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Summary

Summary

The essential and ubiquitous NADH/NAD* and NADPH/NADP* redox couples are
central for cellular metabolism. NADPH is also the ultimate source of reductive power for
the thiol-based antioxidant systems. Our current picture of NAD(P) redox metabolism is
incomplete, in part due to the limitations of former measurement methods. The development
of genetically encoded fluorescent sensors now permits the specific monitoring of changes
in the NADH/NAD? ratio and in NADPH concentration in living cells in defined subcellular

compartments.

Here, the pH-resistant NADH/NAD" probe, Peredox, was used as a scaffold to
develop novel NADPH/NADP* ratio sensors. By rational mutagenesis of the NAD binding
site, a series of NADPH/NADP* sensors with a broad spectrum of NADPH binding affinities
was generated, termed NAPstar probes. The characterization of these sensors in
Saccharomyces cerevisiae cells demonstrated their specificity for NADPH/NADP* changes,
pH resistance, and high brightness relative to other genetically encoded NADH/NAD* and
NADPH probes.

The application of the NAPstar sensors in yeast demonstrated an extreme
robustness of the cytosolic NAPDH pool against oxidative perturbation. Furthermore,
NADPH/NADP* monitoring to assess the relative electron fluxes through the thioredoxin
and glutathione/glutaredoxin pathways revealed a surprising importance for glutathione

reductase compared to the thioredoxin system under pro-oxidative conditions.

VI



Zusammenfassung

Zusammenfassung

Die essentiellen, ubiquitaren Redoxpaare NADH/NAD* und NADPH/NADP* sind
von zentraler Bedeutung fur den Zellmetabolismus. NADPH stellt ferner die Reduktionskraft
fur die Thiol-basierten antioxidativen Systeme bereit. Unser aktuelles Wissen lber den
NAD(P)-Redoxmetabolismus ist unvollstandig, was zum Teil auf Limitierungen friherer
Messmethoden zurlickzufuihren ist. Die Entwicklung von genetisch kodierten Fluoreszenz-
sensoren ermoglicht nun die gezielte Messung von Veréanderungen des NADH/NAD"-
Verhaltnisses und der NADPH-Konzentration in lebenden Zellen in definierten Zellkompar-

timenten.

Auf Grundlage des pH-resistenten NADH/NAD*-Sensors Peredox wurden neue
Sensoren fir das NADPH/NADP*-Verhaltnis entwickelt. Durch gezielte Mutagenese der
NAD-Bindungsstelle wurde eine Reihe von NADPH/NADP*-Sensoren mit unterschiedlichen
NADPH-Affinitaten erzeugt, die NAPstar Sensoren. Die Charakterisierung dieser Sensoren
in Saccharomyces cerevisiae zeigte ihre Spezifitat fir NADPH/NADP*, ihre pH-Bestandig-
keit und ihr starkes Fluoreszenzsignal im Vergleich zu anderen NADH/NAD™- und NADPH-

Sonden.

Die Anwendung der NAPstar-Sensoren in Hefe offenbarte eine starke Robustheit
des zytosolischen NAPDH-Pools gegeniiber oxidativen Stérungen. Zudem enthillte das
NADPH/NADP*-Verhaltnis zur Beurteilung der relativen Elektronenfliisse durch das Thio-
redoxin- und das Glutathion/Glutaredoxinsystem eine lberraschende Relevanz der Gluta-

thionreduktase im Vergleich zum Thioredoxinsystem unter prooxidativen Bedingungen.

