47.8 100 %  
Y110F  0.5  78.5 ± 31 123 

% 
3.40 ± 1.58 256 

%
 23.1 48 %  

Y110H  0.5  13.8 ± 1.6  22 % 2.02 ± 0.30 152 
%

 6.9 14 %  
Y110A  0.5  2.0 ± 0.3  3 % 0.67 ± 0.18 50 %  3.0 6 %  

               
               

WT  1.0  81.1 ± 8.9  100 
% 

0.90 ± 0.16 100 
%

 90.1 100 %  
Y110F  1.0  104.4 ± 19.4 129 

% 
2.59 ± 0.59 288 

%
 40.2 45 %  

Y110H  1.0  20.4 ± 0.8 25 % 1.65 ± 0.15 183 
%

 12.3 14 %  
Y110A  1.0  4.5 ± 0.9  6 % 0.79 ± 0.26 88 %  5.8 6 %  

               
               

WT  1.5  90.0 ± 12.5 100 
% 

0.82 ± 0.19 100 
%

 110 100 %  
Y110F  1.5  138.9 ± 28.9 154 

% 
2.85 ± 0.71  1348

%
 48.8 44 %  

Y110H  1.5  25.8 ± 3.6 29 % 1.77 ± 0.32 216 
%

 14.6 13 %  
Y110A  1.5  4.2 ± 0.1  5 % 0.61 ± 0.02 74 %  6.8 6 %  

                

a Mean ± s.d. from Michaelis-Menten plots of three independent protein purifications. Percentages are 
 relative to wild-type enzyme. P-values are listed in Supplementary Table 11 'Statistics'. 
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Supplementary Table 4. Comparison of estimated true kcat and Km values and Dalziel coeffi-

cients Φ1 and Φ2 of wild-type ScGrx7 and D144X, E147X and R153X mutants. 

  
                  GSSCys assay  

    
    
 1/Φ1 

a 1/Φ2 
a  kcat (GSSCys)

 

a 
kcat (GSH)

 a Km (GSSCys)
 a Km (GSH)

 a 

ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (µM) 
        
        WT 7.1 x 105 2.8 x 105 213 206 257 744 
       D144A 5.7 x 105 3.0 x 105 161 151 250 488 

D144K 5.9 x 105 4.7 x 105 591 161 760 590 
       

E147A 7.1 x 105 2.9 x 105 259 370 314 926 
E147K 7.6 x 105 7.0 x 105 263 332 280 300 

       
R153A 2.8 x 105 2.7 x 105 125 168 404 293 
R153E 1.4 x 105 1.4 x 105 72 113 491 807 

       

a Estimated Dalziel coefficients, kcat and Km values were obtained from Supplementary Fig. 8 (D144X), 
Supplementary Fig. 10 (E147X) and Supplementary Fig. 12 (R153X). The true kcat and Km values have 
to be interpreted with care because of the proximity of the intersection points to the origin of the graphs. 
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Supplementary Table 5. Selected kcat
app and Km

app values from GSSCys assays with ScGrx7 

wild-type enzyme and D144X and E147X mutants obtained from Supplementary Figs. 7 and 9. 

           [GSSCys]  kcat
app

(GSH) 
a  Km

app
(GSH) 

a  kcat
app/Km

app
(GSH) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  25  16.2 ± 0.2  100 

% 
67.5 ± 4.4 100 

%
 240 100 %  

D144A  25  13.0 ± 0.1  80 % 68.6 ± 2.6  102 
%

 190 79 %  
D144K  25  10.9 ± 0.1  67 % 25.2 ± 1.2  37 %  433 180 %  
E147A  25  17.0 ± 0.1  105 

% 
77.6 ± 2.3  115 

%
 219 91 %  

E147K  25  18.0 ± 0.3  111 
% 

47.4 ± 4.9  70 %  379 158 %  
            
            WT  50  30.4 ± 0.4  100 

% 
120 ± 5.6  100 

%
 253 100 %  

D144A  50  23.1 ± 0.2  76 % 103 ± 4.2  86 %  225 89 %  
D144K  50  24.9 ± 0.4  82 % 64.0 ± 5.6  53 %  389 154 %  
E147A  50  32.3 ± 0.5  106 

% 
145 ± 0.5  121 

%
 223 88 %  

E147K  50  34.4 ± 0.6  113 
% 

87.2 ± 6.5  73 %  395 156 %  
               
               WT  100  53.3 ± 0.9  100 

% 
211 ± 11.1 100 

%
 253 100 %  

D144A  100  40.0 ± 1.0  75 % 194 ± 16.4 92 %  214 85 %  
D144K  100  42.2 ± 0.7  79 % 82.6 ± 6.2 38 %  511 202 %  
E147A  100  60.4 ± 1.0  113 

% 
237 ± 12.4 112 

%
 255 101 %  

E147K  100  67.3 ± 0.8  126 
% 

139 ± 6.3 66 %  486 192 %  
               
               WT  150  68.0 ± 2.4  100 

% 
244 ± 27.1 100 

%
 279 100 %  

D144A  150  58.7 ± 1.3  86 % 275 ± 18.1 113 
%

 214 77 %  
D144K  150  58.2 ± 1.7  86 % 138 ± 13.1 56 %  422 151 %  
E147A  150  82.9 ± 1.3  122 

% 
344 ± 14.0 141 

%
 241 86 %  

E147K  150  77.2 ± 1.4  114 
% 

142 ± 9.2 58 %  543 195 %  
               
                          [GSH]  kcat

app
(GSSCys) 

a  Km
app

(GSSCys) 
a  kcat

app/Km
app

(GSSCys) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  50  13.3 ± 0.5  100 

% 
22.1 ± 3.3  100 

%
 603 100 %  

D144A  50  16.0 ± 0.8  120 
% 

44.4 ± 6.0  201 
%

 360 60 %  
D144K  50  22.7 ± 0.8 171 

% 
50.2 ± 4.9  227 

%
 453 75 %  

E147A  50  13.6 ± 0.4  102 
% 

25.8 ± 2.5  117 
%

 526 87 %  
E147K  50  30.9 ± 1.3 232 

% 
60.9 ± 6.0  276 

%
 508 84 %  

            
            WT  100  23.2 ± 0.7  100 

% 
36.4 ± 3.1  100 

%
 639 100 %  

D144A  100  26.2 ± 0.9  112 
% 

62.7 ± 5.3  172 
%

 418 65 %  
D144K  100  41.3 ± 4.4  178 

% 
89.2 ± 19.5 245 

%
 463 72 %  

E147A  100  25.8 ± 1.8  111 
% 

41.1 ± 8.0  113 
%

 629 98 %  
E147K  100  57.5 ± 2.2  248 

% 
104 ± 7.9 287 

%
 550 86 %  

               
               WT  200  45.8 ± 2.6  100 

% 
70.7 ± 9.0  100 

%
 648 100 %  

D144A  200  42.3 ± 4.4 92 % 89.3 ± 19.1 126 
%

 473 73 %  
D144K  200  95.2 ± 5.3  208 

% 
213 ± 18.1 301 

%
 446 69 %  

E147A  200  45.0 ± 1.4 98 % 70.4 ± 4.9  100 
%

 640 99 %  
E147K  200  77.9 ± 3.3  170 

% 
117 ± 9.2  165 

%
 665 103 %  

               
               WT  1000  114 ± 13.0 100 

% 
155 ± 29.9 100 

%
 735 100 %  

D144A  1000  122 ± 12.5 107 
% 

252 ± 37.3 163 
%

 485 66 %  
D144K  1000  182 ± 37.1 160 

% 
377 ± 103  243 

%
 483 66 %  

E147A  1000  139 ± 7.3 122 
% 

189 ± 15.6 122 
%

 737 100 %  
E147K  1000  363 ± 33.2 318 

% 
509 ± 54.2 328 

%
 714 97 %  

                

a Mean ± s.d. from Michaelis-Menten plots of three independent protein purifications. Percentages are 
 relative to wild-type enzyme. P-values are listed in Supplementary Table 11 'Statistics'. 
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Supplementary Table 6. Selected kcat
app and Km

app values from GSSCys assays with ScGrx7 

wild-type enzyme and R153X mutants obtained from Supplementary Fig. 11. 

         
  [GSSCys]  kcat

app
(GSH) 

a  Km
app

(GSH) 
a  kcat

app/Km
app

(GSH) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  25  16.2 ± 0.2  100 

% 
67.5 ± 4.4 100 

%
 240 100 %  

R153A  25  6.6 ± 0.1  41 % 32.8 ± 2.0  49 %  201 84 %  
R153E  25  3.5 ± 0.0  22 % 27.1 ± 2.8  40 %  128 53 %  

            
            

WT  50  30.4 ± 0.4  100 
% 

120 ± 5.6  100 
%

 253 100 %  
R153A  50  12.9 ± 0.1  42 % 56.2 ± 2.7  47 %  230 91 %  
R153E  50  6.6 ± 0.1  22 % 54.3 ± 3.4  45 %  122 48 %  

               
               

WT  100  53.3 ± 0.9  100 
% 

211 ± 11.1 100 
%

 253 100 %  
R153A  100  24.2 ± 0.3  45 % 110 ± 4.8  52 %  221 87 %  
R153E  100  13.4 ± 0.1  25 % 101 ± 4.3 48 %  133 53 %  

               
               

WT  150  68.0 ± 2.4  100 
% 

244 ± 27.1 100 
%

 279 100 %  
R153A  150  31.6 ± 0.6  46 % 118 ± 8.0  48 %  268 96 %  
R153E  150  17.0 ± 0.2  25 % 130 ± 6.2 53 %  131 47 %  

               
                        
  [GSH]  kcat

app
(GSSCys) 

a  Km
app

(GSSCys) 
a  kcat

app/Km
app

(GSSCys) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  50  13.3 ± 0.5  100 

% 
22.1 ± 3.3  100 

%
 603 100 %  

R153A  50  14.1 ± 0.3  106 
% 

66.5 ± 3.5  306 
%

 212 35 %  
R153E  50  8.1 ± 1.5 61 % 64.1 ± 27.3 290 

%
 126 21 %  

            
            

WT  100  23.2 ± 0.7  100 
% 

36.4 ± 3.1  100 
%

 639 100 %  
R153A  100  22.5 ± 1.2  97 % 88.5 ± 9.5  243 

%
 254 40 %  

R153E  100  11.9 ± 2.0  51 % 82.7 ± 30.3 227 
%

 144 23 %  
               
               

WT  200  45.8 ± 2.6  100 
% 

70.7 ± 9.0  100 
%

 648 100 %  
R153A  200  37.1 ± 1.2 81 % 135 ± 7.6  191 

%
 276 43 %  

R153E  200  19.5 ± 2.6  43 % 136 ± 32.2 192 
%

 144 22 %  
               
               

WT  1000  114 ± 13.0 100 
% 

155 ± 29.9 100 
%

 735 100 %  
R153A  1000  79.0 ± 5.8 69 % 270 ± 28.2 174 

%
 293 40 %  

R153E  1000  52.2 ± 4.1  46 % 332 ± 19.0 214 
%

 145 20 %  
                

a Mean ± s.d. from Michaelis-Menten plots of three independent protein purifications. Percentages are 
 relative to wild-type enzyme. P-values are listed in Supplementary Table 11 'Statistics'. 
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Supplementary Table 7. Comparison of estimated true kcat and Km values and Dalziel coeffi-

cients Φ1 and Φ2 of wild-type ScGrx7 ScGrx7WP, ScGrx7loop, ScGrx7WP+loop as well as HsGrx5, 

HsGrx5RR, HsGrx5loop and HsGrx5RR+loop. 

  
                  GSSCys assay  

    
    
 1/Φ1 

a 1/Φ2 
a kcat (GSSCys)

 a kcat (GSH)
 a Km (GSSCys)

 a Km (GSH)
 a 

ScGrx7 (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (µM) 
        
        WT 7.8 x 105 3.3 x 105 492 334 427 1479 

RRWP 1.7 x 105 2.8 x 105 312 496 2953 1134 
loop 5.8 x 103 1.9 x 103 1.9 1.5 262 1013 

WP+loop 1.1 x 103 1.5 x 103 0.4 0.7 694 265 
      
           

                 GSSCys assay  

    
    
 1/Φ1 

b 1/Φ2 
b kcat (GSSCys)

 b kcat (GSH)
 b Km (GSSCys)

 b Km (GSH)
 b 

HsGrx5 c (M-1s-1) (M-1s-1) (s-1) (s-1) (µM) (mM) 
        
       WT /  / / / / / 

WPRR  /  / / / / / 
loop 1.8 x 103 4.6 x 103 ∞ ∞ ∞ ∞ 

RR+loop 74  / / / / / 
       

a Estimated Dalziel coefficients, kcat and Km values were obtained from Supplementary Fig. 14. The true 
kcat and Km values have to be interpreted with care because of the proximity of the intersection points to 
the origin of the graphs. 
b Estimated Dalziel coefficients, kcat and Km values were obtained from Supplementary Fig. 16. The true 
kcat values have to be interpreted with care because of the proximity of the intersection points to the 
origin of the graphs. 
c Except for HsGrx5loop, the activities of the HsGrx5 constructs were very similar to the NADPH 
consumption of negative controls (with an activity tendency HsGrx5RR+loop > HsGrx5 > HsGrx5RR). 
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Supplementary Table 8. Selected kcat
app and Km

app values from GSSCys assays with wild-type 

ScGrx7, ScGrx7WP, ScGrx7loop and ScGrx7WP+loop obtained from Supplementary Fig. 13. 

         
  [GSSCys]  kcat

app
(GSH) 

a  Km
app

(GSH) 
a  kcat

app/Km
app

(GSH) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  25  18.4 ± 1.1  100 

% 
78.5 ± 34 100 

%
 275 100 %  

RRWP  25  4.18 ± 0.66 23 % 32.6 ± 11  42 %  138 50 %  
loop  25  0.14 ± 0.01 0.8 

% 
89.0 ± 9.7  113 

%
 1.5 0.6 %  

WP+loop  25  0.025 ± 
0.006  

0.1 
% 

23.2 ± 4.8  30 %  1.1 0.4 %  
            
            

WT  50  35.4 ± 1.0  100 
% 

126 ± 42 100 
%

 308 100 %  
RRWP  50  8.12 ± 0.66 23 % 50.6 ± 9.4  40 %  163 53 %  

loop  50  0.22 ± 0.03 0.6 
% 

158 ± 8.8  125 
%

 1.4 0.5 %  
WP+loop  50  0.05 ± 

0.015  
0.1 
% 

46.9 ± 2.0  37 %  1.1 0.3 %  
               
               

WT  100  67.4 ± 3.9  100 
% 

222 ± 9.4  100 
%

 305 100 %  
RRWP  100  15.7 ± 1.4  23 % 81.4 ± 17  37 %  197 65 %  

loop  100  0.42 ± 0.11 0.6 
% 

247 ± 59  111 
%

 1.7 0.6 %  
WP+loop  100  0.098 ± 

0.021  
0.1 
% 

81.2 ± 25  37 %  1.2 0.4 %  
               
               

WT  150  79.9 ± 27  100 
% 

286 ± 45  100 
%

 273 100 %  
RRWP  150  26.0 ± 2.0  33 % 124 ± 25  43 %  214 78 %  

loop  150  0.65 ± 0.14 0.8 
% 

350 ± 25  122 
%

 1.8 0.7 %  
WP+loop  150  0.12 ± 0.02 0.2 

% 
87.0 ± 21  30 %  1.5 0.5 %  

               
                        
  [GSH]  kcat

app
(GSSCys) 

a  Km
app

(GSSCys) 
a  kcat

app/Km
app

(GSSCys) 

ScGrx7  (µM)  (s-1)  (µM)  (mM-1s-1) 
         
              WT  50  22.0 ± 1.3  100 

% 
49.6 ± 15 100 

%
 475 100 %  

RRWP  50  13.2 ± 1.1  60 % 100 ± 6.1  202 
%

 132 28 %  
loop  50  0.11 ± 0.01 0.5 

% 
30.7 ± 6.0  62 %  3.8 0.8 %  

WP+loop  50  0.066 ± 0.02 0.3 
% 

69.4 ± 13  140 
%

 1.0 0.2 %  
            
            

WT  200  56.0 ± 7.9  100 
% 

84.0 ± 28 100 
%

 696 100 %  
RRWP  200  41.2 ± 5.6  74 % 281 ± 43  335 

%
 147 21 %  

loop  200  0.31 ± 0.06 0.6 
% 

76.4 ± 3.8  91 %  4.0 0.6 %  
WP+loop  200  0.13 ± 0.04 0.2 

% 
150 ± 40  179 

%
 0.9 0.1 %  

               
               

WT  500  139 ± 20  100 
% 

193 ± 37  100 
%

 727 100 %  
RRWP  500  128 ± 36  92 % 750 ± 190  389 

%
 170 23 %  

loop  500  0.61 ± 0.11 0.4 
% 

120 ± 34  62 %  5.3 0.7 %  
WP+loop  500  0.25 ± 0.02 0.2 

% 
242 ± 36  125 

%
 1.0 0.1 %  

               
               

WT  1000  239 ± 54  100 
% 

320 ± 91  100 
%

 757 100 %  
RRWP  1000  175 ± 51  73 % 1036 ± 377 324 

%
 173 23 %  

loop  1000  0.94 ± 0.38 0.4 
% 

170 ± 5.8  53 %  5.5 0.7 %  
WP+loop  1000  0.69 ± 0.12 0.3 

% 
631 ± 38  197 

%
 1.1 0.1 %  

                

a Mean ± s.d. from Hanes plots of three independent protein purifications. Percentages are 
 relative to wild-type enzyme. P-values are listed in Supplementary Table 11 'Statistics'. 

 

 



Scientific articles 

84 
 

Supplementary Table 9. Selected kcat
app and Km

app values from GSSCys assays with HsGrx5, 

HsGrx5RR, HsGrx5loop and HsGrx5RR+loop obtained from Supplementary Fig. 15. 

         
  [GSSCys]  kcat

app
(GSH) 

a  Km
app

(GSH) 
a  kcat

app/Km
app

(GSH) 

HsGrx5 

b 
 (µM)  (s-1)  (µM)  (mM-1s-1) 

         
              WT  25  /  0 % /  0 %  <0.1 <2 %  

WPRR  25  /  0 % /  0 %  / 0 %  
loop  25  0.046 ± 

0.008  
100 

% 
10.2 ± 5.3 100 

%
 5.7 100 %  

RR+loop  25  /  0 % /  0 %  <0.1 <2 %  
            
            

WT  50  0.004 ± 
0.002 

<5 % /  0 %  <0.2 <4 %  
WPRR  50  /  0 % /  0 %  / 0 %  

loop  50  0.083 ± 
0.012  

100 
% 

17.7 ± 8.9  100 
%

 5.4 100 %  
RR+loop  50  0.004 ± 

0.003  
5 % 25.4 ± 47  144 

%
 0.1 1 %  

               
               

WT  100  0.003 ± 
0.002 

<2 % /  0 %  <0.2 <5 %  
WPRR  100  /  0 % /  0 %  / 0 %  

loop  100  0.18 ± 0.05 100 
% 

47.6 ± 30  100 
%

 3.9 100 %  
RR+loop  100  0.016 ± 

0.013 
9 % 127 ± 87  267 

%
 0.1 3 %  

               
               

WT  150  0.003 ± 
0.002 

<1 % /  0 %  <0.2 <4 %  
WPRR  150  /  0 % /  0 %  / 0 %  

loop  150  0.27 ± 0.02 100 
% 

59.9 ± 15  100 
%

 4.8 100 %  
RR+loop  150  0.019 ± 

0.007 
7 % 174 ± 91  290 

%
 0.1 3 %  

               
                        
  [GSH]  kcat

app
(GSSCys) 

a  Km
app

(GSSCys) 
a  kcat

app/Km
app

(GSSCys) 

HsGrx5 

b 
 (µM)  (s-1)  (µM)  (mM-1s-1) 

         
              WT  50  /  0 % /  0 %  <0.1 <6 %  

WPRR  50  /  0 % /  0 %  / 0 %  
loop  50  0.24 ± 0.00 100 

% 
156 ± 19  100 

%
 1.5 100 %  

RR+loop  50  /  0 % /  0 %  <0.2 <12 %  
            
            

WT  200  /  0 % /  0 %  <0.1 <6 %  
WPRR  200  /  0 % /  0 %  / 0 %  

loop  200  0.88 ± 0.06 100 
% 

563 ± 58  100 
%

 1.6 100 %  
RR+loop  200  /  0 % /  0 %  <0.2 <12 %  

               
               

WT  500  /  0 % /  0 %  <0.2 <12 %  
WPRR  500  /  0 % /  0 %  / 0 %  

loop  500  4.33 ± 0.21 100 
% 

2703 ± 119  100 
%

 1.6 100 %  
RR+loop  500  /  0 % /  0 %  <0.2 <12 %  

               
               

WT  1000  /  0 % /  0 %  <0.1 <6 %  
WPRR  1000  /  0 % /  0 %  / 0 %  

loop  1000  1.08 ± 6.3 100 
% 

765 ± 
3811 

100 
%

 1.7 100 %  
RR+loop  1000  /  0 % /  0 %  <0.2 <12 %  

                

a Mean ± s.d. from Hanes plots of three independent protein purifications. Percentages are 
 relative to HsGrx5loop. P-values are listed in Supplementary Table 11 'Statistics'. 
b Except for HsGrx5loop, the activities of the HsGrx5 constructs were very similar to the consumption of 
negative controls (with an activity tendency HsGrx5RR+loop > HsGrx5 > HsGrx5RR). 
 