Vi
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Introduction

1 Introduction

1.1 The model organism Saccharomyces cerevisiae

For thousands of years, Saccharomyces cerevisiae (Brewer’'s or Baker’s yeast) has
been employed to manufacture food such as wine or bread (Nielsen, 2019). The unicellular
fungus has a diameter of 5 to 10 um and divides by budding. It was the first eukaryotic
organism whose complete genome (5800 protein-encoding genes) was successfully
sequenced in 1996 (Goffeau et al., 1996). S. cerevisiae achieved growing importance as a
model organism, mainly because its genome is easily accessible to genomic manipulations
(Westermann and Klecker, 2022). Novel insights obtained by the investigation of various
genetically-modified strains are regularly updated in the public Saccharomyces Genome
Database (SGD, https://www.yeastgenome.org/). Meanwhile, S. cerevisiae belongs to the
best studied and described eukaryotic model organisms and is broadly used in science and
biotechnology (Nielsen, 2019; Parapouli et al., 2020; Westermann and Klecker, 2022).
Furthermore, yeast and humans show a high degree of conservation regarding important
genes (enabling complementation studies), compartmentalization, and central cellular
processes such as protein folding, translocation, secretion, or signal transduction pathways
(Nielsen, 2019). Compared to the handling of mammalian cell material or animals, the
cultivation of budding yeast is faster, less complex, and cheaper. Those and many more
characteristics render S. cerevisiae suitable for medicinal research to study
pathophysiological phenotypes and potential therapies (Botstein and Fink, 2011). Omic
approaches allow a deep insight into the yeast physiology. But still, the acquirement of
metabolic data remains difficult due to fast turnover rates, reaction compartmentation and
chemical diversity of metabolites (Nielsen, 2019; Villas-Bbas et al.,, 2005). Critical
metabolites include the coenzymes of central cellular energy and redox metabolism, such
as adenosine triphosphate (ATP), nicotinamide adenine dinucleotide (NAD) and NAD
phosphate (NADP).

1.2 NAD and NADP coenzymes

NAD and NADP are essential cellular redox coenzymes and either present in their
oxidized (NAD* and NADP*) or reduced states (NADH and NADPH) (Figure 1.1) (Bakker
et al., 2001). As the NADP biosynthesis is based on the NAD* precursor, NAD and NADP

partly share common synthetic pathways. The NAD and NADP coenzymes are involved in


https://www.yeastgenome.org/
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a variety of redox reactions. Despite their structural similarity, NAD and NADP fulfill very
different functions within the cell.

A

@J\ NAD* Cf\ ij NADP+ f
ol Rt

g\o o
4o SRR

o:lqm
Figure 1.1: Chemical structures of NAD and NADP metabolites.
NAD* (A) differs from NADP* (C) in a phosphate group at the second carbon of the AMP moiety.
Hydride ion transfer to the NAM ring generates the reduced forms NADH (B) and NADPH (D)
(adapted from Blacker and Duchen, 2016). Light absorption shifts the electron density to the amide
group (blue) causing the autofluorescence of the reduced metabolites.

1.2.1 NAD* biosynthesis

The synthesis of NAD* is highly regulated by various factors and feed-back loops on
different levels such as on the transcriptional or the enzyme activity level (Croft et al., 2020).
S. cerevisiae continuously secretes and takes up small NAD* precursors to flexibly adapt
the rate of NAD* production to its cellular requirements (Croft et al., 2020). In humans and
yeasts, the NAD™ synthesis proceeds in the cytosol via three different pathways: (i) the de
novo synthesis from tryptophan, (ii) the nicotinic acid (NA, niacin)/ nicotinamide (NAM)
salvage or (iii) the nicotinamide riboside (NR) salvage pathways (Figure 1.2) (Croft et al.,
2020; Kato and Lin, 2014; Koju et al., 2022). The de novo synthesis involves six enzymatic
steps (catalyzed by Bnal, Bna2, and Bna4-7) and one non-enzymatic step to produce
nicotinic acid mononucleotide (NaMN) (Croft et al., 2020; Kato and Lin, 2014). As some of
these reaction steps require oxygen, anoxic grown cultures depend on the salvage
pathways to generate NAD®. At the level of the NaMN intermediate, the de novo and the

salvage pathways converge.
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Figure 1.2: Simplified model of NAD(P) metabolism and NADPH-dependent antioxidative
mechanisms in S. cerevisiae.

NADH-producing reaction steps during the TCA cycle are catalyzed by isocitrate dehydrogenase
(Idh1, Idh2), alpha-ketoglutarate dehydrogenase complex (Lpd1l/Kgdl/Kgd2) and malate
dehydrogenase (Mdh1) (adapted from Miyagi et al., 2009; Murray et al., 2011; Zou et al., 2018). The
fatty acid beta-oxidation in peroxisomes represents an additional source of NADH (not shown).

When NA is available, which is the case for the most commonly used growth media,
genes of the de novo pathway are repressed and the NA/NAM salvage pathway represents
the major source of NAD* (Bedalov et al., 2003; Sporty et al., 2009). The NAM precursor

arises from NAD*-consuming enzymatic reactions including the sirtuin deacetylase (Sir2)
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activity and the 5’-capping of RNA (Figure 1.2) (Imai et al., 2000; Walters et al., 2017). The
produced NAM is hydrolyzed by Pncl to NA (Ghislain et al., 2002). The phosphoribose
group of phosphoribosyl pyrophosphate (PRPP) is subsequently transferred to NA by Npt1,
producing NaMN (Croft et al., 2020). NaMN receives an adenosine monophosphate (AMP)
group from ATP via the Nmal- and Nma2-catalyzed reaction forming deamido-NAD*
(NaAD) (Kato and Lin, 2014). Subsequent NaAD amidation by Qnsl1 finally results in the
generation of NAD* (Bieganowski et al., 2003).

During the NR salvage pathway, NR is phosphorylated by Nrkl to nicotinamide
mononucleotide (NMN) (Bieganowski and Brenner, 2004; Croft et al., 2020). Afterwards,
the AMP moiety of ATP is transferred to NMN by Nmal, Nma2 and Pofl, generating NAD*
(Emanuelli et al., 1999, 2003; Kato and Lin, 2014). In contrast to the other NAD* synthesis
pathways, the NR salvage is more flexible due to the differential compartmentalization of
precursors and enzymes (Croft et al., 2020). Especially the vacuole plays an important role
in the storage of intermediates, in particular NR and NMN (Lu and Lin, 2011). Alternatively,
NR can be metabolized to NAM feeding the NA/NAM salvage pathway (Croft et al., 2020;
Kato and Lin, 2014).

The cytosolic and mitochondrial pyridine nucleotide pools are separated as the
molecules cannot freely cross the mitochondrial inner membrane (von Jagow and
Klingenberg, 1970). Since NAD* is synthesized in the cytosol, it must be imported into the
mitochondrial matrix. In S. cerevisiae, this transport is mediated by Yia6 (Ndtl) and Yea6
(Ndt2) (Figure 1.2) (Todisco et al., 2006).

1.2.2 NAD-dependent redox reactions in central carbon metabolism

As NAD predominantly serves as an electron acceptor in catabolic reactions, the
cytosolic NADH/NAD* redox ratio is kept low to allow a high dissimilatory rate (Bakker et
al., 2001). During glycolysis, the glucose dissimilation to pyruvate is coupled to the reduction
of NAD* via the glyceraldehyde-3-phosphate dehydrogenase (GAPDH, S. cerevisiae
Tdh1-3) (Figure 1.2). The peroxisomal fatty acid beta-oxidation is another source of
cytosolic NADH (Croft et al., 2020). Cytosolic NADH then feeds electrons into the electron
transport chain (ETC) that localizes to the mitochondrial inner membrane (respiration).
S. cerevisiae harbor two external NADH dehydrogenases (Ndel, Nde2) that accept the
electrons from cytosolic NADH feeding them directly into the ETC by reducing ubiquinone
to ubiquinol (Luttik et al., 1998). Alternatively, NADH can be shuttled into the mitochondrial
matrix (Section 1.2.5) where it is oxidized by the internal NADH dehydrogenase (Ndil) (Li
et al., 2006).
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To ensure the sufficient regeneration of cytosolic NAD™ at low oxygen availability or
at high glucose concentrations, S. cerevisiae utilizes the decarboxylation of pyruvate to
produce acetaldehyde, which is subsequently reduced to ethanol in an NADH-dependent
manner (Ald1/4/5) (ethanol or alcoholic fermentation, Figure 1.2) (Bakker et al., 2001).
Although the ATP yield of alcoholic fermentation is lower than that of respiration, it proceeds
in the presence of oxygen and sugars, partly due to the repression of respiratory genes
(Crabtree effect). Cytosolic pyruvate is alternatively transported via the mitochondrial
pyruvate carrier into the mitochondrial matrix where it gets further oxidized to acetyl-CoA or
oxaloacetate and fed into the tricarboxylic acid (TCA) cycle (Figure 1.2) (Murray et al.,