 

 



Scientific articles 

85 
 

Supplementary Table 10. List of mutagenesis and subcloning primers.  

  
Primer Sequence (codons, mutations and restriction sites highlighted) 
  
  ScGrx7/Y110A/s  5’-GCAAGACTGGCTGCCCAGCTAGCAAAAAACTGAAAGC-3’ 
ScGrx7/Y110A/as  5’-GCTTTCAGTTTTTTGCTAGCTGGGCAGCCAGTCTTGC-3’ 
  
ScGrx7/Y110F/s  5’-GCAAGACTGGCTGCCCATTTAGCAAAAAACTGAAAGC-3’ 
ScGrx7/Y110F/as  5’-GCTTTCAGTTTTTTGCTAAATGGGCAGCCAGTCTTGC-3’ 

   
ScGrx7/Y110H/s  5’-GCAAGACTGGCTGCCCACATAGCAAAAAACTGAAAGC-3’ 
ScGrx7/Y110H/as  5’-GCTTTCAGTTTTTTGCTATGTGGGCAGCCAGTCTTGC-3’ 
  
ScGrx7/D144A/s 5’-CACACAAAAGAACTACAAGCCCAGATTGAAAAAGTCACTGG-3’ 
ScGrx7/D144A/as 5’-CCAGTGACTTTTTCAATCTGGGCTTGTAGTTCTTTTGTGTG-3’ 
  

ScGrx7/D144K/s 5’-CACACAAAAGAACTACAAAAACAGATTGAAAAAGTCACTGG-3’ 
ScGrx7/D144K/as 5’-CCAGTGACTTTTTCAATCTGTTTTTGTAGTTCTTTTGTGTG-3’ 
  
ScGrx7/D147A/s 5’-GAACTACAAGACCAGATTGCAAAAGTCACTGGTAGGAGAAC-3’ 
ScGrx7/D147A/s 5’-GTTCTCCTACCAGTGACTTTTGCAATCTGGTCTTGTAGTTC-3’ 
  
ScGrx7/D147K/s 5’-GAACTACAAGACCAGATTAAAAAAGTCACTGGTAGGAGAAC-3’ 
ScGrx7/D147K/as 5’-GTTCTCCTACCAGTGACTTTTTTAATCTGGTCTTGTAGTTC-3’ 
  
ScGrx7/R153A/s 5’-GAAAAAGTCACTGGTAGGGCAACAGTCCCAAACGTTATCATC-3’ 
ScGrx7/R153A/as 5’-GATGATAACGTTTGGGACTGTTGCCCTACCAGTGACTTTTTC-3’ 
  
ScGrx7/R153E/s 5’-GAAAAAGTCACTGGTAGGGAAACAGTCCCAAACGTTATCATC-3’ 
ScGrx7/R153E/as 5’-GATGATAACGTTTGGGACTGTTTCCCTACCAGTGACTTTTTC-3’ 
  
  ScGrx7/BamHI/s 5’-GATCGGATCCGTTAACGAATCAATCACTACACATC-3’ 
ScGrx7/HindIII/as 5’-GATCAAGCTTTCATTAAGCAGATTCTGATTGAGAATTAG-3’ 
  
HsGrx5/BamHI/s 5’-GATCGGATCCGCTGGTTCTGGTGCTGGTGG-3’ 
HsGrx5/HindIII/as 5’-GATCAAGCTTTCATTATTTTGAATCTTGATCTTTCTTTTC-3’ 
  
HsGrx5Loop/G68P/s 5’-GAAGACAGGATGTCCATTTTCTAACGCTG-3’ 
HsGrx5Loop/G68P/as 5’-CAGCGTTAGAAAATGGACATCCTGTCTTC-3’ 
  
HsGrx5/R97Q/s 5’-GATGATCCAGAATTGCAACAAGGTATTAAAG-3’ 
HsGrx5/ R97Q /as 5’-CTTTAATACCTTGTTGCAATTCTGGATCATC-3’ 
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Supplementary Table 11. Statistical analysis of kcat
app and Km

app values from the indicated 

measurements of ScGrx7. P-values from one way ANOVA analysis followed by a Holm-Sidak 

test were calculated in SigmaPlot 13 (P > 0.05 : ns; P ≤ 0.05 : *; P ≤ 0.01 : **, P ≤ 0.001 : ***).  

  

A) GSSCys assay ScGrx7 Y110X (Fig. 2, Supplementary Fig. 2 and Supplementary Table 2)  

 

A1.1) kcatapp(GSSCys) @ 50 µM GSH 

Comparison           P-value 

WT   Y110F 0.019 * 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 *** 
Y110H  Y110A     < 0.001 *** 
 
 
A1.2) kcatapp(GSSCys) @ 100 µM GSH 

Comparison           P-value 

WT   Y110F 0.101 ns 
WT   Y110H 0.033 * 
WT   Y110A     < 0.001 *** 
Y110F  Y110H 0.004 ** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A     < 0.001 *** 
 
 
A1.3) kcatapp(GSSCys) @ 200 µM GSH 

Comparison           P-value 

WT   Y110F 0.070 ns 
WT   Y110H 0.009 * 
WT   Y110A     < 0.001 *** 
Y110F  Y110H 0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.012 * 
 
 
A1.4) kcatapp(GSSCys) @ 1000 µM GSH 

Comparison           P-value 

WT   Y110F 0.413 ns 
WT   Y110H 0.013 * 
WT   Y110A 0.002 ** 
Y110F  Y110H 0.032 * 
Y110F  Y110A 0.004 **  
Y110H  Y110A 0.199 ns 
 

A2.1) kcatapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.017 * 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A     < 0.001 *** 
 
 
A2.2) kcatapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   Y110F     < 0.001 *** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.001 *** 
 
 
A2.3) kcatapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.001 *** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.001 *** 
 
 
A2.4) kcatapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   Y110F     < 0.001 *** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A      0.004 **  
Y110H  Y110A     < 0.001 *** 
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A3.1) Kmapp(GSSCys)  @ 50 µM GSH 

Comparison           P-value 

WT   Y110F 0.991 ns 
WT   Y110H       0.011 * 
WT   Y110A      0.032 * 
Y110F  Y110H        0.013 * 
Y110F  Y110A        0.041 * 
Y110H  Y110A      0.520 ns 
 
 
A3.2) Kmapp(GSSCys)  @ 100 µM GSH 

Comparison           P-value 

WT   Y110F 0.807 ns 
WT   Y110H     <0.001 *** 
WT   Y110A 0.237 ns 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A 0.236 ns  
Y110H  Y110A 0.006 ** 
 
 
A3.3) Kmapp(GSSCys)  @ 200 µM GSH 

Comparison           P-value 

WT   Y110F 0.747 ns 
WT   Y110H 0.012 * 
WT   Y110A 0.283 ns 
Y110F  Y110H 0.016 * 
Y110F  Y110A 0.317 ns  
Y110H  Y110A 0.111 ns 
 
 
A3.4) Kmapp(GSSCys)  @ 1000 µM GSH 

Comparison           P-value 

WT   Y110F 0.114 ns 
WT   Y110H 0.672 ns 
WT   Y110A 0.214 ns 
Y110F  Y110H 0.310 ns 
Y110F  Y110A 0.667 ns  
Y110H  Y110A 0.379 ns 
 

A4.1) Kmapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.004 ** 
WT   Y110H     <0.001 *** 
WT   Y110A 0.001 *** 
Y110F  Y110H 0.001 *** 
Y110F  Y110A 0.223 ns  
Y110H  Y110A 0.004 ** 
 
 
A4.2) Kmapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.355 ns 
WT   Y110H 0.001 *** 
WT   Y110A 0.151 ns 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A 0.051 ns  
Y110H  Y110A 0.012 * 
 
 
A4.3) Kmapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.949 ns 
WT   Y110H 0.003 ** 
WT   Y110A 0.072 ns 
Y110F  Y110H 0.003 ** 
Y110F  Y110A 0.096 ns  
Y110H  Y110A 0.071 ns 
 
 
A4.4) Kmapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   Y110F 0.608 ns 
WT   Y110H     <0.001 *** 
WT   Y110A 0.017 * 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A 0.012 *  
Y110H  Y110A 0.002 ** 
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B) HEDS assay ScGrx7 Y110X (Supplementary Figs. 4 and 5 and Supplementary Table 3)  

 

B1.1) kcatapp(HEDS) @ 300 µM GSH 

Comparison           P-value 

WT   Y110F 0.596 ns 
WT   Y110H 0.007 ** 
WT   Y110A      0.001 *** 
Y110F  Y110H 0.011 * 
Y110F  Y110A      0.002 **  
Y110H  Y110A     0.262 ns 
 
 
B1.2) kcatapp(HEDS) @ 500 µM GSH 

Comparison           P-value 

WT   Y110F 0.223 ns 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.196 ns 
 
 
B1.3) kcatapp(HEDS) @ 1000 µM GSH 

Comparison           P-value 

WT   Y110F 0.298 ns 
WT   Y110H      0.011 * 
WT   Y110A      0.004 ** 
Y110F  Y110H      0.003 ** 
Y110F  Y110A      0.001 ***  
Y110H  Y110A      0.325 ns 
 
 
B1.4) kcatapp(HEDS) @ 1500 µM GSH 

Comparison           P-value 

WT   Y110F 0,033 * 
WT   Y110H 0,012 * 
WT   Y110A 0.003 ** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.218 ns 
 

B2.1) kcatapp(GSH) @ 0.18 mM HEDS 

Comparison           P-value 

WT   Y110F     < 0.001 *** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A      0.139 ns 
 
 
B2.2) kcatapp(GSH) @ 0.37 mM HEDS 

Comparison           P-value 

WT   Y110F     < 0.001 *** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.005 ** 
 
 
B2.3) kcatapp(GSH) @ 0.55 mM HEDS 

Comparison           P-value 

WT   Y110F      0.010 ** 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A 0.010 ** 
 
 
B2.4) kcatapp(GSH) @ 0.74 mM HEDS 

Comparison           P-value 

WT   Y110F      0.057 ns 
WT   Y110H     <0.001 *** 
WT   Y110A     < 0.001 *** 
Y110F  Y110H     <0.001 *** 
Y110F  Y110A     < 0.001 ***  
Y110H  Y110A      0.081 ns 
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B3.1) Kmapp(HEDS) @ 300 µM GSH 

Comparison           P-value 

WT   Y110F 0.511 ns 
WT   Y110H      0.511 ns 
WT   Y110A 0.511 ns  
Y110F  Y110H      0.511 ns 
Y110F  Y110A 0.511 ns  
Y110H  Y110A 0.511 ns 
 
 
B3.2) Kmapp(HEDS) @ 500 µM GSH 

Comparison           P-value 

WT   Y110F 0.182 ns 
WT   Y110H 0.182 ns 
WT   Y110A 0.182 ns 
Y110F  Y110H 0.182 ns 
Y110F  Y110A 0.182 ns 
Y110H  Y110A 0.182 ns 
 
 
B3.3) Kmapp(HEDS) @ 1000 µM GSH 

Comparison           P-value 

WT   Y110F 0.039 * 
WT   Y110H      0.289 ns 
WT   Y110A 0.816 ns 
Y110F  Y110H 0.305 ns 
Y110F  Y110A 0.033 *  
Y110H  Y110A 0.293 ns 
 
 
B3.4) Kmapp(HEDS) @ 1500 µM GSH 

Comparison           P-value 

WT   Y110F 0.037 * 
WT   Y110H 0.250 ns 
WT   Y110A 0.723 ns 
Y110F  Y110H 0.261 ns 
Y110F  Y110A 0.026 *  
Y110H  Y110A 0.272 ns 
 
 

B4.1) Kmapp(GSH) @ 0.18 mM HEDS 

Comparison           P-value 

WT   Y110F 0.966 ns 
WT   Y110H 0.966 ns 
WT   Y110A 0.966 ns 
Y110F  Y110H 0.966 ns 
Y110F  Y110A 0.966 ns  
Y110H  Y110A 0.966 ns 
 
 
B4.2) Kmapp(GSH) @ 0.37 mM HEDS 

Comparison           P-value 

WT   Y110F 0.884 ns 
WT   Y110H 0.525 ns 
WT   Y110A 0.159 ns 
Y110F  Y110H     0.470 ns 
Y110F  Y110A 0.156 ns  
Y110H  Y110A 0.022 * 
 
 
B4.3) Kmapp(GSH) @ 0.55 mM HEDS 

Comparison           P-value 

WT   Y110F 0.443 ns 
WT   Y110H 0.057 ns 
WT   Y110A 0.621 ns 
Y110F  Y110H 0.277 ns 
Y110F  Y110A 0.594 ns  
Y110H  Y110A 0.084 ns 
 
 
B4.4) Kmapp(GSH) @ 0.74 mM HEDS 

Comparison           P-value 

WT   Y110F 0.146 ns 
WT   Y110H 0.146 ns 
WT   Y110A 0.146 ns  
Y110F  Y110H 0.146 ns  
Y110F  Y110A 0.146 ns 
Y110H  Y110A 0.146 ns 
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C) GSSCys assay ScGrx7 D144X (Fig. 4, Supplementary Fig. 7 and Supplementary Table 5)  

 

C1.1) kcatapp(GSSCys) @ 50 µM GSH 

Comparison           P-value 

WT   D144A 0.040 * 
WT   D144K     <0.001 *** 
D144A  D144K      0.001 *** 
 
C1.2) kcatapp(GSSCys) @ 100 µM GSH 

Comparison           P-value 

WT   D144A 0.453 ns 
WT   D144K      0.008 ** 
D144A  D144K      0.013 * 
 
C1.3) kcatapp(GSSCys) @ 200 µM GSH 

Comparison           P-value 

WT   D144A 0.576 ns 
WT   D144K     <0.001 *** 
D144A  D144K     <0.001 *** 
 
C1.4) kcatapp(GSSCys) @ 1000 µM GSH 

Comparison           P-value 

WT   D144A 0.682 ns 
WT   D144K      0.038 * 
D144A  D144K      0.043 * 
 

 

C2.1) kcatapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   D144A     <0.001 *** 
WT   D144K     <0.001 *** 
D144A  D144K     <0.001 *** 
 
C2.2) kcatapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   D144A     <0.001 *** 
WT   D144K     <0.001 *** 
D144A  D144K      0.012 * 
 
C2.3) kcatapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   D144A     <0.001 *** 
WT   D144K     <0.001 *** 
D144A  D144K       0.131 ns 
 
C2.4) kcatapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   D144A 0.027 * 
WT   D144K      0.032 * 
D144A  D144K      0.855 ns 
 

C3.1) Kmapp(GSSCys)  @ 50 µM GSH 

Comparison           P-value 

WT   D144A 0.035 * 
WT   D144K      0.020 * 
D144A  D144K      0.437 ns 
 
C3.2) Kmapp(GSSCys)  @ 100 µM GSH 

Comparison           P-value 

WT   D144A 0.034 * 
WT   D144K      0.005 ** 
D144A  D144K      0.066 ns 
 
C3.3) Kmapp(GSSCys)  @ 200 µM GSH 

Comparison           P-value 

WT   D144A 0.443 ns 
WT   D144K      0.002 ** 
D144A  D144K      0.003 ** 
 
C3.4) Kmapp(GSSCys)  @ 1000 µM GSH 

Comparison           P-value 

WT   D144A 0.119 ns 
WT   D144K      0.018 * 
D144A  D144K      0.112 ns 
 

 

C4.1) Kmapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   D144A 0.813 ns 
WT   D144K     <0.001 *** 
D144A  D144K     <0.001 *** 
 
C4.2) Kmapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   D144A 0.056 ns 
WT   D144K     <0.001 *** 
D144A  D144K      0.004 ** 
 
C4.3) Kmapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   D144A 0.366 ns 
WT   D144K     <0.001 *** 
D144A  D144K      0.001 *** 
 
C4.4) Kmapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   D144A 0.325 ns 
WT   D144K      0.020 * 
D144A  D144K      0.009 ** 
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D) GSSCys assay ScGrx7 E147X (Fig. 4, Supplementary Fig. 9 and Supplementary Table 5)  

D1.1) kcatapp(GSSCys) @ 50 µM GSH 

Comparison           P-value 

WT   E147A 0.999 ns 
WT   E147K     < 0.001 *** 
E147A  E147K     < 0.001 *** 
 
D1.2) kcatapp(GSSCys) @ 100 µM GSH 

Comparison           P-value 

WT   E147A 0.317 ns 
WT   E147K     < 0.001 *** 
E147A  E147K     < 0.001 *** 
 
D1.3) kcatapp(GSSCys) @ 200 µM GSH 

Comparison           P-value 

WT   E147A 0.840 ns 
WT   E147K     < 0.001 *** 
E147A  E147K     < 0.001 *** 
 
D1.4) kcatapp(GSSCys) @ 1000 µM GSH 

Comparison           P-value 

WT   E147A 0.427 ns 
WT   E147K     < 0.001 *** 
E147A  E147K     < 0.001 *** 
 

 

D2.1) kcatapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   E147A 0.054 ns 
WT   E147K      0.006 ** 
E147A  E147K      0.058 ns 
 
D2.2) kcatapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   E147A 0.037 * 
WT   E147K      0.004 ** 
E147A  E147K      0.042 * 
 
D2.3) kcatapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   E147A 0.003 ** 
WT   E147K     < 0.001 *** 
E147A  E147K      0.002 ** 
 
D2.4) kcatapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   E147A 0.003 ** 
WT   E147K      0.021 * 
E147A  E147K      0.063 ns 
 
 

D3.1) Kmapp(GSSCys)  @ 50 µM GSH 

Comparison           P-value 

WT   E147A 0.550 ns 
WT   E147K      0.002 ** 
E147A  E147K      0.002 ** 
 
D3.2) Kmapp(GSSCys)  @ 100 µM GSH 

Comparison           P-value 

WT   E147A 0.641 ns 
WT   E147K      0.001 *** 
E147A  E147K      0.001 *** 
 
D3.3) Kmapp(GSSCys)  @ 200 µM GSH 

Comparison           P-value 

WT   E147A 0.984 ns 
WT   E147K      0.012 * 
E147A  E147K      0.018 * 
 
D3.4) Kmapp(GSSCys)  @ 1000 µM GSH 

Comparison           P-value 

WT   E147A 0.539 ns 
WT   E147K      0.002 ** 
E147A  E147K      0.001 *** 
 

 

D4.1) Kmapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   E147A 0.125 ns 
WT   E147K      0.025 * 
E147A  E147K      0.005 ** 
 
D4.2) Kmapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   E147A 0.042 * 
WT   E147K      0.025 * 
E147A  E147K      0.003 ** 
 
D4.3) Kmapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   E147A 0.122 ns 
WT   E147K      0.005 ** 
E147A  E147K      0.002 ** 

D4.4) Kmapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   E147A 0.008 ** 
WT   E147K      0.016 * 
E147A  E147K     < 0.001 *** 
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E) GSSCys assay ScGrx7 R153X (Fig. 5, Supplementary Fig. 11 and Supplementary Table 6)  

 

E1.1) kcatapp(GSSCys) @ 50 µM GSH 

Comparison           P-value 

WT   R153A 0.549 ns 
WT   R153E      0.013 * 
R153A  R153E      0.010 ** 
 
E1.2) kcatapp(GSSCys) @ 100 µM GSH 

Comparison           P-value 

WT   R153A 0.710 ns 
WT   R153E      0.004 ** 
R153A  R153E      0.004 ** 
 
E1.3) kcatapp(GSSCys) @ 200 µM GSH 

Comparison           P-value 

WT   R153A 0.033 * 
WT   R153E     <0.001 *** 
R153A  R153E      0.003 ** 
 
E1.4) kcatapp(GSSCys) @ 1000 µM GSH 

Comparison           P-value 

WT   R153A 0.125 ns 
WT   R153E      0.005 ** 
R153A  R153E      0.021 * 

 

 

E2.1) kcatapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E     <0.001 *** 
 
E2.2) kcatapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E     <0.001 *** 
 
E2.3) kcatapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E     <0.001 *** 
 
E2.4) kcatapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E     <0.001 *** 
 

 

E3.1) Kmapp(GSSCys)  @ 50 µM GSH 

Comparison           P-value 

WT   R153A 0.043 * 
WT   R153E      0.036 * 
R153A  R153E      0.857 ns 
 
E3.2) Kmapp(GSSCys)  @ 100 µM GSH 

Comparison           P-value 

WT   R153A 0.039 * 
WT   R153E      0.043 * 
R153A  R153E      0.713 ns 
 
E3.3) Kmapp(GSSCys)  @ 200 µM GSH 

Comparison           P-value 

WT   R153A 0.015 * 
WT   R153E      0.021 * 
R153A  R153E      0.950 ns 
 
E3.4) Kmapp(GSSCys)  @ 1000 µM GSH 

Comparison           P-value 

WT   R153A 0.008 ** 
WT   R153E      0.011 * 
R153A  R153E      0.970 ns 

 

 

E4.1) Kmapp(GSH) @ 25 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E      0.255 ns 
 
E4.2) Kmapp(GSH) @ 50 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E      0.760 ns 
 
E4.3) Kmapp(GSH) @ 100 µM GSSCys 

Comparison           P-value 

WT   R153A     <0.001 *** 
WT   R153E     <0.001 *** 
R153A  R153E      0.454 ns 

E4.4) Kmapp(GSH) @ 150 µM GSSCys 

Comparison           P-value 

WT   R153A 0.005 ** 
WT   R153E      0.006 ** 
R153A  R153E      0.611 ns 
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Supplementary Table 12. Statistical analysis of AUC (OxD*sec) values from the indicated 

measurements of ScGrx7. P-values from one way ANOVA analysis followed by a Holm-Sidak 

test were calculated in SigmaPlot 13 (P > 0.05 : ns; P ≤ 0.05 : *; P ≤ 0.01 : **, P ≤ 0.001 : ***).  

     

A) roGFP2 assay ScGrx7 C108S and unfused roGFP2 (Fig. 7b)  

 

A1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   C108S 0.381 ns 
WT   roGFP2    0.305        ns 
C108S  roGFP2    0.888        ns 
 
 
A2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   C108S 0.235 ns 
WT   roGFP2 0.177 ns 
C108S   roGFP2    0.221 ns 
 
 
A3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   C108S 0.070 ns 
WT   roGFP2 0.071 ns 
C108S   roGFP2    0.942        ns 
 
 
 

A4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   C108S 0.002 ** 
WT   roGFP2 0.002 ** 
C108S   roGFP2 0.727 ns 
 
 
A5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   C108S     <0.001 *** 
WT   roGFP2   < 0.001 *** 
C108S   roGFP2     0.323        ns 
 
 
A6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   C108S     <0.001 *** 
WT   roGFP2   < 0.001 *** 
C108S   roGFP2    0.595 ns 
 

 

B) roGFP2 assay ScGrx7 K105X (Fig. 7c)  

 

B1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   K105R 0.273 ns 
WT   K105A      0.210 ns 
WT   K105Y      0.647 ns 
WT   K105E      0.985 ns 
K105R  K105A      0.843 ns 
K105R  K105Y      0.134 ns 
K105R  K105E      0.400 ns 
K105A  K105Y      0.092 ns 
K105A  K105E      0.629 ns 
K105Y  K105E      0.400 ns 
 
 
B2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   K105R 0.227 ns 
WT   K105A      0.184 ns 
WT   K105Y      0.225 ns 
WT   K105E      0.214 ns 
K105R  K105A      0.330 ns 
K105R  K105Y      0.607 ns 
K105R  K105E      0.629 ns 
K105A  K105Y      0.198 ns 
K105A  K105E      0.400 ns 
K105Y  K105E      0.629 ns 
 
 
 

B3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   K105R 0.069 ns 
WT   K105A      0.102 ns 
WT   K105Y      0.213 ns 
WT   K105E      0.048 * 
K105R  K105A      0.202 ns 
K105R  K105Y      0.011 * 
K105R  K105E      0.393 ns 
K105A  K105Y      0.074 ns 
K105A  K105E      0.651 ns 
K105Y  K105E      0.031 * 
 
 
B4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   K105R 0.003 ** 
WT   K105A      0.050 * 
WT   K105Y      0.013 * 
WT   K105E     < 0.001 *** 
K105R  K105A      0.090 ns 
K105R  K105Y      0.070 ns 
K105R  K105E      0.043 * 
K105A  K105Y      0.257 ns 
K105A  K105E      0.003 ** 
K105Y  K105E      0.007 ** 
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B5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   K105R 0.004 ** 
WT   K105A      0.002 ** 
WT   K105Y      0.024 * 
WT   K105E     < 0.001 *** 
K105R  K105A      0.482 ns 
K105R  K105Y      0.013 * 
K105R  K105E      0.002 ** 
K105A  K105Y     < 0.001 *** 
K105A  K105E     < 0.001 *** 
K105Y  K105E     < 0.001 *** 
 

B6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   K105R 0.002 ** 
WT   K105A      0.003 ** 
WT   K105Y      0.004 ** 
WT   K105E     < 0.001 *** 
K105R  K105A      0.874 ns 
K105R  K105Y      0.450 ns 
K105R  K105E     < 0.001 *** 
K105A  K105Y      0.665 ns 
K105A  K105E     < 0.001 *** 
K105Y  K105E     < 0.001 *** 

 
 
 
C) roGFP2 assay ScGrx7 Y110X (Fig. 7d) 

 

C1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   Y110F 0.438 ns 
WT   Y110H      0.150 ns 
WT   Y110A      0.299 ns 
Y110F  Y110H      0.705 ns 
Y110F  Y110A      0.245 ns 
Y110H  Y110A      0.200 ns 
 
 
C2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   Y110F 0.515 ns 
WT   Y110H      0.423 ns 
WT   Y110A      0.256 ns 
Y110F  Y110H      0.205 ns 
Y110F  Y110A      0.140 ns 
Y110H  Y110A      0.400 ns 
 
 
C3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   Y110F 0.466 ns 
WT   Y110H      0.452 ns 
WT   Y110A      0.178 ns 
Y110F  Y110H      0.198 ns 
Y110F  Y110A      0.080 ns 
Y110H  Y110A      0.483 ns 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   Y110F 0.669 ns 
WT   Y110H      0.043 * 
WT   Y110A      0.003 ** 
Y110F  Y110H      0.003 ** 
Y110F  Y110A     < 0.001 *** 
Y110H  Y110A      0.003 ** 
 
 
C5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   Y110F 0.857 ns 
WT   Y110H      0.064 ns 
WT   Y110A      0.006 ** 
Y110F  Y110H      0.105 ns 
Y110F  Y110A      0.028 * 
Y110H  Y110A      0.100 ns 
 
 
C6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   Y110F      0.035 * 
WT   Y110H      0.303 ns 
WT   Y110A      0.003 ** 
Y110F  Y110H      0.027 * 
Y110F  Y110A      0.003 ** 
Y110H  Y110A 0.012 * 
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D) roGFP2 assay ScGrx7 D144X (Fig. 7e) 

 

D1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   D144A 0.411 ns 
WT   D144K      0.578 ns 
D144K   D144A      0.285 ns 
 
 
D2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   D144A 0.626 ns 
WT   D144K      0.840 ns 
D144K   D144A      0.441 ns 
 
 
D3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   D144A 0.689 ns 
WT   D144K      0.965 ns 
D144K   D144A      0.757 ns 

 

 

D4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   D144A 0.086 ns 
WT   D144K      0.026 * 
D144K   D144A      0.969 ns 
 
 
D5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   D144A 0.583 ns 
WT   D144K      0.800 ns 
D144K   D144A      0.780 ns 
 
 
D6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   D144A 0.106 ns 
WT   D144K      0.748 ns 
D144K   D144A      0.302 ns 

 
 
 
E) roGFP2 assay ScGrx7 E147X (Fig. 7e) 

 

E1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   E147A 0.624 ns 
WT   E147K      0.686 ns 
E147A  E147K      0.807 ns 
 
 
E2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   E147A 0.443 ns 
WT   E147K      0.523 ns 
E147A   E147K      0.748 ns 
 
 
E3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   E147A 0.392 ns 
WT   E147K      0.577 ns 
E147A   E147K      0.154 ns 
 

 

E4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   E147A 0.517 ns 
WT   E147K      0.229 ns 
E147A   E147K      0.997 ns 
 
 
E5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   E147A 0.069 ns 
WT   E147K      0.073 ns 
E147A   E147K      0.491 ns 
 
 
E6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   E147A 0.050 * 
WT   E147K      0.080 ns 
E147A  E147K      0.886 ns 
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F) roGFP2 assay ScGrx7 R153X and E170A (Fig. 7f) 

 

F1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   R153A 0.629 ns 
WT   R153E      0.178 ns 
R153A   R153E      0.545 ns 
WT   E170A 0.119 ns 
 
 
F2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   R153A 0.316 ns 
WT   R153E      0.207 ns 
R153A   R153E      0.164 ns 
WT   E170A 0.182 ns 
 
 
F3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   R153A 0.200 ns 
WT   R153E      0.120 ns 
R153A   R153E      0.242 ns 
WT   E170A 0.108 ns 
 

F4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   R153A 0.015 * 
WT   R153E      0.009 ** 
R153A   R153E      0.140 ns 
WT   E170A 0.008 ** 
 
 
F5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   R153A 0.058 ns 
WT   R153E      0.113 ns 
R153A   R153E      0.574 ns 
WT   E170A 0.010 ** 
 
 
F6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   R153A 0.287 ns 
WT   R153E      0.221 ns 
R153A   R153E      0.525 ns 
WT   E170A 0.006 **

 
 
G) roGFP2 assay ScGrx7 interconversion mutants with DTT pretreatment (Fig. 7g)  
 
G1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   roGFP2 0.083 ns 
WT   C108S      0.044 * 
WT   WP      0.229 ns 
WT   loop      0.198 ns 
WT   WP+loop   0.037 * 
WP  roGFP2   0.982 ns 
WP  C108S      0.985 ns 
WP  loop      0.887 ns 
WP  WP+loop   0.599 ns 
loop  roGFP2      0.862 ns 
loop  C108S      0.796 ns 
loop  WP+loop   0.412 ns 
WP+loop  roGFP2      0.196 ns 
WP+loop  C108S      0.181 ns 
roGFP2  C108S      0.863 ns 
 
 
G2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   roGFP2 0.106 ns 
WT   C108S      0.043 * 
WT   WP      0.318 ns 
WT   loop      0.108 ns 
WT   WP+oop   0.089 ns 
WP  roGFP2   0.475 ns 
WP  C108S      0.273 ns 
WP  loop      0.602 ns 
WP  WP+loop   0.383 ns 
loop  roGFP2      0.793 ns 
loop  C108S      0.472 ns 
loop  WP+loop   0.569 ns 
 

 
 
 
WP+loop  roGFP2      0.580 ns 
WP+loop  C108S      0.981 ns 
roGFP2  C108S      0.318 ns 
 
 
G3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   roGFP2 0.002 * 
WT   C108        <0.001 *** 
WT   WP      0.002 ** 
WT   loop      0.001 ** 
WT   WP+loop   0.003 ** 
WP  roGFP2   0.762 ns 
WP  C108S      0.595 ns 
WP  loop      0.739 ns 
WP  WP+loop   0.830 ns 
loop  roGFP2      0.880 ns 
loop  C108S      0.998 ns 
loop  WP+loop   0.613 ns 
WP+Loop  roGFP2      0.643 ns 
WP+Loop  C108S      0.500 ns 
roGFP2  C108S      0.610 ns 
 
 
G4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   roGFP2 0.007 * 
WT   C108S      0.002 ** 
WT   WP      0.009 ** 
WT   loop      0.002 ** 
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WT   WP+loop   0.007 ** 
WP  roGFP2   0.994 ns 
WP  C108S      0.844 ns 
WP  loop      0.592 ns 
WP  WP+loop   0.691 ns 
loop  roGFP2      0.512 ns 
loop  C108S      0.359 ns 
loop  WP+loop   0.881 ns 
WP+loop  roGFP2      0.575 ns 
WP+loop  C108S      0.420 ns 
roGFP2  C108S      0.717 ns 
 
 
G5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   roGFP2 0.001 ** 
WT   C108        <0.001 *** 
WT   WP      0.004 ** 
WT   loop           <0.001 *** 
WT   WP+loop   0.036 * 
WP  roGFP2   0.218 ns 
WP  C108S      0.221 ns 
WP  loop      0.125 ns 
WP  WP+loop   0.070 ns 
loop  roGFP2      0.502 ns 

loop  C108S      0.319 ns 
loop  WP+loop   0.452 ns 
WP+loop  roGFP2      0.060 ns 
WP+loop  C108S      0.041 * 
roGFP2  C108S      0.631 ns 
 
 
G6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   roGFP2    <0.001 *** 
WT   C108        <0.001 *** 
WT   WP      0.003 ** 
WT   loop          <0.001 *** 
WT   WP+loop  <0.001 *** 
WP  roGFP2   0.418 ns 
WP  C108S      0.435 ns 
WP  loop      0.074 ns 
WP  WP+loop   0.106 ns 
loop  roGFP2      0.081 ns 
loop  C108S      0.013 * 
loop  WP+loop   0.733 ns 
WP+loop  roGFP2      0.076 ns 
WP+loop  C108S      0.011 * 
roGFP2  C108S      0.636 ns 

 
 
 

H) roGFP2 assay ScGrx5 interconversion mutants (Fig. 7h) 

 

H1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   RR 0.990 ns 
WT   loop      0.725 ns 
WT   RR+loop    0.223 ns 
RR   loop      0.700 ns 
RR   RR+loop    0.057 ns 
loop  RR+loop  0.629 ns 
 
 
H2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   RR 0.793 ns 
WT   loop      0.839 ns 
WT   RR+loop    0.649 ns 
RR   loop      0.876 ns 
RR   RR+loop    0.262 ns 
loop  RR+loop  0.857 ns 
 
 
H3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   RR 0.684 ns 
WT   loop      0.614 ns 
WT   RR+loop    0.794 ns 
RR   loop      0.690 ns 
RR   RR+loop    0.445 ns 
loop  RR+loop  1.000 ns 
 

H4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   RR 0.414 ns 
WT   loop      0.700 ns 
WT   RR+loop    0.606 ns 
RR   loop      0.530 ns 
RR   RR+loop    0.986 ns 
loop  RR+loop  0.493 ns 
 
 
H5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   RR 0.100 ns 
WT   loop      0.883 ns 
WT   RR+loop    0.844 ns 
RR   loop      0.068 ns 
RR   RR+loop    0.046 * 
loop  RR+loop  0.680 ns 
 
 
H6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   RR 0.700 ns 
WT   loop      0.188 ns 
WT   RR+loop    0.315 ns 
RR   loop      0.047 * 
RR   RR+loop    0.036 * 
loop  RR+loop  0.382 ns 
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I) roGFP2 assay ScGrx5 interconversion mutants with DTT pretreatment (Fig. 7i) 
 

I1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.084    ns 
WT    loop              0.362    ns 
WT    loop+G68P         0.044    * 
WT    RR+loop         0.070    ns 
WT    RR+loop+G68P 0.090    ns 
WT    loop+G68P+R97Q     0.035    ** 
loop   roGFP2            0.872    ns 
loop   loop+G68P         0.442    ns 
loop   RR+loop        0.776    ns 
loop   RR+loop+G68P 0.676    ns 
loop   loop+G68P+R97Q     0.416    ns 
loop+G68P   roGFP2         0.217    ns 
loop+G68P   RR+loop       0.308    ns 
loop+G68P   RR+loop+G68P      0.564    ns 
loop+G68P   loop+G68P+R97Q     0.963    ns 
RR+loop   roGFP2        0.700    ns 
RR+loop   RR+loop+G68P      0.754    ns 
RR+loop   loop+G68P+R97Q     0.244    ns 
RR+loop+G68ProGFP2  0.586    ns 
RR+loop+G68Ploop+G68P+R97Q 0.514    ns 
loop+G68P+R97QroGFP2 0.162    ns 
 
 
I2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.092    ns 
WT    loop              0.524    ns 
WT    loop+G68P         0.157    ns 
WT    RR+loop         0.050    * 
WT    RR+loop+G68P 0.192    ns 
WT    loop+G68P+R97Q     0.044    ** 
loop   roGFP2            0.147    ns 
loop   loop+G68P         0.230    ns 
loop   RR+loop        0.597    ns 
loop   RR+loop+G68P 0.327    ns 
loop   loop+G68P+R97Q     0.065    ns 
loop+G68P   roGFP2         0.473    ns 
loop+G68P   RR+loop       0.597    ns 
loop+G68P   RR+loop+G68P      0.657    ns 
loop+G68P   loop+G68P+R97Q     0.764    ns 
RR+loop   roGFP2        0.144    ns 
RR+loop   RR+loop+G68P      0.295    ns 
RR+loop   loop+G68P+R97Q     0.744    ns 
RR+loop+G68ProGFP2  0.796    ns 
RR+loop+G68Ploop+G68P+R97Q 0.370    ns 
loop+G68P+R97QroGFP2 0.142    ns 
 
 
I3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.575    ns 
WT    loop              0.889    ns 
WT    loop+G68P         0.107    ns 
WT    RR+loop         0.103    ns 
WT    RR+loop+G68P 0.301    ns 
WT    loop+G68P+R97Q     0.234    ns 
loop   roGFP2            0.544    ns 
loop   loop+G68P         0.123    ns 
loop   RR+loop        0.135    ns 
loop   RR+loop+G68P 0.319    ns 
 