2011). The produced reduction equivalents finally fuel the ETC for ATP production.

1.2.3 NADP biosynthesis

In the S. cerevisiae cytosol, NADP* is primarily synthesized from NAD™ by the ATP-
dependent Utrl and Yefl kinases with Utrl representing the major isoform (Figure 1.2)
(Kawai et al., 2001; Shi et al., 2005). In contrast, the mitochondrial Pos5 kinase
phosphorylates both NADH and NAD* to produce NADPH and NADP™, respectively (Miyagi
et al., 2009; Strand et al., 2003). Since the only source of NADP* in S. cerevisiae is the
ATP-dependent phosphorylation of NAD by one of these kinases, the triple deletion mutant
AutrlAyeflApos5 is inviable (Miyagi et al., 2009) but also the AutrlApos5 double deletion
was reported to be lethal (Bieganowski et al., 2006). Under physiological conditions, Yefl
is present at low abundancy (Ghaemmaghami et al., 2003) and the Ayefl deletion mutant
does not show hampered growth, even in double knockout strains in combination with UTR1
or POS5 (Bieganowski et al., 2006). Thus, Yefl is thought to contribute only moderately to
the cytosolic NADP* production. It was suggested that relocalization of Pos5 to the cytosol
compensates for NAD kinase activity in the Autrl and AutrlAyefl strains (Bieganowski et
al., 2006). How NADP is transported to or produced in the mitochondrial matrix of a Apos5

deletion strain remains elusive.

1.2.4 NADP-dependent redox reactions

Anabolic reactions, such as the biosynthesis of amino acids, lipids and nucleotides,
but also some antioxidant defense mechanisms (Section 1.3) rely on NADPH as an
electron donor (Murray et al., 2011). The generated NADP* must be reduced quickly to keep
the NADPH/NADP™ ratio high to provide the optimal conditions for biomass accumulation
and to counter oxidative stress. Under fermentative conditions, in the presence of glucose,

the pentose phosphate pathway (PPP) is almost solely responsible for the cytosolic NADPH
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production (Figure 1.2) (Celton et al., 2012; Frick and Wittmann, 2005). During the oxidative
PPP, two irreversible enzymatic reactions are responsible for the reduction of NADP*. The
first and rate-limiting step is catalyzed by the glucose-6-phosphate dehydrogenase
(G6PDH, S. cerevisiae Zwfl) (Nogae and Johnston, 1990) and the second, NADPH-
producing step is catalyzed by Gnd1 (and Gnd2) (Sinha and Maitra, 1992). The carbon flux
through the PPP seems to be dictated by the need for NADPH, but not for carbon precursor
molecules. Hence, a mechanism has evolved inactivating the GAPDH (Tdh3) during
oxidative challenge rerouting the flux from the glycolysis to the PPP to upregulate the
NADPH production (Peralta et al., 2015; Ralser et al., 2007). The shift from oxidative to
fermentative growth leads to the carbon flux redirection from the PPP to the glycolysis which
decreases the NADPH supply from ~100% to 60% of total NADPH (Frick and Wittmann,
2005).