 
 
 
loop   loop+G68P+R97Q     0.226    ns 
loop+G68P   roGFP2         0.088    ns 
loop+G68P   RR+loop       0.597    ns 
loop+G68P   RR+loop+G68P      0.226    ns 
loop+G68P   loop+G68P+R97Q     0.470    ns 
RR+loop   roGFP2        0.030    * 
RR+loop   RR+loop+G68P      0.226    ns 
RR+loop   loop+G68P+R97Q     0.399    ns 
RR+loop+G68ProGFP2  0.270    ns 
RR+loop+G68Ploop+G68P+R97Q 0.316    ns 
loop+G68P+R97QroGFP2 0.264    ns 
 
 
I4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.228    ns 
WT    loop              0.271    ns 
WT    loop+G68P         0.019    * 
WT    RR+loop         0.087    ns 
WT    RR+loop+G68P 0.069    ns 
WT    loop+G68P+R97Q     0.027    * 
loop   roGFP2            0.542    ns 
loop   loop+G68P         0.205    ns 
loop   RR+loop        0.282    ns 
loop   RR+loop+G68P 0.200    ns 
loop   loop+G68P+R97Q     0.049    * 
loop+G68P   roGFP2         0.027    * 
loop+G68P   RR+loop       0.799    ns 
loop+G68P   RR+loop+G68P      0.547    ns 
loop+G68P   loop+G68P+R97Q     0.089    ns 
RR+loop   roGFP2        0.143    ns 
RR+loop   RR+loop+G68P      0.760    ns 
RR+loop   loop+G68P+R97Q     0.135    ns 
RR+loop+G68ProGFP2  0.101    ns 
RR+loop+G68Ploop+G68P+R97Q 0.189    ns 
loop+G68P+R97QroGFP2 0.033    * 
 
 
I5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.263    ns 
WT    loop              0.429    ns 
WT    loop+G68P         0.068    ns 
WT    RR+loop         0.004    ** 
WT    RR+loop+G68P 0.088    ns 
WT    loop+G68P+R97Q     0.005    ** 
loop   roGFP2            0.203    ns 
loop   loop+G68P         0.406    ns 
loop   RR+loop        0.029    * 
loop   RR+loop+G68P 0.165    ns 
loop   loop+G68P+R97Q     0.012    * 
loop+G68P   roGFP2         0.023    * 
loop+G68P   RR+loop       0.045    * 
loop+G68P   RR+loop+G68P      0.269    ns 
loop+G68P   loop+G68P+R97Q     0.015    * 
RR+loop   roGFP2        0.002    ns 
RR+loop   RR+loop+G68P      0.979    ns 
RR+loop   loop+G68P+R97Q     0.079    ns 
RR+loop+G68ProGFP2  0.065    ns 
RR+loop+G68Ploop+G68P+R97Q 0.191    ns 
loop+G68P+R97QroGFP2 0.004    ** 
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I6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison                            P-value 

WT    roGFP2         0.010    ** 
WT    loop              0.723    ns 
WT    loop+G68P         0.013    * 
WT    RR+loop         0.002    ** 
WT    RR+loop+G68P       <0.001    *** 
WT    loop+G68P+R97Q     0.032    * 
loop   roGFP2            0.025    * 
loop   loop+G68P         0.014    * 
loop   RR+loop        0.002    ** 
loop   RR+loop+G68P 0.001    ** 
loop   loop+G68P+R97Q     0.029    * 
 
 
 

 
 
 
loop+G68P   roGFP2                    <0.001    *** 
loop+G68P   RR+loop       0.004    ** 
loop+G68P   RR+loop+G68P      0.002    ** 
loop+G68P   loop+G68P+R97Q     0.099    ns 
RR+loop   roGFP2                    <0.001    *** 
RR+loop   RR+loop+G68P      0.021    * 
RR+loop   loop+G68P+R97Q     0.399    ns 
RR+loop+G68ProGFP2                <0.001    *** 
RR+loop+G68Ploop+G68P+R97Q 0.682    ns 
loop+G68P+R97QroGFP2 0.010    ** 
 

 

 
 
J) roGFP2 assay ScGrx7 interconversion mutants (Supplementary Fig. 17) 

 

J1) AUC (OxD*sec) @ 20 µM H2O2 

Comparison           P-value 

WT   WP 0.803 ns 
WT   loop      0.396 ns 
WT   WP+loop    0.401 ns 
WP  loop      0.448 ns 
WP  WP+loop    0.250 ns 
loop  WP+loop  0.828 ns 
 
 
J2) AUC (OxD*sec) @ 50 µM H2O2 

Comparison           P-value 

WT   WP 0.230 ns 
WT   loop      0.189 ns 
WT   WP+loop    0.172 ns 
WP  loop      0.555 ns 
WP  WP+loop    0.427 ns 
loop  WP+loop  0.700 ns 
 
 
J3) AUC (OxD*sec) @ 100 µM H2O2 

Comparison           P-value 

WT   WP          < 0.001 *** 
WT   loop         < 0.001 *** 
WT   WP+loop    0.100 ns 
WP  loop      0.939 ns 
WP  WP+loop    0.808 ns 
loop  WP+loop  0.678 ns 
 
J4) AUC (OxD*sec) @ 200 µM H2O2 

Comparison           P-value 

WT   WP           0.005 ** 
WT   loop          0.035 * 
WT   WP+loop    0.038 * 
WP  loop      0.873 ns 
WP  WP+loop    0.664 ns 
loop  WP+loop  0.716 ns 
 
 
 
 

J5) AUC (OxD*sec) @ 500 µM H2O2 

Comparison           P-value 

WT   WP           0.036 * 
WT   loop          0.008 ** 
WT   WP+loop    0.008 ** 
WP  loop      0.034 * 
WP  WP+loop    0.117 ns 
loop  WP+loop  0.794 ns 
 
 
J6) AUC (OxD*sec) @ 1000 µM H2O2 

Comparison           P-value 

WT   WP          < 0.001 *** 
WT   loop          0.002 ** 
WT   WP+loop    0.003 ** 
WP  loop      0.051 ns 
WP  WP+loop    0.102 ns 
loop  WP+loop  0.828 ns



Scientific articles 

100 
 

Supplementary Table 13. Statistical analysis of the fraction of bound states from the MD 

simulations of ScGrx7.a  
 

 
 

 

 

 

 

 

a See also Fig. 8a. P-values are derived from a two-tailed t-test  
  assuming unequal variances. (p < 0.05: *; p  0.05: ns) 
 

 

 

Supplementary Table 14. Correlation analysis of the S-S-distance vs. S-S-S-angle from the 

MD simulations of ScGrx7.a 

 

 

 

 

 
 

a See also Fig. 8e. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Comparison p-value  

WT K105R 0.155 ns 

WT K105E 0.043 * 

WT E147K 0.153 ns 

K105R K105E 0.052 ns 

K105R E147K 0.806 ns 

K105E E147K 0.065 ns 

ScGrx7 R2 p-value 

WT 0.01 0.851 

K105R 0.42 < 0.001 

K105E 0.07 0.293 

E147K 0.08 0.001 



Scientific articles 

101 
 

Supplementary Table 15. ScGrx7 residues forming contacts with GS– during MD simulations. 

ScGrx7 
Contact fractionb 

Residuea WT K105R K105E E147K 
K 105 0.09 0.18 0.04 0.08 
T 106 0.26 0.26 0.21 0.28 
G 107 0.27 0.31 0.20 0.26 
γE SSG 0.23 0.17 0.26 0.31 
C SSG 0.11 0.20 0.03 0.12 
G SSG 0.19 0.22 0.10 0.29 
P 109 0.25 0.29 0.18 0.20 
Y 110 0.17 0.14 0.10 0.11 
K 112 0.44 0.42 0.38 0.40 
K 113 0.40 0.39 0.34 0.39 
K 115 0.33 0.42 0.21 0.35 
A 116 0.27 0.22 0.24 0.25 
T 119 0.15 0.14 0.11 0.13 
N 120 0.22 0.19 0.19 0.19 
S 125 0.16 0.15 0.13 0.14 
V 130 0.22 0.31 0.10 0.24 
E 132 0.26 0.35 0.17 0.29 
R 135 0.42 0.47 0.30 0.44 
K 140 0.16 0.15 0.11 0.18 
E 147 0.09 0.05 0.06 0.47 
G 151 0.13 0.11 0.20 0.43 
R 152 0.17 0.14 0.33 0.46 
R 153 0.15 0.11 0.10 0.38 
T 154 0.29 0.17 0.28 0.67 
T 163 0.12 0.13 0.21 0.19 
S 164 0.07 0.06 0.20 0.21 
G 166 0.05 0.07 0.12 0.25 
T 169 0.17 0.12 0.21 0.19 
E 170 0.14 0.10 0.24 0.23 
K 176 0.17 0.19 0.14 0.15 
K 185 0.15 0.16 0.14 0.16 
K 186 0.18 0.26 0.18 0.26 
D 189 0.12 0.19 0.13 0.15 
T 193 0.18 0.17 0.16 0.17 
K 195 0.21 0.22 0.24 0.24 

 

a Residue number of the contacting residue. SSG γE, C, and G represent the γ-glutamyl, cysteinyl, and 
glycyl moiety of the bound disulfide glutathione, respectively. Only residues that have a fraction of 0.15 
or higher in at least one of the ScGrx7 systems are shown.  
b Fraction of the simulation time in which a contact between any GS– molecule and the residue was 
present.  
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2.2. Zimmermann et al., 2021, Free Radical Biology and Medicine 

 

An intracellular assay for activity screening and characterization of glutathione-

dependent oxidoreductases. 

Zimmermann, J.§, Oestreicher, J. §, Geissel, F., Deponte, M. and Morgan, B. 

Free Radical Biology and Medicine. 2021 June; 172, 340-349 

DOI: 10.1016/j.freeradbiomed.2021.06.016 
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Supplementary Figure 1. Redox-active glutaredoxins are required to facilitate roGFP2 oxidations by 

exogenous H2O2 or GSSG   

RoGFP2 oxidation was monitored in YPH499 ∆glr1∆grx1∆grx2 cells containing a p415TEF OPT1 plasmid 

following the addition of a. exogenous H2O2 or b. exogenous GSSG at the indicated concentrations. 
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Supplementary Figure 2. RoGFP2 oxidation is dependent upon the presence of a catalytically active 

glutaredoxin.  

a–d. The indicated roGFP2 fusion constructs were expressed in YPH499 ∆glr1∆grx1∆grx2 cells 

containing a p415TEF OPT1 plasmid. RoGFP2 oxidation was monitored following the addition of 

exogenous H2O2 at the indicated concentrations. 
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Supplementary Figure 3. SFA1 does not affect the response to roGFP2-ScGrx1 to exogenous GSSG 

RoGFP2-ScGrx1 oxidation was measured in a. ∆glr1∆grx1∆grx2 or b. ∆glr1∆grx1∆grx2∆sfa1 cells, both 

transformed with a p415TEF OPT1 plasmid, following the addition of exogenous GSSG at the indicated 

concentrations. 
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Supplementary Figure 4. A monothiol mutant of PfGrx efficiently catalyzes roGFP2 oxidation in 

response to exogenous GSSG treatment. 

The oxidation of a. roGFP2-PfGrx and b. roGFP2-PfGrx-C32S was monitored in ∆glr1∆grx1∆grx2 cells, 

containing a p415TEF OPT1 plasmid, following the addition of exogenous GSSG at the indicated 

concentrations. 
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Supplementary Table 1. Yeast strains used in this study 

Genotype Source Figure 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF empty + p416TEF empty 

Liedgens 2020 

This study 

1c,d 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF empty 

Liedgens 2020 

This study 

1a-f; 2; 3a-d;  

  4a-d; 5a-d; 

6d,e 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF empty + p416TEF roGFP2-ScGrx1 

Liedgens 2020 

This study 

1a,b; 5b 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx1 

Liedgens 2020 

This study 

1e,f; 5c; S3a 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2 

Liedgens 2020 

This study 

5a; S1 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx7 

Liedgens 2020 

This study 

2a; 4a; S2a 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx7-K105E 

Liedgens 2020 

This study 

2b; S2b 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx7-Y110F 

Liedgens 2020 

This study 

4b 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx7-Y110H 

Liedgens 2020 

This study 

4c 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx7-Y110A 

Liedgens 2020 

This study 

4d 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-HsGrx5 

Liedgens 2020 

This study 

2c; 3,b; S2c 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-HsGrx5-Active 

Liedgens 2020 

This study 

2d; 3c,d; S2d 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-PfGrx 

Liedgens 2020 

This study 

6d; S4a 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-PfGrx-C32S 

Liedgens 2020 

This study 

6e; S4b 

YPH499 Δglr1::natNT2 Δgrx1::hphNT1 Δgrx2::kanMX4 

Δsfa1::kanMX4 

+ p415TEF OPT1 + p416TEF roGFP2-ScGrx1 

This study  

 

This study 

5d; S3b 
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2.3. Zimmermann et al., 2020, Redox Biology 

 

One cysteine is enough: A monothiol Grx can functionally replace all cytosolic  

Trx and dithiol Grx. 

Zimmermann, J., Oestreicher, J., Hess, S., Herrmann, J.M., Deponte, M. and Morgan, B. 

Redox Biology. 2020 May; 101598 

DOI: 10.1016/j.redox.2020.101598 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Redox Biology: Zimmermann, J., Oestreicher, J., Hess, S., Herrmann, J.M., Deponte, M. 

and Morgan, B. One cysteine is enough: A monothiol Grx can functionally replace all cytosolic Trx and 

dithiol Grx. 101598 © (2020), with permission from Elsevier (Redox Biology, Society of 

Redox Biology and Medicine).  

All rights reserved. 
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2.3.1. Supplementary information 

 

One cysteine is enough: A monothiol Grx can functionally replace all cytosolic  

Trx and dithiol Grx. 

Zimmermann, J., Oestreicher, J., Hess, S., Herrmann, J.M., Deponte, M. and Morgan, B. 

Redox Biology. 2020 May; 101598 

DOI: 10.1016/j.redox.2020.101598 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Redox Biology: Zimmermann, J., Oestreicher, J., Hess, S., Herrmann, J.M., Deponte, M. 

and Morgan, B. One cysteine is enough: A monothiol Grx can functionally replace all cytosolic Trx and 

dithiol Grx. 101598 © (2020), with permission from Elsevier (Redox Biology, Society of  

Redox Biology and Medicine).  

All rights reserved. 
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Supplementary Figure 1. Generation of a BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 strain. 

a. The Δtrx1Δtrx2Δgrx1Δgrx2 strain was constructed in a Δtrx1Δtrx2 background. First the GRX2 gene 

was deleted. Subsequently, the Δtrx1Δtrx2Δgrx2 strain was transformed with a p416TEF roGFP2-GRX2 

plasmid. Finally, in this background, GRX1 was deleted. Confirmation PCRs were performed on the 

genomic DNA isolated from the Δtrx1Δtrx2Δgrx1Δgrx2 + p416TEF roGFP2-GRX2 strain to confirm 

correct deletion and replacement by the appropriate antibiotic resistance cassette at all loci. TRX1 was 

replace by a kanMX4 cassette, TRX2 by a HIS3 gene, GRX1 by a natNT2 cassette and GRX2 by an hphNT1 

cassette. b. The strains indicated in the plate layout were streaked onto different agar plates as 

indicated. All strains grew as expected based on their auxotrophic and antibiotic resistance markers. 
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Supplementary Figure 2. Grx2 C64S rescues viability of a Δtrx1Δtrx2Δgrx1Δgrx2 strain when 

expressed from an ADH, TEF or endogenous promoter. 

a. BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 cells containing a p416TEF plasmid encoding roGFP2-Grx2 and a 

p415TEF plasmid encoding Grx2 under the control of a TEF promoter, or Grx2, Grx2 C64S and Grx7 

under the control of an ADH promoter, were streaked onto HC plates as well as HC plates containing 

0.1 g/l 5-FOA and incubated for 48 hours at 30°C. b. BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 cells containing a 

p416TEF plasmid encoding roGFP2-Grx2 and a p415TEF plasmid encoding Grx2 or pRS315 plasmids 

encoding either Grx2 or Grx2C64S with their endogenous promoter and terminator, as well as an 

empty pRS315 plasmid control.  
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Supplementary Figure 3. Monothiol thioredoxins and PDIs cannot support protein disulfide 

reduction. 

a. BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 cells containing a p416TEF plasmid encoding roGFP2-Grx2 and a 

p415TEF plasmid encoding either Grx7, Grx7 C108S, HsGrx5, an enzymatically active HsGrx5 mutant 

(HsGrx5 Active) or an empty p415TEF plasmid, were streaked onto HC plates as well as HC plates 

containing 0.1 g/l 5-FOA and incubated for 48 hours at 30°C. b. The strains described in (a.) were 

inoculated into HC liquid media supplemented with 0.1 g/l 5-FOA to an initial OD600 = 0.1. Cells were 

grown with continuous shaking at 30°C. c. BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 cells containing a p416TEF 

plasmid encoding roGFP2-Grx2 and a p415TEF plasmid encoding either Trx1, Trx2, Trx2 C34S or Trx2 

C31S,C34S were streaked onto HC plates as well as HC plates containing 0.1 g/l 5-FOA and incubated 

for 48 hours at 30°C. d. BY4742 Δtrx1Δtrx2Δgrx1Δgrx2 cells containing a p416TEF plasmid encoding 

roGFP2-Grx2 and a p415TEF plasmid encoding either Trx2, Pdi1, Mpd1 or Mpd2 were streaked onto 

HC plates as well as HC plates containing 0.1 g/l 5-FOA and incubated for 48 hours at 30°C. 
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Supplementary Figure 4. Monothiol glutaredoxins can support reduction of yeast 2-Cys methionine 

sulfoxide reductase. 

a. BY4741 WT, BY4742 WT, Δtrx1Δtrx2, Δtrx1Δtrx2Δgrx1 and Δtrx1Δtrx2Δgrx2 cells were streaked onto 

HC agar plates either lacking methionine or supplemented with 0.24 mM methionine sulfoxide as 

indicated. Plates were incubated at 30°C for 48 hours. b. The strains described in (a.) were inoculated 

into liquid HC media either b. lacking methionine or c. supplemented with 0.24 mM L-methionine 

sulfoxide to an initial OD600 = 0.1, and grown with continuous shaking at 30°C.  
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Supplementary Table 1. Yeast strains used in this study 

Genotype Source Figure 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 3a,b,c; S4a,b,c 

BY4742 MATα his3∆1 leu2∆1 lys2∆0 ura3∆0 Euroscarf 2e; 3a,b,c; 4g,h; 

S1a,b; S4a,b,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 Carlsberg 

laboratory 

3a,b,c; 4g,h; S1b; 

S4a,b,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::hphNT1 This study 3a,b,c; 4g,h; S1b; 

S4a,b,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx2::hphNT1 This study 3a,b,c; 4g,h; S1b; 

S4a,b,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx2::hphNT1 

               + p416TEF roGFP2-Grx2    

This study S1b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

This study S1a,b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Empty 

This study 2a,b,c,d; 

S3a,b,c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx1  

This study 2a,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx2 

This study 2a,b,c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF HsGrx5 

This study 2a,c; S3a,b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx7 

This study 1a,c; S3a,b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx2 C61S 

This study 2b,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx2 C64S 

This study 2b,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx2 C61S,C64S 

This study 2b,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Grx7 C108S 

This study S3a,b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF HsGrx5-Active (Loop+G68P+R97Q)   

This study S3a,b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Trx1 

This study S3c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Trx2 

This study S3c,d 
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BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2 

               + p415TEF Trx2 C34S 

This study S3c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Trx2 C31S,C34S 

This study S3c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Pdi1 

This study S3c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Mpd1 

This study S3c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415TEF Mpd2 

This study S3c,d 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF Grx1 

This study 2e; 3a,b,c  

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF Grx2 

This study 2e; 3a,b,c  

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF Grx2 C64S 

This study 2e; 3a,b,c  

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF Grx7 

This study 2e; 3a,b,c 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF Empty  

               + p415TEF Grx2 

This study 4a,b,c,d,e,f 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2  

               + p415TEF Grx1 

This study 4a,g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2  

               + p415TEF Grx2 

This study 4b,g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2  

               + p415TEF Grx2 C64S 

This study 4c,g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2  

               + p415TEF Grx7 

This study 4d,g,h 

BY4742 MATα his3∆1 leu2∆1 lys2∆0 ura3∆0 

               + p416TEF roGFP2 + p415TEF Empty 

This study 4g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 

               + p416TEF roGFP2 + p415TEF Empty 

This study 4g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::hphNT1 

               + p416TEF roGFP2 + p415TEF Empty 

This study 4g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx2::hphNT1 

              + p416TEF roGFP2 + p415TEF Empty 

This study 4g,h 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF roGFP2-Grx2               

               + p416TEF Empty 

This study 4e 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p415TEF roGFP2-Grx7               

               + p416TEF Empty 

This study 4f 

   



Scientific articles 

142 
 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415ADH Empty 

This study S2a 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415ADH Grx2 

This study S2a 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415ADH Grx2 C64S 

This study S2a 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + p415ADH Grx7 

This study S2a 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + pRS315 Empty 

This study S2b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + pRS315 Prom.GRX2::Grx2::Term.GRX2 

This study S2b 

BY4742 ∆trx1::kanMX4 ∆trx2::HIS3 ∆grx1::natNT2 

               ∆grx2::hphNT1 + p416TEF roGFP2-Grx2               

               + pRS315 Prom.GRX2::Grx2 C64S::Term.GRX2  

This study S2b 
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2.4. Amponsah et al., 2021, Nature Chemical Biology 

 

Peroxiredoxins couple metabolism and cell division in an ultradian cycle. 

Amponsah, P.S., Yahya, G., Zimmermann, J., Mai, M., Mergel, S., Mühlhaus, T., 

Storchova, Z. and Morgan, B. 

Nature Chemical Biology. 2021 February, 17(4), 477-484 

DOI: 10.1038/s41589-020-00728-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Nature Chemical Biology: Amponsah, P.S., Yahya, G., Zimmermann, J., Mai, M., Mergel, 

S., Mühlhaus, T., Storchova. Z. and Morgan, B. Peroxiredoxins couple metabolism and cell division in 

an ultradian cycle. 17(4), 477-484 © (2021), with permission from Nature Springer 

(Nature Chemical Biology).  

All rights reserved. 

 



Scientific articles 

144 
 

 



Scientific articles 

145 
 

 



Scientific articles 

146 
 

 



Scientific articles 

147 
 

 



Scientific articles 

148 
 

 



Scientific articles 

149 
 

 



Scientific articles 

150 
 

 



Scientific articles 

151 
 

 



Scientific articles 

152 
 

 



Scientific articles 

153 
 

 



Scientific articles 

154 
 

 



Scientific articles 

155 
 

 



Scientific articles 

156 
 

 



Scientific articles 

157 
 

 



Scientific articles 

158 
 

 



Scientific articles 

159 
 

2.4.1. Supplementary information 

 

Amponsah, et al., 2021, Nature Chemical Biology 

 

Peroxiredoxins couple metabolism and cell division in an ultradian cycle. 

Amponsah, P.S., Yahya, G., Zimmermann, J., Mai, M., Mergel, S., Mühlhaus, T., 

Storchova, Z. and Morgan, B. 

Nature Chemical Biology. 2021 February, 17(4), 477-484 

DOI: 10.1038/s41589-020-00728-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reprinted from Nature Chemical Biology: Amponsah, P.S., Yahya, G., Zimmermann, J., Mai, M., Mergel, 

S., Mühlhaus, T., Storchova. Z. and Morgan, B. Peroxiredoxins couple metabolism and cell division in 

an ultradian cycle. 17(4), 477-484 © (2021), with permission from Nature Springer 

(Nature Chemical Biology).  

All rights reserved. 
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Supplementary Figure 1. 
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Supplementary Fig. 1. Characterization of the genomically integrated roGFP2-Tsa2ΔCR probe 

(a) Scheme illustrating the generation of CEN.PK strain with a genomically integrated construct for 

roGFP2-Tsa2ΔCR probe expression. (b) Representative fluorescence microscopic image to show the 

cytosolic localization of roGFP2-Tsa2ΔCR probe, the scale bar represents 2 µM. (c) Fluorescence 

excitation spectra of CEN.PK cells expressing roGFP2-Tsa2ΔCR. Fully oxidized and fully reduced spectra 

were obtained by treating the cells with 20 mM diamide and 100 mM DTT respectively. (d) Response 

of the roGFP2-Tsa2ΔCR probe, expressed in CEN.PK cells, to the addition of H2O2 at the indicated 

concentrations. (e) Response of the roGFP2-Tsa2ΔCR probe, expressed in CEN.PK cells, to the addition 

of t-BuOOH at the indicated concentrations. (f) Response of the roGFP2-Tsa2ΔCR probe, expressed in 

CEN.PK cells, to the addition of diamide at the indicated concentrations. (g) Response of the roGFP2-

Tsa2ΔCR probe, expressed in CEN.PK cells, to the addition of DTT at the indicated concentrations. 
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Supplementary Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 2. Procedures for monitoring of roGFP2-Tsa2ΔCR oxidation during the YMC. 

(a) Labelled photograph showing the coupled fermentor–spectrofluorimeter setup used for the on-

line monitoring of roGFP2-Tsa2ΔCR oxidation. (b) Two further experimental repeats of the dataset in 

Fig. 1c. (c) Scheme illustrating the procedure for fluorescence plate-reader-based monitoring of 

roGFP2-Tsa2ΔCR oxidation. 
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Supplementary Figure 3. 

 

 

 

 

Supplementary Fig. 3. High concentrations of H2O2 or t-BuOOH promote LOC to HOC switching 

(a) H2O2 and (b) t-BuOOH was added to YMC-synchronized cultures of wild-type cells at the indicated 

concentrations.  
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Supplementary Figure 4. 

 

 

Supplementary Fig. 4. Peroxide levels recover before the switch to HOC 

(a–c) Two further experimental repeats of the experiment presented in Fig. 2a–c, showing the impact 

on O2 saturation and roGFP2-Tsa2ΔCR oxidation of the addition of (a) 0.1 mM, (b) 0.5 mM and (c) 1 mM 

t-BuOOH.  
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Supplementary Figure 5. 

 

 

 

Supplementary Fig. 5. Peroredoxin hyperoxidation correlates with peroxide induced LOC to HOC 

switching.  

(a) Samples were isolated from YMC-synchronized cultures 30 minutes after t-BuOOH addition at the 

indicated concentrations. Probe oxidation and response to subsequent treatment with H2O2 at the 

indicated concentrations were monitored in a fluorescence plate-reader. Related to Fig. 2a–c and 

Supplementary Fig. 5. (b) Scheme illustrating how peroxiredoxin hyperoxidation leads to roGFP2 

reduction. Upon hyperoxidation of the peroxidatic cysteine to either a sulfinic (SO2H) or sulfonic (SO3H) 

acid, oxidation can no longer be transferred to roGFP2. If roGFP2 is already oxidized when the   
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attached peroxiredoxin is hyperoxidized it will tend to become reduced due to reduction of the roGFP2 

disulfide via GSH and glutaredoxins. 



Scientific articles 

168 
 

Supplementary Figure 6. 

 

 

 

 

 

Supplementary Fig. 6. A thiol oxidant extends the LOC phase  

(a) Two independent experimental repeats showing the response of independent YMC-synchronized 

cultures of wild-type cells, as monitored by oxygen consumption, together with the response of a 

genomically integrated roGFP2-Tsa2ΔCR probe, to diamide added at a final concentration of (a) 0.5 

mM, (b) 1 mM and (c) 2 mM.  
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Supplementary Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 7. Thiol oxidation regulates LOC to HOC switching 

Corresponding to Fig. 2e–h.  Three further experimental repeats showing the impact of (a) 2 mM 

diamide or (b) 5 mM DTT addition at the indicated time-points to YMC-synchronized cultures of wild-

type cells.  
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Supplementary Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 8. BY4742 Δtsa1Δahp1 cells are viable irrespective of auxotrophic markers 

(a) Images of colonies of BY4742 Δtsa1Δahp1 cells formed on indicated selective plates following 

transformation with the indicated plasmids. Note: BY4742 cells are uracil and leucine auxotrophs. 

Therefore, cells transformed with p416 and pHUK plasmids, which both harbor URA3 as a selective 

marker, would not be expected to grow on media lacking leucine. Likewise, cells transformed with 

p415 (LEU2 as selective marker) should not grow on plates lacking uracil. These conditions therefore 

serve as controls. BY4742 Δtsa1Δahp1 cells transformed with a pHLUK plasmid to replace all four 

auxotrophic markers grows well on media lacking with leucine or uracil. 
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Supplementary Figure 9. 
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Supplementary Fig. 9. Auxin induced degradation of Ahp1 in Δtsa1Δtsa2 cells induces a poor growth 

phenotype. 

(a) Cartoon illustrating the mechanism of the auxin-regulable degron fused to Ahp1. (b) Drop dilution 

assay showing the growth of the indicated yeast strains on YPD plates containing either 0.1% DMSO as 

a vehicle control or 0.2 mM indole-3-acetic acid (IAA). (c–e) Two further experimental repeats of the 

data presented in Fig. 3a. (f) Western blot with an anti-MYC antibody to assess the degradation of 

Ahp1 following IAA addition to a YMC-synchronized culture. Representative image of 2 independent 

experimental repeats.  
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Supplementary Figure 10. 

 

 

 

 

 

 

 

 

Supplementary Fig. 10. Gating and analysis strategy for flow cytometry data.  

(a) The represented gating strategy was used to select for singlets by monitoring forward scatter area 

(FSC-A) vs. forward scatter height (FSC-H). (b) Propidium iodide fluorescence intensity in these cells 

was then used to determine DNA content based on the following criteria. The percentages of cells with 

1C DNA and 2C DNA content were determined as follows. The percentage of cells with 1C DNA content 

was determined as the number of cells with a PI staining intensity from 0–2.7 x 105 as a percentage of 

the total number of cells analyzed. The percentage of cells with 2C DNA content was determined as 

the number of cells with a PI staining intensity from 2.7 x 105–4.5 x 105 as a percentage of the total 

number of cells analyzed. The percentage of cells with >2C DNA content was determined as the 

number of cells with a PI staining intensity from >4.5 x 105 as a percentage of the total number of cells 

analyzed 
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Supplementary Figure 11. 
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Supplementary Fig. 11. Cell division is coupled to the yeast metabolic cycle 

Corresponds to the data presented in Fig. 4a,b. Three independent, YMC-synchronized cultures of 

wild-type cells were analyzed for DNA content (a,b,d,e,g,h) and budding index (c,f,i) at the points 

during the YMC as indicated.  
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Supplementary Figure 12. 
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Supplementary Fig. 12. Cell division is uncoupled from metabolic cycling in Δtsa1Δtsa2 cells 

Corresponds to the data presented in Fig. 4c,f. Three independent, YMC-synchronized cultures of 

Δtsa1Δtsa2 cells were analyzed for DNA content (a,b,d,e,g,h) and budding index (c,f,i) at the points 

during the YMC as indicated.  
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Supplementary Figure 13. 
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Supplementary Fig. 13. Maintaining cells in HOC phase prevents cell cycle completion 

Corresponds to the data presented in Fig. 5a–d. 5 mM DTT was added to three independent YMC-

synchronized cultures of wild-type cells at the indicated time-points. Cultures were subsequently 

analyzed to assess DNA content and budding index.  
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Supplementary Figure 14. 
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Supplementary Fig. 14. Prevention of LOC to HOC switching blocks cell cycle initiation 

Corresponds to the data presented in Fig. 5e,f. 2 mM diamide was added to three independent YMC-

synchronized cultures of wild-type cells at the indicated time-points. Cultures were subsequently 

analyzed to assess DNA content and budding index. 
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Supplementary Figure 15.  

 

 

Supplementary Fig. 15. Cell cycle start markers confirm that cell cycle start is inhibited after 

diamide treatment 

a,b) Representative Western blot using anti-Sic1 and anti-Clb2 antibodies. Rps23 was used as a 

loading control. Samples analyzed were the same as those used in Supplementary Fig. 19a,b.  The 

numbering on the western blot corresponds to the flow cytometry histograms in panel a, indicating 

the analyzed samples. n=3 independent experimental repeats.   
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Supplementary Figure 16.  
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Supplementary Figure 16. Source Data for Supplementary Figures 

a) Unprocessed western blots and ponceau-stained membrane relating to Supplementary Fig. 13f. b) 

Unprocessed western blots relating to Supplementary Fig. 20b.  
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Supplementary Table 1. Yeast strains used in this study 

Genotype Source 

CEN.PK113-1A MATα  Kind gift from P. Kötter, Frankfurt 

CEN.PK113-7D MATa Kind gift from P. Kötter, Frankfurt 

CEN.PK113-1A ∆prx1::hphNT1 This study 

CEN.PK113-1A ∆tsa1::hphNT1 This study 

CEN.PK113-1A ∆tsa2::natNT2 This study 

CEN.PK113-1A ∆tsa1::hphNT1 ∆tsa2::natNT2 This study 

CEN.PK113-1A ∆ahp1::hphNT1 This study 

CEN.PK113-1A kanMX4-PGPD-roGFP2-Tsa2∆CR This study 

CEN.PK113-7D ∆ahp1::kanMX4 This study 

CEN.PK113-1A At-Tir1-FLAG-Myc-kanMX4-AID-AHP1 This study 

CEN.PK113-1A ∆tsa1::hphNT1 ∆tsa2::natNT2 At-Tir1-FLAG-Myc-

kanMX4-AID-AHP1 
This study 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 

BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Euroscarf 

BY4742 Δtsa1::kanMX4 Δahp1::hphNT1 This study  
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3. General discussion and perspective 

 

Thioredoxin superfamily enzyme analyses are typically performed in vitro using recombinant 

proteins. However, in vitro protein characterization is time-consuming and labor-intensive, 

especially when studying multiple proteins or different mutants in parallel. Consequently, many 

thioredoxin fold enzymes remain uncharacterized. Their redox activity and substrate 

preference are often largely unknown. Thus far, certain members could not be purified as 

recombinant proteins e.g., class III glutaredoxins from land plants, not allowing for an in vitro 

analysis. To overcome these limitations, this dissertation is dedicated to the development, 

application and refinement of novel yeast- and fluorescence-based approaches.  

These methods would complement existing in vitro analyses and improve the characterization 

of thioredoxin superfamily proteins. The demands on these novel assays are (i.) rapid, 

high throughput-like screening of various proteins with their (ii.) physiological substrates in a 

(iii.) cellular environment, without the need of initial protein purification. 

 

3.1. Development of a fluorescence-based screen to monitor glutaredoxin activity 

in vivo 

 

It has recently been demonstrated that the fluorescence readout of roGFP2 is suitable for 

monitoring aspects of the peroxiredoxin-dependent catalysis of PfAOP from the malaria 

parasite Plasmodium falciparum (Staudacher et al., 2018). The authors used wild-type 

S. cerevisiae cells, expressing fusions between roGFP2 and PfAOP or mutants thereof in the 

cytosol. This study provided several novel findings. (i.) Upon treatment with 

tert-butyl hydroperoxide (t-BuOOH), relative differences in roGFP2 oxidation kinetics between 

multiple PfAOP fusion constructs correlated with their activity determined in vitro 

(Staudacher et al., 2015). (ii.) They reported sensitivity to hyperoxidation upon application of 

t-BuOOH and H2O2 for different mutants in vivo. Monitoring H2O2-mediated inactivation of 

PfAOP with roGFP2 was particularly interesting. Steady-state kinetic measurements with H2O2 

in vitro were not possible as a result of direct and effective inactivation of the enzyme.  

(iii.) In their experimental setup, roGFP2 serves as an alternative substrate for oxidation by 

PfAOP. Thus, the kinetics of roGFP2 oxidation were directly dependent on the enzyme activity. 

However, the application of this approach to examine other thioredoxin superfamily proteins 

remains to be confirmed. Thus, investigation of roGFP2-based enzyme analyses has been 

extended to other proteins, namely active class I and inactive class II glutaredoxins.  

ScGrx7 serves as a model protein for active class I glutaredoxins for many reasons. 
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ScGrx7 has already been studied in vitro in the laboratory of Prof. Dr. Marcel Deponte at the 

University of Kaiserslautern (Begas et al., 2015; Begas et al., 2017). Quantitative data for 

ScGrx7 and many mutants thereof were already collected and could serve as an important 

benchmark for results obtained in yeast. ScGrx7 is a class I glutaredoxin with particularly 

interesting characteristics. Unlike its paralog, ScGrx6, it does not bind Fe-S clusters.  

ScGrx7 and inactive class II glutaredoxins share the same active site -CxxS- arrangement. 

This raises the question as to which other structural differences determine presence or 

absence of activity in either of the classes. Consequently, the catalytic mechanism of monothiol 

class I ScGrx7 depends on a single cysteine residue. This simplifies analyses of their redox 

catalysis and mechanism due to absence of alternative reactions with other cysteine residues. 

Fusions between roGFP2 and ScGrx7, or any subsequent mutants thereof, were generated 

and expressed in the cytosol of yeast cells (see publication 2.1.). The natural glutaredoxin 

substrate, GSSG, is essential for glutaredoxin-dependent roGFP2 oxidation. Thus, it must be 

provided in sufficient amounts to not limit the reaction. To induce glutathione oxidation and 

readily perturb the cytosolic 2GSH/GSSG redox couple, H2O2 was exogenously applied at 

different concentrations. In this experimental setup, H2O2 diffuses into the cell leading to 

accumulation of GSSG. Equilibration of roGFP2 with the change in endogenous GSSG levels 

is dependent on the activity of the fused ScGrx7 moiety. Notably, formation of GSSG upon 

addition of H2O2 is most likely indirect. An accumulation of GSSG resulting from the reaction 

between H2O2 and 2GSH is thermodynamically possible. However, in vitro studies have shown 

rate constants below 30 M-1 s-1 (Winterbourn et al., 1999). As yeast do not harbor bona fide 

glutathione peroxidases, thiol peroxidases alongside glutathione transferases and 

glutaredoxins are most likely the major sources of GSSG upon the H2O2 treatment 

(Collinson et al., 2002; Peskin et al., 2016; Calabrese et al., 2019; Zimmermann et al., 

unpublished). Their rate constants with H2O2 or GSH are several orders of magnitude higher 

and would therefore mediate the formation of GSSG. 

Development of the roGFP2-based screen involved characterization of probe behavior in the 

cytosol of yeast cells. Wild-type yeast cells however, as used in the study of Staudacher and 

colleagues in 2018, were not suitable for measurements of ScGrx7-dependent roGFP2 

oxidation. Minor roGFP2 responses, following the H2O2 application, indicate rapid GSSG 

reduction (Figure 7A; Morgan et al., 2011). H2O2 and GSSG can be readily reduced by 

cytosolic thioredoxin and glutathione reductases in wild-type cells. Both enzymes limit the 

aforementioned necessary supply of GSSG in sufficient amounts. Deletion of the gene 

encoding the glutathione reductase (ScGLR1) was necessary for sensitizing the cytosolic 

glutathione pool to the H2O2 treatment (Figure 7B). In accordance with previous studies, 

steady-state oxidation increases in Δglr1 yeast strains, which directly reflects increased 

cytosolic GSSG levels (Morgan et al., 2011). However, unfused roGFP2 and fusion of roGFP2 
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to the inactive ScGrx7C108S also seemed to equilibrate to the change in GSSG, independently 

of the activity of the fused moiety. This is problematic for the enzyme activity readout, as 

roGFP2 oxidation was not exclusively mediated by ScGrx7. Cytosolic dithiol class I 

glutaredoxins i.e., the endogenous ScGrx1 and ScGrx2, are known to equilibrate roGFP2 with 

the 2GSH/GSSG redox couple (Björnberg et al., 2006). It is important to note that equilibration 

of roGFP2 by cytosolic glutaredoxins involve ScGrx1 and ScGrx2, but not the third cytosolic 

glutaredoxin, ScGrx8. ScGrx8 structurally differs from classical dithiol glutaredoxins and 

remains largely uncharacterized (Eckers et al., 2009; Tang et al., 2014). Therefore, all 

following discussions about cytosolic glutaredoxins exclude ScGrx8 unless explicitly stated 

otherwise. 