Besides the PPP, the acetaldehyde dehydrogenase Ald6 was demonstrated to be
an important source of cytosolic NADPH during growth on glucose (Grabowska and
Chelstowska, 2003), whereas the cytosolic NADP-specific isocitrate dehydrogenase 1dp2
seems to be relevant during non-fermentable growth (Minard and McAlister-Henn, 2005)
(Figure 1.2). Cytosolic Ald6, Ald2 and Ald3 as well as mitochondrial Ald4 and Ald5 are
involved in the pyruvate dehydrogenase (PDH) bypass with the NADP*-dependent Ald6 and
Ald5 representing the major isoforms (Saint-Prix et al., 2004). The PDH bypass via Ald6 is
the sole source of cytosolic acetyl-CoA required for fatty acid synthesis (Pronk et al., 1996).
The mitochondrial PDH bypass contributes to the mitochondrial reduction of NADP* via the
activity of Ald4 and Ald5. Thus, it represents next to the Pos5 kinase another source of
mitochondrial NADPH (Miyagi et al., 2009). Further, the NADP*-dependent Idpl and the
malic enzyme Mael also potentially contribute to the mitochondrial NADPH production

when the flux through the TCA cycle is high.

NADPH is important for the major antioxidant defense systems (Section 1.3).
Hence, several enzymes involved in NADPH production are upregulated during oxidative
stress and the phenotypes of the respective gene deletion strains are similar to those
observed for redox mutants. For instance, ZWF1 is constitutively expressed and
upregulated in a H.O»- and Yapl-dependent manner (Lee et al., 1999; Minard and
McAlister-Henn, 2005). The deletion of ZWF1 decreases the whole cell NADPH
concentration and leads to methionine auxotrophy (Hector et al., 2009; Masselot and De
Robichon-Szulmajster, 1975; Yoshikawa et al., 2021). Moreover, the Azwfl mutant is more
robust to low concentrations of H.O» but more sensitive towards high doses of H.O, and
diamide (Larochelle et al., 2006; Ng et al., 2008; Nogae and Johnston, 1990; Yoshikawa et



Introduction

al., 2021). A recent study demonstrated the constitutive activation of Yap1 in a Azwf1 strain,
compensating for the limited antioxidative capacity by increased cytosolic catalase T (Cttl)
activity, which would explain the enhanced fitness in the presence of low H>O-
concentrations (Yoshikawa et al., 2021). Additional deletion of the glutathione reductase
GLR1 in a Azwfl background did not further affect the strain sensitivity against oxidative
stress, suggesting that the Glrl activity relies on the NADPH produced by Zwfl (Izawa et
al., 1998; Yoshikawa et al., 2021). Likewise, the NAD*-dependent Ald enzymes have been
reported to be inactivated during enhanced oxidative challenge to increase the NADPH
production by the NADP*-dependent Ald isoforms (Y. Zhang et al., 2020).

1.2.5 NAD(P)H shuttles

Different shuttle systems exist that enable for the indirect exchange of NADH or
NADPH between the cytosol and the mitochondrial matrix via distinct enzyme-coupled
reactions. For instance, the ethanol-acetaldehyde shuttle transfers NADH reduction
equivalents in S. cerevisiae (Bakker et al., 2001; von Jagow and Klingenberg, 1970). Both,
ethanol and acetaldehyde are freely diffusible via the mitochondrial membranes and can be
interconverted by alcohol dehydrogenases (Adhs) located in both compartments. In total,
seven Adhs were reported for S. cerevisiae, but only NADH-dependent Adhl-3 are
important for ethanol metabolism, with minor contribution of Adh4 and Adh5 (de Smidt et
al., 2012). These Adh enzymes show different affinities i.e., Adhl, Adh3, and Adh4 prefer
the reduction of acetaldehyde to ethanol during glucose fermentation whereas Adh2 rather
oxidizes ethanol to acetaldehyde (Bakker et al., 2001; Murray et al., 2011). In this way,
cytosolic Adhl, Adh2 and mitochondrial Adh3 enable for the balancing of the NAD
homeostasis between the cytosol and the mitochondrial matrix (Bakker et al., 2000). An
expansion of the ethanol-acetaldehyde shuttle has been proposed to balance the
NADPH/NADP* ratio between the cytosol and the mitochondrial matrix via Ald enzymes
(Murray et al., 2011).