To enhance the specificity of roGFP2 oxidation, genes encoding ScGrx1 and ScGrx2 were 

deleted in a Δglr1 background in order to obtain the Δglr1Δgrx1Δgrx2 yeast strain. This yeast 

strain fulfills the requirements for rapid perturbation of the cytosolic glutathione pool, as well 

as specific roGFP2 oxidation mediated by the fused glutaredoxin (Figure 7C; publication 2.1., 

Figure 7a). 

 

Figure 7. Development of a screen to monitor ScGrx7 activity. Unfused roGFP2, roGFP2-ScGrx7 and 

catalytically inactive roGFP2-ScGrx7C108S were expressed in (A) wild-type (WT), (B) Δglr1 or (C) Δglr1Δgrx1Δgrx2 

yeast cells. Genes were deleted to allow for rapid perturbation of the glutathione pool (Δglr1) in combination with 

specific, ScGrx7-dependent roGFP2 oxidation (Δgrx1Δgrx2) upon application of different H2O2 concentrations. 
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Differences between the unfused or the inactive negative control roGFP2-ScGrx7C108S and the 

active roGFP2-ScGrx7 can be clearly seen in triple deletion yeast cells (Figure 7C). However, 

many subsequent mutations in ScGrx7 led to slightly elevated or reduced activity, which was 

difficult to decipher directly from the corresponding roGFP2 response curves. Therefore, the 

integrated area under the OxD-curve was calculated after baseline subtraction 

(0 µM H2O2 treatment) as shown previously (Staudacher et al., 2018), allowing a 

semi-quantitative readout of the roGFP2 oxidation kinetics (see publication 2.1., Figure 7b). 

Initial refinements of the approach involved increasing the temporal resolution in order to 

observe even slight differences in roGFP2 oxidation kinetics between constructs. Thus, the 

fluorescence plate reader was adjusted to minimize the time for scanning each well. Using a 

multichannel pipette allowed for the simultaneous treatment of up to twelve wells. Future 

improvements of this method might include measurements in 96- or even 384-well plates with 

automated application of H2O2 or other substrates. 

Equilibration of roGFP2 with the 2GSH/GSSG redox couple requires its efficient and reversible 

oxidation and reduction. The glutaredoxin moiety in the roGFP2-ScGrx7 fusion mediates this 

equilibration in the absence of endogenous dithiol glutaredoxins in ∆glr1∆grx1∆grx2 deletion 

cells. Consequently, monothiol ScGrx7 can use roGFP2 as a disulfide substrate. This is 

particularly interesting as it is often postulated that protein disulfide reduction, according to the 

traditional model for glutaredoxin catalysis, requires a dithiol mechanism (Figure 1A). 

Examples are reported for E. coli ribonucleotide reductase, PAPS reductase and human 

PRDX3 (Bushweller et al., 1992; Lillig et al., 1999; Hanschmann et al., 2010). Reduction of 

disulfides by monothiol ScGrx7 and engineered monothiol ScGrx2C64S have been investigated 

in a detailed follow-up study and will be discussed in following sections (see publication 2.3.). 

Interestingly, in absence of suitable glutaredoxins facilitating the equilibration, steady-states 

are comparably high. What mediates high steady-state oxidation in ∆glr1∆grx1∆grx2 deletion 

cells expressing unfused roGFP2 or inactive roGFP2-ScGrx7C108S? In this case, roGFP2 is 

most likely directly oxidized by GSSG. However, other proteins might also mediate slow 

roGFP2 oxidation e.g., peroxiredoxins. Experimental evidence was collected by expressing a 

fusion between roGFP2 and the peroxiredoxin ScTsa2∆CR in ∆grx1∆grx2 deletion cells.  

Under these conditions, roGFP2 was fully oxidized at steady-state (Morgan et al., 2016).  

After peroxiredoxin-mediated roGFP2 oxidation, endogenous dithiol glutaredoxins were 

necessary for roGFP2 reduction. In 2004, Østergaard and colleagues used a pulse-chase 

experimental setup with radioactively labeled 35S in order to demonstrate that cytosolic rxYFP 

is oxidized, albeit slowly but continuously in a Δglr1Δgrx1Δgrx2 yeast deletion 

(Østergaard et al., 2004). 
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De novo synthesis of reduced proteins after the washout of 35S is not a factor in the 

pulse-chase experiment as they are not radioactively labeled. However, de novo synthesis of 

reduced proteins as well as cellular degradation of oxidized roGFP2 might affect the 

steady-state oxidation in fluorescence measurements. This, in combination with slow, direct 

oxidation of roGFP2, might explain the elevated sensor oxidation. To further investigate this 

possibility in future experiments, roGFP2 could be expressed under the control of an inducible 

promoter. Following the washout of the inductor, direct roGFP2 oxidation could be followed 

over time using a fluorescence plate reader to exclude de novo synthesis of reduced sensor 

proteins. 

In summary, the cytosol of yeast cells was used as a test-tube to develop an in-cell screening 

system. In this model, (i.) Δglr1Δgrx1Δgrx2 yeast cells allowed for perturbation of the 

glutathione pool and specificity of roGFP2 oxidation. (ii.) The exogenous application of H2O2 

induced changes in endogenous GSSG levels, (iii.) while high temporal resolution enabled 

monitoring of roGFP2 equilibration to the changes in endogenous GSSG levels  

i.e., the oxidation kinetics. (iv.) 96-well plate-based measurements enabled the simultaneous 

screening of multiple constructs and conditions. 

 

3.2. Establishment of a roGFP2-based screen to monitor ScGrx7 structure-function 

relationships 

 

Active class I glutaredoxins harbor a glutathione-scaffold site and a glutathione-activator site 

for the reaction with either the glutathionylated substrate or GSH as the reductant (Figure 2). 

To further identify and characterize contributing residues to both sites, the activity of selected 

point mutants within conserved protein regions were analyzed using the roGFP2-based 

approach (see publication 2.1., Figure 1b,d and 7c-f). For validation and establishment of the 

novel fluorescence-based screen, the same mutants were also analyzed in vitro. This allowed 

for direct comparison between the results obtained from both approaches. In other words, do 

relative differences in the roGFP2 oxidation kinetics between certain constructs correlate with 

the corresponding in vitro data? 

Generally, results obtained in vivo, using the roGFP2 fluorescence readout, correlated well 

with the corresponding in vitro kinetics for the oxidative half-reaction using GSSCys as a 

glutathionylated substrate (Begas et al., 2017; publication 2.1., Figure 2,4,5). Oxidation of 

roGFP2 by the fused ScGrx7 in the yeast-based assay requires both half-reactions. First the 

glutaredoxin thiolate attacks GSSG resulting in glutathionylated ScGrx7 (oxidative 

half-reaction), which then glutathionylates roGFP2 (reductive half-reaction). Subsequently, 

roGFP2 forms an intramolecular disulfide bond changing its spectral properties (Figure 4).  
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Which of these half-reactions is rate-limiting and thus determines the kinetics of roGFP2 

oxidation? The constructs roGFP2-ScGrx7R153A (point mutation in the basic loop following 

Helix 3) and roGFP2-ScGrx7E170A (point mutation within Helix 4) served as controls for the 

glutathione-scaffold site (see publication 2.1., Figure 7f). In vitro, both mutations affected the 

oxidative but not the reductive half-reaction (Begas et al., 2017 and publication 2.1., Figure 5). 

Accordingly, slower oxidation kinetics for roGFP2-ScGrx7R153A and roGFP2-ScGrx7E170A in vivo 

indicated rate-limitation of the oxidative half-reaction. In other words, glutathionylation of the 

ScGrx7 moiety by GSSG dictated the kinetics of roGFP2 oxidation, rather than 

glutathionylation and subsequent disulfide bond formation on roGFP2.  

This is particularly interesting, as the opposite was postulated for analyses of fusions between 

roGFP2 and PfAOP or mutants thereof (Staudacher et al., 2018). In this study, the pattern of 

roGFP2 oxidation kinetics correlated with the rate-limiting reductive half-reaction of PfAOP with 

GSH in vitro. Given the high reactivity of thiol peroxidases towards peroxides, an extremely 

efficient oxidative half-reaction could explain the rate-limiting reduction of PfAOP by roGFP2. 

However, a rate-limiting reduction by roGFP2 would not necessarily result in differences in the 

roGFP2 oxidation kinetics, as long as the mutations do not directly affect the interaction with 

roGFP2 as a substrate. The selected mutants in this study were postulated to cause local 

unfolding of the active site. This could promote GSH-dependent reduction in vitro. It is also 

possible that this would make the sulfenic acid in oxidized PfAOP more accessible to a 

nucleophilic attack performed by roGFP2. 

In the roGFP2-based screen, charge inversion mutation in ScGrx7K105E had the strongest effect 

leading to almost full inactivation (see publication 2.1., Figure 7c). The conserved, positively 

charged lysine residue and the -CPYS- active site in ScGrx7 are separated by a short 

threonine-glycine- (TG-) loop. In other active class I glutaredoxins, these motifs are separated 

by similar two amino acid loops. Hence, a role of Lys105 in stabilization of the thiolate anion 

seems evident according to calculations performed on human GRX1 or experiments on the 

corresponding lysine in NrdH-redoxin from Corynebacterium glutamicum (Jao et al., 2006; 

Van Laer et al., 2014). Interestingly, the thiol pKa in ScGrx7K105E changes only moderately, 

implying other important functions e.g., stabilization of the glutathionylated enzyme. 

Replacement with uncharged alanine in ScGrx7K105A or tyrosine in ScGrx7K105Y affected both 

half-reactions in vitro. This further suggests that Lys105 plays a role in the reaction of the 

glutathionylated enzyme with GSH (Begas et al., 2015). Relevance of the conserved, 

positively charged lysine residue to the glutathione activator site was also shown for 

Trypanosoma brucei Grx1. In TbGrx1, a tryptophan residue replaces the lysine nearby the 

active site. In accordance with the model for the glutathione activator site, TbGrx1 was not 

reduced by GSH (Manta et al., 2019). 
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The active site tyrosine mutant ScGrx7Y110F indicated that the hydroxyl group is dispensable 

for the glutathione-dependent catalysis. Intriguingly, even a slight gain-of-function was 

reported for this mutant. However, exchanging the aromatic side chain with either the imidazole 

ring in the corresponding histidine mutant (ScGrx7Y110H) or replacement of the bulky side chain 

by alanine (ScGrx7Y110A) led to an incremental decrease of activity. The side chain might play 

an important structural role by keeping the glutathionyl moiety of the glutathionylated enzyme 

in the correct orientation. Again, data obtained in vivo, using the roGFP2-based assay, 

correlated well with the corresponding in vitro data for the oxidative half-reaction 

(see publication 2.1., Figure 2 and 7d). 

 

Figure 8. Schematic summary of the contributing publication 2.1. Assessment of the oxidoreductase activity 

of ScGrx7 and mutants thereof using genetic fusions to roGFP2. Application of H2O2 leads to GSSG production. 

Glutaredoxin-mediated roGFP2 oxidation upon GSSG accumulation directly correlates with the activity of the 

protein in question. Relative differences in roGFP2 oxidation kinetics between several mutants further correlated 

with the corresponding in vitro data. (Zimmermann, Morgan, unpublished) 

In summary, comparing the results obtained in vivo with the corresponding in vitro data 

demonstrated: (i.) Suitability of the roGFP2 oxidation kinetics as a measure of glutaredoxin 

activity. (ii.) Faithful replication of ScGrx7 structure-function relationships in vivo and  

(iii.) rapid screening of multiple mutants without the need of initial protein purification 

(Figure 8). With this proof-of-principle in place, the system was applied to extend this study. 

Having identified and characterized important protein areas, accounting for the oxidoreductase 

activity in ScGrx7, is it now possible to interconvert active class I and inactive class II 

glutaredoxins? 
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3.3. Interconversion analyses of redox-active and -inactive glutaredoxins 

 

In order to further validate the contribution of certain areas to the oxidoreductase activity in 

active class I glutaredoxins, interconversion analyses were performed. Interestingly, ScGrx7 

and inactive class II glutaredoxins harbor the same -CxxS- active site arrangement. If a single 

cysteine residue in the active site can account for the oxidoreductase activity in ScGrx7, which 

other motifs determine presence or absence of activity in different glutaredoxins? Conserved 

motifs and residues from ScGrx7 were introduced individually or in combination to inactive 

class II human GRX5 (HsGrx5) for conversion into an active glutaredoxin and vice versa. 

Striking structural features in redox-inactive HsGrx5 are (i.) the elongated GTPEQPQ-loop that 

separates the conserved lysine residue from the active site and (ii.) a conserved tryptophan-

proline (WP) motif in the loop following Helix 3 (see publication 2.1., Figure 1d). Interestingly, 

roGFP2-ScGrx7loop (where the short TG-loop is replaced by the GTPEQPQ-loop), 

roGFP2-ScGrx7WP (where two arginine residues are replaced by the WP-motif) and a 

combination of both in roGFP2-ScGrx7loop+WP showed almost full sensor oxidation at 

steady-state (Figure 9B). Consequently, they were robust against further oxidation upon the 

addition of H2O2. Therefore, it was not possible to conclude inactivation of ScGrx7 as a result 

of the mutations using the standard approach. 

What is the reason for this high steady-state oxidation? The answer to this question is not yet 

completely clear. Usually, when reporting the glutathione redox potential (EGSH), roGFP2 is 

fused to human or yeast Grx1. The reason for this is, that Grx1 can efficiently equilibrate 

roGFP2 with the 2GSH/GSSG redox couple. As previously stated, equilibration requires both, 

reversible oxidation and reduction of the roGFP2 moiety by Grx1. When fusing roGFP2 to 

different glutaredoxin mutants with altered enzymatic properties e.g., either impaired or 

accelerated oxidative or reductive half-reactions, equilibration might be affected. In other 

words, a glutaredoxin mutant might still be able to glutathionylate roGFP2, but loses the ability 

to use oxidized roGFP2 as a substrate. Similarly, Arabidopsis thaliana GrxS15 was 

demonstrated to oxidize roGFP2 with GSSG but could not reduce it with GSH in vitro 

(Begas et al., 2015; Moseler et al., 2015). This is not a problem per se, as the screen is not 

intended to monitor EGSH. In this case however, most roGFP2 molecules would be oxidized at 

steady-state. This would limit any further roGFP2 oxidation upon treatment with H2O2 and 

therefore prevent the essential monitoring of the oxidation kinetics. To overcome the problem 

of high steady-state oxidation and test the activity of aforementioned mutants, a sensitizing 

dithiothreitol (DTT) assay was developed (Figure 9A). DTT is a strong disulfide reductant. 

Yeast cells were shortly incubated with DTT to reduce all roGFP2 molecules. The chemical 

reduction of roGFP2 before the addition of H2O2 decreases the steady-state oxidation.  
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This in turn increases the dynamic range and allows for monitoring of oxidation kinetics upon 

the treatment with H2O2. 

Using this approach, roGFP2-ScGrx7loop, roGFP2-ScGrx7WP and roGFP2-ScGrx7loop+WP were 

around 10-20% oxidized at steady-state and remained unresponsive towards the addition of 

H2O2. In contrast, the roGFP2-ScGrx7 positive control responded similarly to previous 

measurements without DTT pre-treatment. With the exception of the roGFP2-ScGrx7WP 

construct, this inactivation was in agreement with the corresponding in vitro data. In vitro, 

ScGrx7WP displayed only a decelerated oxidative half-reaction while the reductive half-reaction 

was largely unaffected. This suggests that interaction with GSH is not impaired. A lack of 

activity in vivo could be attributed to the bulky WP-motif blocking the interaction with roGFP2. 

Thus, insertion of the long GTPEQPQ-loop alone, or in combination with the conserved 

WP-motif, led to a loss of oxidoreductase activity in ScGrx7 in vitro and in vivo  

(see publication 2.1., Figure 6 and 7g). 

Vice versa, the corresponding mutations were also introduced to the Fe-S cluster binding 

protein, HsGrx5, and redox activity of the roGFP2 fusion was tested in vivo. However, 

roGFP2-HsGrx5loop (where the elongated GTPEQPQ-loop is replaced by short TG-loop), 

roGFP2-HsGrx5RR (where the WP-motif is replaced by two arginine residues) and 

roGFP2-HsGrx5loop+RR were all barely active, suggesting that these motifs alone are not 

sufficient to convert HsGrx5 into an oxidoreductase (see publication 2.1., Figure 7h). 

More than 15 combinations of specific point mutations in roGFP2-HsGrx5loop and 

roGFP2-HsGrx5loop+RR were created by site-directed mutagenesis. Subsequently, these 

constructs were rapidly characterized in vivo using the roGFP2-based screen in combination 

with the DTT pre-treatment protocol. With the system established and previous comparisons 

to corresponding in vitro data, the fluorescence-based system was solely used for the 

characterization of additional mutants. Gain of oxidoreductase activity was detected for the 

roGFP2-HsGrx5loop construct with an additional mutation within the active site, where the 

conserved glycine (-CGFS-) was mutated to proline (-CPFS-). The gain-of-function of the 

glycine-to-proline mutation could be explained by proline preventing Fe-S cluster coordination 

due to reduced flexibility of the protein backbone (Johansson et al., 2007).  

An additional mutation of the Helix 3 arginine residue to the conserved glutamine further 

increased the roGFP2 oxidation kinetics. The resulting HsGrx5loop+G68P+R97Q (hereinafter 

referred to as HsGrx5Active) was almost as active as ScGrx7 at high H2O2 concentrations 

(Figure 9C; see publication 2.1., Figure 7i). 
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Figure 9. DTT pre-treatment allows for monitoring of the roGFP2 oxidation kinetics when steady-state 

oxidation is high. (A) Response of unfused roGFP2 before and after the DTT pre-treatment. DTT reduces the 

roGFP2 steady-state oxidation as indicated by the excitation spectra. High steady-states in (B) 

roGFP2-ScGrx7loop+WP and (C) roGFP2-HsGrx5Active prevent further oxidation after H2O2 treatment. Using the DTT 

assay, loss-of-function in ScGrx7loop+WP and gain-of-function in HsGrx5Active was monitored.  

Responses of roGFP2-ScGrx7 and roGFP2-HsGrx5 serve as positive and negative controls, respectively.  

(see publication 2.1., Figure 7, Supplementary Figure 17). 

These results are in agreement with another interconversion study, published shortly after, by 

Trnka and colleagues. They used purified roGFP2 in vitro and Zebrafish embryos as an in vivo 

model. Accordingly, their HsGrx5loop mutant (inserting the short class I-loop from HsGrx2 

adjacent to the active site) showed significant gain-of-function for the oxidation and reduction 

of roGFP2 in vitro. For in vivo analyses of the engineered mutants, the mitochondrial class II 

Grx5 from Zebrafish was knocked down. This significantly decreased viability of the zebrafish 

embryos. They complemented the loss by the expression of different recombinant proteins and 

mutants. While HsGrx5 rescued the survival rate, the activated HsGrx5loop mutant was unable 

to complement for the knockdown of endogenous Grx5. This indicates uncoupling from its 

former role in Fe-S cluster biogenesis and trafficking. Opposingly, HsGrx2loop (with the 

elongated class II-loop), which lost almost all its oxidoreductase activity in the roGFP2 assay, 

restored the viability of the embryos to the same extent as HsGrx5 (Trnka et al., 2020). 

Based on these results it was postulated that the loop adjacent to the active site switches the 

function of glutaredoxins from oxidoreductases to Fe-S transferases or vice versa. 

Consequently, the loop-motif acts as an on/off switch for oxidoreductase activity. 
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In publication 2.1., replacement of the elongated GTPEQPQ-loop by the short TG-loop proved 

necessary for the conversion of HsGrx5 into a redox active glutaredoxin (see publication 2.1., 

Figure 7h,i). However, oxidation kinetics in HsGrx5loop were only slightly increased. Multiple 

protein areas together were shown to contribute to the oxidoreductase activity. These findings 

were further investigated in an unpublished follow-up study. Amongst other thioredoxin 

superfamily enzymes, active class I HsGrx1 and mutants thereof were also tested as fusion 

constructs with roGFP2. Interestingly, the oxidation kinetics of roGFP2 in the HsGrx1loop mutant 

were slower compared to the wild-type enzyme, albeit not absent. It would be interesting to 

investigate whether other mutations in combination could fully inactivate HsGrx1loop. 

Altogether, these studies show that the loop is a determinant structural difference for both 

classes but does not alone account for the interconversion of class I and class II glutaredoxins. 

Surprisingly, ScGrx7 and HsGrx5Active did not just respond to the H2O2 treatment in a 

concentration dependent manner, but also showed elevated steady-state oxidation despite the 

DTT pre-treatment when compared to the inactive negative controls (Figure 9B,C). This can 

probably be attributed to active glutaredoxins oxidizing roGFP2 during the washing and 

subsequent centrifugation steps. This is an interesting observation and counterintuitive, as the 

addition of a strong reductant shows oxidation of roGFP2 shortly after it has been washed out. 

Most likely, residual cytosolic GSSG is rapidly sensed by the roGFP2-Grx fusion. This also 

depends upon the activity of the glutaredoxin moiety and explains the lower roGFP2 

steady-state when fused to less active glutaredoxin mutants. A possible alternative explanation 

could be the activity of yeast endoplasmic reticulum oxidoreductin 1 (ScEro1). ScEro1 is an 

important enzyme involved in oxidative protein folding in the ER. It re-oxidizes the protein 

disulfide isomerase 1 (ScPdi1), which facilitates the oxidation of client proteins during oxidative 

protein folding (Frand et al., 1999). Usually, ScPdi1 donates electrons to ScEro1. ScEro1 

harbors several regulatory cysteines, which are important for sensing the redox state of ScPdi1 

(Tavender et al., 2010). In its active, reduced form, ScEro1 shuffles electrons to molecular 

oxygen using FAD as a cofactor, generating H2O2 (Zito, 2015). In the presence of DTT, 

regulatory cysteine residues of ScEro1 remain reduced allowing a continuous transfer of 

electrons leading to accumulation of H2O2. Peroxide formation by ScEro1 can indeed be 

increased as a result of a DTT treatment (Gross et al., 2006; Tavender et al., 2010).  

H2O2 might then diffuse into the cytosol where it leads to generation of GSSG as described 

previously. This could explain why roGFP2 fused to active or activated glutaredoxins (ScGrx7 

or HsGrx5Active) display a higher steady-state oxidation and consequently respond sensitively 

to changes in GSSG compared to inactive glutaredoxins or unfused roGFP2. Considering both 

possibilities, not only probe responses to exogenously added H2O2, but also the steady-state 

oxidation after DTT pre-treatment indicate the conversion of HsGrx5 into an active 

glutaredoxin, which could potentially serve as a further measure for oxidoreductase activity. 
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The developed system might enable new possibilities in characterization of other thioredoxin 

superfamily proteins. (i.) With the gained knowledge about the structural determinant 

differences between redox-active and -inactive glutaredoxins, it is possible to examine other 

proteins that might use glutathione as a substrate. For instance, glutathione is present in the 

ER, but its role in certain processes, such as oxidative protein folding, remains largely elusive. 

Therefore, it would be interesting to see if ER proteins e.g., protein disulfide isomerases are 

able to interact with glutathione as indicated previously (Molteni et al., 2004; 

Delaunay-Moisan et al., 2017). Genetic fusions between roGFP2 and ScPdi1 or HsPDI1 have 

already been generated, and demonstrated glutathione-dependent oxidoreductase activity of 

these proteins. Protein disulfide isomerases are particularly interesting because they harbor 

multiple thioredoxin fold domains. Again, site-directed mutagenesis and subsequent rapid 

screening in the cytosol of yeast cells could be used to dissect the structural motifs, enabling 

them the interaction with either the glutathionylated substrate or reduced glutathione.  

(ii.) Furthermore, such an approach might enable the characterization of proteins in a cellular, 

yeast-based ‘test-tube’ that could not yet be analyzed in vitro. An example being 

land plant-specific class III glutaredoxins, also known as CC-type or ROXY glutaredoxins 

(Couturier et al., 2009; Patterson et al., 2016). Genetic analyses point towards functions in 

development and pathogen defense (Meyer et al., 2012). Comprehensive biochemical 

characterization however, are still missing due to difficulties in purifying recombinant proteins 

(Couturier et al., 2010; Couturier et al., 2013). Expressing roGFP2 fusions in yeast seemed 

possible from preliminary experiments. However, neither the wild-type protein nor putative 

gain-of-function mutants were active in the fluorescence-based assay (data not shown).  

(iii.) An activity screening assay within living cells could also enable analyses of post-

translational modifications (PTM). Insights were already gained in PfOAP regarding its 

accessibility to hyperoxidation (Staudacher et al., 2018). Monitoring H2O2-dependent 

inactivation was only possible in vivo using fusions to roGFP2. PTMs in the context of thiol 

peroxidase hyperoxidation were also investigated in yeast mitochondria 

(Calabrese et al., 2019) as well as in continuous, synchronized fermenter cultures 

(see publication 2.4.) using roGFP2-based sensors. Analyses of PTMs in general is 

challenging in vitro with recombinant proteins. Therefore, future studies in yeast might also 

involve effects on the protein activity upon other PTMs e.g., phosphorylation of non-catalytic 

residues in peroxidases (Woo et al., 2010; Lim et al., 2015; Rawat et al., 2013).  

In summary, combination of site-directed mutagenesis and rapid roGFP2-based screening for 

activity, provides new possibilities for analyses of structure-function relationships and catalytic 

mechanisms in thioredoxin superfamily proteins. This novel approach enables rapid screening 

of multiple conditions, different proteins and mutants using genetically engineered yeast cells. 

Certain proteins or mutants can then further be subjected for quantitative follow-up 
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characterization in vitro. In future experiments this approach will certainly be expanded to more 

members of the thioredoxin superfamily. 

 

3.4. ScOPT1 overexpression allows for direct application of GSSG 

 

Following the development and application of the novel roGFP2-based approach, remaining 

questions were addressed in follow-up studies. Application of H2O2 as an indirect substrate 

harbors two major limitations. (i.) The requirement of application of high H2O2 concentrations 

to induce sufficient formation of GSSG and (ii.) the unknown mechanism in which GSSG is 

directly or indirectly formed (Figure 8,10A). Especially, given the possibility that the 

glutaredoxin in the genetic fusion to roGFP2 might participate in GSSG production in the 

absence of endogenous cytosolic ScGrx1 and ScGrx2. Applying a natural glutaredoxin 

substrate would thus significantly improve the approach and would further rule out contribution 

of any unknowns about GSSG formation upon the H2O2 treatment in the assay. 

Unlike H2O2, GSSG cannot freely cross the plasma membrane. Its transport into yeast cells is 

facilitated by the proton-coupled glutathione symporter ScOpt1/ScHgt1 

(Bourbouloux et al., 2000; Osawa et al.,2006). Despite of its endogenous expression, 

application of exogenous GSSG instead of H2O2 did not result in glutaredoxin-mediated 

roGFP2 oxidation. This indicates, that ScOpt1 expression levels did not allow for sufficient 

GSSG transport into the cell (see publication 2.2., Figure 1a,b). Overexpression of this 

transporter however, was shown to permit rapid import of GSH and GSSG (Kumar et al., 2011; 

Ponsero et al., 2017). This raised the question if overexpression of ScOPT1 in 

Δglr1Δgrx1Δgrx2 yeast cells would allow for monitoring the oxidoreductase activity of 

glutaredoxins with their natural substrate, GSSG. Thus, yeast cells were co-transformed with 

two plasmids, the first encoding ScOpt1 and the second plasmid encoding a genetic fusion 

between roGFP2 and ScGrx1. Indeed, roGFP2 responded readily to exogenous GSSG in an 

ScOpt1- and glutaredoxin-dependent manner (Figure 10B; see publication 2.2., Figure 1f). 

The results were further supported by elevated glutathione levels measured in whole cell 

lysates after GSSG treatment (see publication 2.2., Figure 1c,d). 

To prove the suitability of the new assay for monitoring glutaredoxin structure-function 

relationships, a series of previously characterized mutants of ScGrx7 and HsGrx5 were tested 

(see publication 2.1 Figure 7 and publication 2.2 Figure 2, 3, 4). The results clearly show that 

roGFP2 oxidation kinetics depend on the activity of the fused glutaredoxin moiety. This assay 

is also compatible with the sensitizing DTT pre-treatment. It was possible to corroborate 

previous results using this assay. HsGrx5Active, the class II glutaredoxin mutant which exhibits 
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oxidoreductase activity, already responded to concentrations of GSSG, which were ten times 

lower than those of H2O2 in the standard assay (see publication 2.2., Figure 3). Again, this 

demonstrated the necessity of high H2O2 concentrations to induce sufficient glutathione 

oxidation in the standard assay. Moreover, GSSG treatment enabled a better 

concentration-dependent resolution i.e., a more linear response-pattern. Differences between 

roGFP2-HsGrx5 and roGFP2-HsGrx5Active could only be seen when using high concentrations 

of H2O2 between 100 µM and 1000 µM (publication 2.2., Figure 3e,f).  

Statistical significance in the optimized assay was shown for GSSG concentrations as low as 

6 µM. As mentioned previously, there is a possibility that the glutaredoxin in the fusion 

contributes to GSSG production e.g., by reducing thiol peroxidases after the H2O2 treatment. 

It is possible that HsGrx5Active is unable to, or competes less efficiently for the reduction of 

peroxidases. This means, that less GSSG might be generated, especially towards less 

excessive peroxide amounts i.e., mid-to-low range H2O2 concentrations. This could explain the 

relatively quick drop of roGFP2 oxidation kinetics between 500 µM and 200 µM H2O2 

(Figure 9C, compare the grey and yellow lines in the right panel, see also publication 2.1., 

Figure 7i). In contrast, there is a more linear decrease when applying GSSG directly, and not 

relying on H2O2-dependent GSSG formation (see publication 2.2., Figure 3d,f). 

An assay that enables import and sensing of GSSG, would presumably allow for testing other 

glutathione derivatives in vivo accordingly (Figure 10B). GSNO showed similar ScOpt1- and 

glutaredoxin-dependent roGFP2 oxidation kinetics in comparison to GSSG.  

Intriguingly, responses to both substrates were almost indistinguishable. This suggests either 

an indirect roGFP2 oxidation by rapid conversion of GSNO into GSSG, or that glutaredoxins 

are capable of reacting comparably well with either substrate. Regarding the first possibility, 

previous studies have suggested that the formaldehyde dehydrogenase ScSfa1 can also 

function as a reductase for GSNO (Liu et al., 2001). In order to test the effect of a putative 

rapid conversion into GSSG, the quadruple deletion strain Δglr1Δgrx1Δgrx2Δsfa1 was 

generated. However, responses of roGFP2-ScGrx1 to GSNO were not affected by the 

additional gene deletion, suggesting that GSNO might directly react with the glutaredoxin (see 

publication 2.2., Figure 5c,d). To further analyze this reaction, in vitro stopped-flow kinetic 

measurements were performed. Interestingly, GSNO-mediated oxidation was not solely 

depending on glutaredoxins. In accordance with previous observations, GSNO could directly 

oxidize roGFP2 (Müller et al., 2017). This was not observed in vivo and the reason for this 

remains unclear (see publication 2.2., Figure 5a). In vitro, GSNO-mediated oxidation of 

roGFP2 could be accelerated by addition of either monothiol or dithiol glutaredoxins 

(see publication 2.2., Figure 6b,c). The use of genetic fusion constructs in vivo but not in vitro 

might partially explain the strict glutaredoxin-dependency. Together with the in vitro data, 

results point towards a direct reaction between GSNO and the glutaredoxin.  
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This raises the question for the mechanism of GSNO-dependent oxidation of the glutaredoxin 

moiety. Either, the glutaredoxin thiolate nucleophilically attacks the nitrogen atom in GSNO, 

and therefore functions as an S-transnitrosylase, or the sulfur atom is the target. In the latter 

case, the reactions leading to roGFP2 oxidation would be identical for both, GSNO and GSSG 

(Figure 4). This could explain the similarity in roGFP2 oxidation kinetics with both substrates. 

Such a mechanism was postulated for poplar GrxS12, where GSNO addition led to 

S-glutathionylation (Zaffagnini et al., 2012). Future studies might untangle the exact 

mechanism of the glutaredoxin-dependent reaction of GSNO with roGFP2 in vivo. 

Figure 10. Schematic summary of the contributing publications 2.1. and 2.2. (A) Fluorescence-based 

approaches were developed and applied to monitor structure-function relationships of active class I and inactive 

class II glutaredoxins. (B) To avoid indirect GSSG formation upon H2O2 application, the system presented in (A) 

was refined by overexpression of ScOPT1. ScOpt1 facilitates the import of the natural glutaredoxin substrate, 

GSSG, and other glutathione derivatives. The approach could be expanded to the expression of other transporters 

for the import of alternative metabolites or substrates. (Zimmermann, Morgan, unpublished) 

The presented approaches can be applied to investigate other thioredoxin superfamily proteins 

in future studies. Interestingly, the human thioredoxin-related protein of 14 kDa (HsTRP14) is 

an efficient S-denitrosylase (Pader et al., 2014; Espinosa, Arnér, 2019). This thioredoxin 

superfamily protein was also tested in a fusion to roGFP2 in a thus far unpublished study. 

HsTRP14 could not oxidize roGFP2 after the exogenous H2O2 treatment and subsequent 

GSSG formation. Although it remains to be tested with direct titration of GSSG, the preliminary 

results strongly suggest that HsTRP14 does not, or at least inefficiently, interact with GSSG 

as a substrate. However, at this experimental stage, impaired interaction with roGFP2 cannot 

be excluded. Nonetheless, it would still be interesting to see if the application of GSNO, using 

the ScOPT1 overexpression assay, could lead to S-nitrosylation of HsTRP14. The subsequent 

transfer of the NO group to roGFP2 could then result in disulfide bond formation under release 

of nitroxyl (HNO). Such an experiment would provide an example that allows for testing certain 
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proteins with respect to their specific substrate preference, which might differ from that of 

glutathione-dependent enzymes. 

Having a transporter that facilitates the import of sufficient amounts of GSSG or GSNO as 

alternative substrates, might also allow for the application of other glutathione derivatives. This 

would enable testing for the reaction with alternative substrates. Such an assay might also 

permit the characterization of enzymes with unknown substrates. In this case, the import of a 

certain substrate into the cytosol would depend upon the capability of ScOpt1 to facilitate the 

transfer of this molecule. However, overexpression of other transporters could also be 

attempted. A putative candidate would be the cystine-specific transporter from 

Candida glabrata CYN1 (Yadav, Bachhawat, 2011). Again, this would relate to HsTRP14, 

which has shown the ability to also efficiently reduce L-cystine in vitro, even via a monothiol 

mechanism in an engineered cysteine mutant (Pader et al., 2014). Interestingly, engineered 

monothiol thioredoxins are usually inactive (see publication 2.3.), pointing towards specified 

functions of HsTRP14. Given that cysteinylated HsTRP14 is accessible to the nucleophilic 

attack by the roGFP2 thiolate, this reaction could presumably be monitored using the 

fluorescence-based assay. 

A similar approach would also be particularly interesting for the characterization of the third, 

cytosolic glutaredoxin in yeast i.e., ScGrx8. ScGrx8 was barely active with HEDS in vitro 

(Eckers et al.,2009; Tang et al., 2014). In a fusion to roGFP2, it was unresponsive to H2O2 and 

subsequent GSSG formation, even after decreasing the steady-state oxidation using the 

sensitizing DTT-assay (data not shown). Interestingly, ScGrx8 and HsTRP14 share an unusual 

-SWCPDC- motif. Therefore, they might also have similar substrates, which could explain the 

absence of significant oxidoreductase activity with GSSG in vivo and HEDS in vitro. 

Application of GSNO using the ScOpt1 overexpression assay, or an expression of the cystine 

transporter CgCYN1 might permit alternative assays to investigate the elusive function of 

ScGrx8 in vivo. 

Altogether, it has been shown that the new assay can be used as an optimized screen for 

monitoring activity of oxidoreductases. Preliminary, unpublished data show suitability of the 

approach for structure-function analyses of other thioredoxin superfamily proteins. Providing a 

fine-tuned environment that allows for perturbations in GSSG and specific probe responses, 

activity and structure-function analyses can be assessed semi-quantitatively in vivo 

(see publication 2.1.). In order to optimize this assay and developing a more ‘in vitro-like’ 

experimental setup, the plasma membrane glutathione transporter, ScOPT1, was 

overexpressed. The transporter facilitated the import of the natural glutaredoxin substrate i.e., 

GSSG and other glutathione derivatives such as GSNO (Figure 10; see publication 2.2.). 

Furthermore, the dynamic range of probe responses can be increased with a brief DTT 
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pre-treatment. Using the disulfide reductant DTT decreased the roGFP2 steady-state 

oxidation. Although this assay was not necessary for all measurements, it provided invaluable 

data for characterization of mutants that could oxidize but not, or at least inefficiently, reduce 

roGFP2 (see publication 2.1. and publication 2.2.).  

 

3.5. Monitoring oxidoreductase-mediated reduction of endogenous proteins 

 

Monothiol ScGrx7 was previously shown to be able to equilibrate roGFP2 with the glutathione 

redox couple. Equilibration requires reversible glutathionylation of roGFP2 and reduction of its 

disulfide bond. This was particularly interesting, because according to the traditional model of 

the glutathione-dependent glutaredoxin catalysis, it has often been claimed that reduction of 

disulfide substrates requires a dithiol mechanism (Figure 1A). However, there are already 

known exceptions e.g., reduction of the mammalian ribonucleotide reductase or oxidation of 

rxYFP by an engineered monothiol ScGrx1 (Zahedi Avval, Holgrem, 2009; 

Björnberg et al., 2006). In vitro, quantitative assessment of the glutaredoxin-mediated 

reduction often involves oxidized model proteins e.g., ribonucleotide reductase or 

3’-phosphoadenylylsulfate (PAPS) reductase (Bushweller et al., 1992; Deponte, 2013). 

Therefore, it would be interesting to develop a yeast-based assay that allows to assess if 

monothiol glutaredoxins can in fact mediate the reduction of these disulfide substrates in vivo. 

Interestingly, yeast cells lacking both cytosolic thioredoxins (ScTrx1, ScTrx2) and the two 

active class I dithiol glutaredoxins (ScGrx1, ScGrx2) are inviable. The reason for this is an 

inability to perform the essential reduction of disulfides in certain proteins including 

ribonucleotide reductase or PAPS reductase in absence of methionine in the growth medium 

(see publication 2.3. Figure 1a). However, a single thioredoxin or glutaredoxin is enough to 

maintain viability, making all four possible triple deletions viable (Draculic et al., 2000). This 

enabled to test if certain proteins are able to complement the absence of endogenous ScTrx1, 

ScTrx2, ScGrx1 and ScGrx2, and therefore maintain viability of the yeast deletion strain. In 

other words, the cytosol of Δtrx1Δtrx2Δgrx1Δgrx2 yeast cells, where reduction of essential 

endogenous proteins solely depends upon the protein in question, is suitable for monitoring 

the reduction capacity of monothiol glutaredoxins and possibly other thioredoxin superfamily 

enzymes. 