Mostly, the shuttle system reactants are not freely diffusible and require transport
proteins to cross the inner mitochondrial membrane (Ferramosca and Zara, 2021). The
malate-oxaloacetate shuttle is based on two malate dehydrogenases, the mitochondrial
Mdh1 and the cytosolic Mdh2 (Bakker et al., 2001). In the first step, oxaloacetate is NADH-
dependently reduced to malate by Mdh2 (Minard and McAlister-Henn, 1991). Malate is then
imported into the mitochondrial matrix by the dicarboxylate carrier Dicl (Kakhniashvili et al.,
1997), where it is oxidized to oxaloacetate by Mdhl producing NADH (Thompson et al.,

1988). Oxaloacetate is finally shuttled to the cytosol by Oacl closing the circuit (Palmieri et
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al., 1999). The malate-aspartate shuttle can be regarded as an extension to the malate-
oxaloacetate shuttle with an additional NADH-dependent deamination step from aspartate
to oxaloacetate (aspartate aminotransferase Aat2) and the reverse reaction occurring in
mitochondrial matrix (Aatl) (Murray et al., 2011). The resulting aspartate is shuttled via the
aspartate-glutamate carrier (Agcl) (Cavero et al., 2003).

The shuttling of NADH into the mitochondrial matrix to fuel the ETC can be bypassed
in S. cerevisiae. For instance, cytosolic NADH can be directly oxidized by the external
NADH dehydrogenases Ndel and Nde2 producing reduced ubiquinol (Section 1.2.2). But
also, the glycerol-3-phosphate shuttle transfers electrons from the cytosolic NADH pool into
the ETC (Bakker et al., 2001; Murray et al., 2011). This shuttle is composed of the cytosolic,
NAD-dependent glycerol-3-phosphate dehydrogenases Gpdl and Gpd2 that catalyze the
reduction of dihydroxyacetone-phosphate to glycerol-3-phosphate. Gut2, localized at the
inner mitochondrial membrane, is responsible for the oxidation of glycerol-3-phosphate to

dihydroxyacetone-phosphate, thereby reducing ubiquinone.

The citrate-oxoglutarate shuttle was reported to shuttle NADPH reduction
equivalents via antiport (Yhm2) of oxoglutarate into and citrate out of the mitochondrial
matrix (Castegna et al., 2010; Ferramosca and Zara, 2021). In the cytosol, citrate is
converted to isocitrate (Acol) and oxidized by Idp2 in an NADP*-dependent manner to
oxaloacetate, producing NADPH. On the mitochondrial site, oxoglutarate is converted to
isocitrate by Idpl1. The citrate-isocitrate interconversion is mediated by Acol (Castegna et
al., 2010).

1.3 Antioxidant defense systems

Free radicals are highly reactive species with one or more unpaired valence
electrons. The extra electron usually derives from the leakage of an electron carrier system,
such as the respiratory chain (Murray et al., 2011). Free radicals react readily with other
species, thereby transmitting an electron. For instance, the superoxide anion (O;™) and
H»0, arise from the reduction of oxygen and belong to the so-called reactive oxygen species
(ROS). In S. cerevisiae, the ETC is considered the main ROS production site under
respiratory conditions (Figure 1.2) (Ayer et al., 2014). Other physiological processes like
the peroxisomal fatty acid beta-oxidation or oxidative protein folding in the endoplasmic
reticulum (ER) additionally contribute to the cellular H.O, generation (Hashimoto and
Hayashi, 1990; Zito, 2015). Different enzymatic antioxidant defense mechanisms protect
the cell from ROS-induced damage (Toledano et al., 2003). Superoxide dismutase (Sod)