To clarify the opportunities this novel in-cell approach provides for testing specific protein 

disulfide reduction, the following section briefly describes the proceeding of strain generation 

and plasmid shuffling. First, Δtrx1Δtrx2Δgrx2 cells were complemented by the transformation 

and expression of ScGRX2 from a p416TEF plasmid harboring URA3. URA3 encodes for the 
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orotidine-5’-monophosphate decarboxylase, which is critical for plasmid selection.  

Genomic ScGRX1 was then deleted using a homologous recombination-based method  

(see publication 2.3., Supplementary Figure 1). Hence, viability of the resulting quadruple 

deletion yeast strain, Δtrx1Δtrx2Δgrx1Δgrx2, fully relies on ScGrx2 encoded on the p416TEF 

plasmid. Noteworthy, Δtrx1Δtrx2Δgrx1Δgrx2 + p416TEF (roGFP2-) ScGRX2 does not require 

growth on uracil-lacking medium for plasmid selection. Stable plasmid integration is ensured 

by lethality of the quadruple deletion yeast strain in the absence of this plasmid. Subsequently, 

these cells were transformed with a second plasmid harboring a LEU2 gene (p415TEF) for 

plasmid selection and importantly also the oxidoreductase in question. Eventually, cells were 

streaked out on Hartwell Complete (HC) plates containing 0.1% 5-FOA (see publication 2.3., 

Figure 1c). 5-FOA is used for counter-selection against cells harboring the URA3 gene. Cells 

expressing URA3 convert non-toxic 5-FOA into toxic 5-flurouracil, which then becomes 

incorporated into the RNA, leading to cell death. This means that only those cells survive on 

5-FOA, that can afford losing the p416TEF (URA3) plasmid and therefore contain a protein 

encoded on the second plasmid (LEU2), which complements the loss of endogenous 

thioredoxins and glutaredoxins. Using the plasmid shuffling-based approach allows for rapidly 

testing the capacity for reduction of essential protein disulfides of all proteins in question 

(Figure 11). 

It was demonstrated that any of the four deleted enzymes could restore viability of the 

quadruple deletion yeast strain, while cells transformed with an empty p415TEF plasmid alone 

did not grow on 5-FOA-containing plates (see publication 2.3., Figure 2 and Supplementary 

Figure 3). Strikingly, cells transformed with a plasmid encoding monothiol class I ScGrx7 or 

engineered monothiol ScGrx2C64S (now containing the ScGrx7-like -CPYS- active site motif) 

were also able to grow, even at similar rates as cells rescued by dithiol ScGrx1 or ScGrx2.  

However, monothiol HsGrx5, the class II glutaredoxin previously used, did not rescue growth. 

The result strongly suggests that active class I monothiol glutaredoxins can, at minimum, 

perform the essential reduction of disulfide bonds in ribonucleotide reductase. This indicates 

that the second active site cysteine residue in dithiol glutaredoxins is dispensable for the 

essential reduction of known and unknown protein disulfides in yeast. 

Interestingly, previous in vitro studies have demonstrated that engineered -CxxS- 

glutaredoxins i.e., dithiol glutaredoxins mutated for their second active site cysteine residue, 

are as active or become even more active than their dithiol counterparts (Yang et al., 1991; 

Djuika et al., 2013). Thus, it raises the question why most active class I glutaredoxins possess 

two active site cysteine residues. One possible explanation is given by the cysteine-resolving 

model (Deponte, 2013). After the oxidative half-reaction, the glutathionyl moiety of the 

glutathionylated enzyme might block the ‘glutathione activator site’ for the reaction with GSH 

(Grx-S-SG) (Figure 2). 
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Glutaredoxins could possibly also become trapped in a permanent disulfide to substrates or 

target proteins (Grx-S-S-substrate/protein). In either case, unfavorable conformational states 

between both moieties might then prevent the reaction with GSH. The glutaredoxin thus 

becomes unreactive. In such a scenario, the second cysteine residue could nucleophilically 

attack the intermolecular disulfide bond and resolve or free the trapped species. Unfortunately, 

it is unclear how efficient the reduction of ribonucleotide reductase or other putative essential 

disulfides must be in order to maintain viability of this yeast strain. Physiological relevance of 

the cysteine resolving model could also be covered by the overexpression of the protein from 

the plasmid. In such a scenario it is necessary that a fraction of monothiol glutaredoxins must 

reduce ribonucleotide reductase without becoming trapped to ensure viability of the yeast 

strain. To exclude that the rescuing effects of monothiol glutaredoxins are not an artifact of the 

overexpression from a strong and constitutive promoter, a weaker, and also the endogenous 

promoter of ScGRX2 were tested. Irrespective of this, the strains expressing monothiol or 

dithiol class I glutaredoxins grew similarly and survived on plates containing 5-FOA (see 

publication 2.3., Supplementary Figure 2). 

Interestingly, HsGrx5Active, which could efficiently oxidize roGFP2 (see publication 2.1 and 2.2) 

could not support viability of the quadruple deletion yeast strain (see publication 2.3., 

Supplementary Figure 3). A high steady-state oxidation in the roGFP2 assay also suggests a 

less efficient reduction of roGFP2 as a disulfide substrate. Therefore, assessment of this fusion 

construct required a sensitizing DTT pre-treatment. Even though it is possible that HsGrx5Active 

might not interact with roGFP2 or ribonucleotide reductase as an appropriate substrate, 

another explanation could be general incapability of disulfide bond reduction in this mutant. 

Considering the observations from both approaches, the results together suggest a 

gain-of-function in HsGrx5Active towards the oxidative half-reaction with GSSG and the 

subsequent oxidation of target proteins e.g., roGFP2. However, roGFP2 and ribonucleotide 

reductase cannot or may be used less efficiently as disulfide substrates by this mutant. 

Besides the essential reduction of ribonucleotide reductase in the shuffling-based screen, 

reduction of other protein disulfides was investigated, using the Δtrx1Δtrx2Δgrx1Δgrx2 yeast 

cells as a ‘test-tube’. Reduction of disulfide bonds was analyzed in PAPS reductase, 

methionine sulfoxide reductase and roGFP2. Viable yeast strains containing plasmids 

encoding mono- or dithiol glutaredoxins were streaked onto HC plates without methionine.  

In accordance with in vitro studies and previous studies in yeast (Muller, 1991), neither 

monothiol nor dithiol glutaredoxins were able to reduce the disulfide bond in PAPS-reductase. 

This in turn halted any growth on methionine lacking plates and suggests that PAPS-reductase 

is exclusively reduced by thioredoxins (see publication 2.3., Figure 3). The methionine 

auxotrophy of TRX1 and TRX2 deficient yeast cells made testing for disulfide reduction in 

2-Cys methionine sulfoxide reductases possible. 
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Although several studies reported reduction exclusively by thioredoxins (Vignols et al., 2005; 

Tarrago et al., 2009) and therefore inability to use methionine sulfoxide as the sole sulfur 

source, cells grew slowly in HC medium supplemented with methionine sulfoxide  

(see publication 2.3., Figure 3; Mouaheb et al., 1998). Thus, thioredoxins probably mediate the 

reduction of 2-Cys methionine sulfoxide reductase in vivo. However, dithiol and monothiol 

class I glutaredoxins are able to take over this function, albeit they react more slowly. 

Figure 11. Schematic summary of the contributing publication 2.3. Yeast-based viability and growth assays 

enable testing for the capability of disulfide bond reduction in selected proteins, including the essential reduction of 

ribonucleotide reductase or of non-essential disulfide substrates PAPS reductase, MetO reductase and roGFP2. 

In summary, a system was developed which enabled the monitoring of disulfide bond reduction 

in selected proteins, mediated by the oxidoreductase in question. This novel in-cell approach 

can be used in combination with the previously discussed semi-quantitative roGFP2-based 

screen. Using both methods make it possible to cover more aspects of the oxidoreductase 

catalysis for a more comprehensive understanding of oxidoreductase-mediated oxidation and 

reduction of target proteins (Figure 11). In future experiments, further activation of HsGrx5Active 

could be attempted in order to combat the incapability to reduce disulfide target proteins. 

Activation of this part of the catalytic cycle would also require further knowledge about the 

‘glutathione activator site’ and contribution of other residues towards the reductive half-reaction 

of glutaredoxins. Future experiments with different proteins or mutants in combination with 

side-by-side in vitro characterization will certainly extend the understanding of different 

thioredoxin superfamily members. After promising in vivo analyses using the roGFP2-based 

screen and successful plasmid shuffling, the protein could then be subjected to further in vitro 

analyses. Another interesting approach to characterize the reduction of disulfide  

substrates would be a N,N,N’,N’-tetramethylazodiacaboxamide (diamide) pre-treatment 

(Kojer et al., 2009). Rather than decreasing the steady-state oxidation as seen in the DTT 

pre-treatment, diamide would fully oxidize all roGFP2 molecules. Reduction of the disulfide 

bond in roGFP2 by the fused oxidoreductase could then be monitored over time. Although this 

approach would be restricted to roGFP2 as the sole disulfide substrate, the reduction could 

again be determined semi-quantitatively. 
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For example, the ‘area under the curve’ between the basal oxidation/reduction of unfused 

roGFP2 and the reduction kinetics of a certain roGFP2 fusion could serve as a measure.  

This would be particularly interesting, as some thioredoxin superfamily proteins potentially 

have minimal reducing activity, which might not suffice to maintain viability of the quadruple 

deletion yeast strain. 

 

3.6. Using roGFP2-Tsa2ΔCR to assess peroxiredoxin-mediated coupling between 

metabolism and cell division 

 

Fusions between roGFP2 and glutaredoxins or peroxiredoxins were first used to measure EGSH 

or qualitative changes in H2O2, respectively. Thus far, novel yeast- and roGFP2-based 

approaches to study oxidoreductase activity have been discussed. However, in the study of a 

former colleague, Prince Amponsah, other members of the thioredoxin superfamily, namely 

peroxiredoxins, were investigated using a different approach. In a fermenter-based setup, the 

role of peroxiredoxins in cellular time-keeping was investigated. 

Biological clocks are ubiquitous throughout life. These clocks usually underly cyclic 

transcriptional, translational and metabolic changes. However, there are examples for 

circadian cycles independent of so-called transcription-translation feedback loops. 

Interestingly, cycles of peroxiredoxin hyperoxidation were shown in human red blood cells in 

~24-hour periods. As mature red blood cells do not harbor nuclei, this observation indicates 

that these redox cycles can occur independent of transcription and translation 

(Cho et al., 2014). This raises the question as to what mediates the coupling of these 

oscillators to the circadian clock? S. cerevisiae does not possess a circadian, but rather an 

ultradian clock i.e., periodic oscillations shorter than 24 hours. During these ultradian cycles, 

periodic changes in oxygen consumption occur, which has been termed the 

‘yeast metabolic cycle’ (YMC). They are present in synchronized, continuous and 

glucose-limited cultures. In this study, the H2O2 sensor roGFP2-Tsa2ΔCR was applied to 

monitor H2O2-fluctuations, aiming for a better understanding of redox cycles during the YMC. 

Therefore, a fermenter- and flow-cell-based setup was used. Permanent sampling and parallel 

fluorescence measurements in a spectrofluorimeter enabled simultaneous monitoring of 

oxygen saturation in the medium and peroxide-dependent oxidation of roGFP2-Tsa2ΔCR 

(see publication 2.4., Supplementary Figure 2). 

Robust cycles in H2O2 were reported by periodic, reversible oxidation and reduction of the 

redox sensor. Interestingly, phases of high roGFP2 oxidation correlated with LOC, while 

reduction of the sensor occurred when switching to HOC (see publication 2.4., Figure 1).  
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These correlations were later confirmed using the novel peroxide sensor, HyPer7 (data not 

shown). Although HyPer7 is presumably less sensitive than roGFP2-Tsa2ΔCR 

(Kritsiligkou et al., 2021; Cubas et al., 2021), it is brighter and might therefore be 

advantageous in future studies for monitoring H2O2 oscillations during the YMC. However, the 

redox relay within roGFP2-Tsa2ΔCR proved invaluable for further experiments as discussed 

below (Figure 5B). 

A correlation between oxygen consumption and H2O2 cycles suggests that high intracellular 

peroxide levels might lead to phase switching. To further investigate this observation, H2O2 

was added to the culture. When applied at high concentrations, an immediate phase-shift to 

HOC could be observed, as previously shown (Chen et al., 2007). Unfortunately, H2O2 

disproportionation by catalases interfered with the oxygen consumption readout leading to an 

immediate increase in dissolved oxygen within the fermenter vessel. Therefore, the organic 

oxidant t-BuOOH was subsequently used instead of H2O2. Treatment of the culture with 1 mM 

t-BuOOH confirmed a LOC to HOC phase shift.  

What led to the rapid phase-switching upon addition of high peroxide concentrations? 

Interestingly, samples from the fermenter vessel after oxidant treatment revealed that roGFP2-

Tsa2ΔCR was unresponsive to any further peroxide treatment. This indicated hyperoxidation 

of the Tsa2ΔCR moiety to sulfinic (SO2H) or sulfonic (SO3H) acids. Hyperoxidation prevents 

further roGFP2 oxidation in the redox relay due to inactivation of the peroxidase (Figure 3B, 

Figure 12). Suitability of roGFP2-based peroxide sensors for monitoring hyperoxidation was 

already shown in previous studies (Staudacher et al., 2018, Calabrese et al., 2019; 

Zimmermann et al., unpublished). Hyperoxidation of the sensor moiety in the fusion implies 

hyperoxidation of endogenous peroxiredoxins, which was confirmed by western blotting using 

antibodies against hyperoxidized peroxiredoxins. These results suggest that peroxiredoxins 

can act as putative regulators for metabolic switching. To further investigate LOC-HOC 

switching in dependence on the cellular thiol-disulfide redox state, thiol oxidants and 

reductants were applied directly into the fermenter vessel. Addition of the oxidant diamide to 

the beginning or even end of LOC substantially prolonged this phase. Importantly, switching 

to HOC again coincided with reduction of the roGFP2-Tsa2ΔCR sensor (see publication 2.4., 

Extended Data Figure 2). Opposingly, addition of the thiol reductant DTT led to immediate 

switching to HOC (see publication 2.4., Figure 2 g,h and Supplementary Figure 7b). Together 

these results indicate predictable metabolic switching upon thiol oxidation or reduction. 

How can the similar effects of the reductant DTT and hyperoxidation-inducing concentrations 

of peroxide be explained? It is possible that endogenous peroxiredoxins function in a redox 

relay, in which target proteins are redox-regulated by H2O2 via peroxiredoxins, similar to that 

of the roGFP2-Tsa2ΔCR sensor as discussed previously (Figure 5B). Inactivation of 
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peroxiredoxins by hyperoxidation does not allow for oxidation of putative target proteins.  

To exclude less direct peroxiredoxin-dependent effects in these processes, it would be 

extremely interesting to test variants of peroxidases that are less accessible to hyperoxidation. 

In other words, would LOC to HOC switching still occur in absence of peroxiredoxin 

inactivation? This would require replacement of endogenous thiol peroxidases with 

hyperoxidation-insensitive variants. Such variants were shown for the malaria parasite 

peroxiredoxin PfAOPL109M, which was less accessible to hyperoxidation upon H2O2 and 

t-BuOOH treatment (Staudacher et al., 2018). In yeast, mitochondrial ScPrx1 was also 

engineered to be less sensitive to hyperoxidation (ScPrx1P233stop) (Calabrese et al., 2019).  

In both cases, these effects were monitored using roGFP2-based probes. 

 

Figure 12. Schematic summary of the contributing publication 2.4. Expression of roGFP2-Tsa2ΔCR enabled 

simultaneous monitoring of metabolic and peroxide cycles. Application of oxidants and reductants can further 

predictably manipulate the YMC, possibly via peroxiredoxin-dependent control of thiol oxidation in target proteins. 

Manipulating the YMC with oxidants or reductants further perturbed cell cycle entry and exit. 

Coupling to the cell division cycle (CDC) was monitored by sampling at different stages 

throughout the YMC, and through subsequent analysis of the DNA content by flow-cytometry 

or counting of budding cells. In S. cerevisiae, appearance of new buds and S-phase initiation 

is synchronized (Williamson, 1965). Chemical perturbation with diamide inhibited entry into the 

cell cycle and cells were trapped in the G1-phase (see publication 2.4., Supplementary 

Figure 15). This was indicated by low DNA content and the occurrence of less budding cells in 

samples extracted from the fermenter vessel (see publication 2.4., Figure 5e,f).  

Opposingly, the strong reductant DTT not only prevented an exit from the cell cycle, but also 
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initiated a second round of the cell cycle (see publication 2.4., Figure 6). Interestingly, cells 

were detected with even more than one bud. 

What is the role of peroxiredoxins in coupling metabolism and CDC? In absence of 

endogenous ScTsa1 and ScTsa2 i.e., Δtsa1Δtsa2 deletion cells, cyclic oxygen consumption 

was still observed, however with significantly shorter periods. Measurements of DNA content 

and budding index however revealed uncoupling of cell cycle and cell division from metabolic 

cycles in this strain (see publication 2.4., Figure 4). This is particularly interesting as increased 

spontaneous genomic mutations were reported in cells lacking TSA1 (Wong et al., 2004; 

Iraqui et al., 2009; Kaya et al., 2014). Furthermore, in higher organisms, cells lacking 

peroxiredoxins showed an increased probability of cancer (Nyström et al., 2012).  

Other general phenotypes of thiol peroxidase deletion cells e.g., growth defects or increased 

sensitivity to chemical treatments, are often attributed to decreased peroxide scavenging, 

which leads to increased intracellular H2O2 levels. Rather than increased cellular peroxide 

levels, an alternative hypothesis arising from this study is the potential role of peroxiredoxins 

in the regulation of cell cycle under limited metabolite availability. Perturbation of their redox 

state or their complete absence might impair peroxiredoxin-mediated signaling and therefore 

initiate cell cycle and division at unfavorable metabolic conditions. Limitation of metabolites for 

replication during S-phase might then lead to failure in DNA synthesis and potential occurrence 

of genomic mutations. 

In summary, it was shown that roGFP2-based H2O2 sensors are suitable for monitoring 

peroxide cycles in a continuous and synchronized culture. The results further indicate a strong 

correlation between metabolic cycling and the endogenous thiol-disulfide redox state of 

peroxiredoxins. Thus, peroxiredoxins were shown to be important for stable oscillations in 

oxygen consumption and coupling of these metabolic cycles to cell cycle and division. Future 

experiments will certainly aim to characterize the target of peroxiredoxin-mediated oxidation in 

the postulated redox relay. It was recently reported that ScTsa1 can regulate the activity of the 

protein kinase A (PKA) subunit Tpk1 via oxidation (Roger et al., 2020). The stress-responsive 

transcription factor, ScMsn2, is a known target of PKA. Remarkably, metabolic cycles in 

ScMSN2 deletion cells were shown to be heavily perturbed (Kuang et al., 2017). PKA has 

many other known and putative targets. Therefore, it might be possible that ScTsa1 regulates 

metabolic switching and coupling to cell cycle by modulating the PKA activity. Furthermore, it 

will certainly be interesting to monitor potential oscillations of NADPH during the YMC. If cycles 

of NADPH were monitored, they would potentially cycle opposing to oxygen consumption and 

importantly, endogenous H2O2 levels. This would suggest an increased NADPH demand 

during cell cycle and division and at stages where peroxide concentrations are high. 

Development of appropriate sensors and experiments in the near future will certainly contribute 

to the understanding of peroxiredoxin-mediated redox regulation in the YMC. 
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