enzymes catalyze the disproportionation of superoxide to H.O, via a transition-metal center.
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S. cerevisiae has two Sods, cytosolic Sod1 and mitochondrial Sod2 (Culotta et al., 2006).
Besides Sods, yeast harbor two catalases catalyzing the dismutation of H.O. to water and
O, peroxisomal Ctal and cytosolic Cttl (Herrero et al., 2008). Besides Sods and catalases,
two thiol-based redox systems have important roles in ROS detoxification: (i) the
glutathione- (GSH-, reduced form) and (ii) the thioredoxin- (Trx-) based systems. These
systems rely on thiol-disulfide exchange reactions and on NADPH as the final electron

donor.

1.3.1 The GSH-based system

GSH is a tripeptide (gamma-glutamyl-cysteinyl-glycine) which is synthesized in the
cytosol in two ATP-consuming steps (Oestreicher and Morgan, 2019). GSH is the most
abundant low-molecular weight thiol in eukaryotic cells. The cytosolic GSH pool is highly
reduced and often regarded as the major redox buffer system in eukaryotic cells (Herrero
et al., 2008; Morgan et al., 2013). Hence, the ratio of GSH to glutathione disulfide (GSSG,
oxidized form) or the respective redox potential (Ecsn) are often considered to reflect the
overall redox status of the cell. GSH is readily oxidized upon xenobiotic conjugation (X-SG),
protein refolding, or oxidative challenge (Figure 1.2). The formation of GSH-mixed
disulfides (protein-S-SG, S-glutathionylation) is reversible and their reduction leads to
GSSG formation. Oxidized GSSG is reduced by the NADPH-dependent glutathione
reductase (GlIrl), producing NADP* and two molecules of GSH (Collinson and Dawes,
1995; Deponte, 2013; Outten and Culotta, 2004). Due to alternative start-codons, GIrl is
localized in both, the cytosol, and the mitochondrial matrix (Outten and Culotta, 2004).
Alternative pathways were reported to play important roles in maintaining a reduced
GSSG/2GSH ratio in the yeast cytosol such as the export of accumulated GSSG into the
vacuole via Ycfl or the action of cytosolic Grx2- and Trx2-dependent pathways (Morgan et
al., 2013). S-glutathionylation protects proteins from detrimental thiol group hyperoxidation
and is known to regulate protein activity as a post-translational modification (Netto et al.,
2007). For instance, the GAPDH (S. cerevisiae Tdh3) catalytic cysteine is specifically
oxidized by H»O; and subsequently glutathionylated leading to its inactivation (Grant et al.,
1999; Peralta et al., 2015).

Thiol peroxidases specifically detoxify peroxides and are thereby reversibly oxidized
(Herrero et al., 2008; Netto et al., 2007). Depending on the electron donor employed for the
reduction, thiol peroxidases can be divided in two groups: GSH peroxidases (Gpxs) and
thioredoxin peroxidases (or peroxiredoxins, Prxs). The thiol group (-SH, sulfhydryl group)

of their active site cysteine is highly sensitive to oxidation by specific oxidants, generating



Introduction

a sulphenic acid (-SOH). Thiol peroxidase hyperoxidation to a sulphinic acid (-SO;H; slowly
reversible) or to a sulphonic acid (-SOsH, irreversible) leads to enzyme inactivation (Herrero
et al., 2008; Winterbourn, 2013). Yeast harbor three different Gpxs, Gpx1, Gpx2 and Gpx3
(also known as Hyrl or Orpl), which reduce phospholipid hydroperoxides and soluble
peroxide species (Figure 1.2). Interestingly, despite their Gpx structure, they functionally
behave more like Prxs. Additionally, Orpl fulfills an important function as a hydroperoxide
sensor activating the Yap1 transcription factor during oxidative challenge (Delaunay et al.,
2002). Yapl, in turn, upregulates the transcription of genes involved in the antioxidant
defense. These include CTT1, CCP1 (mitochondrial cytochrome C peroxidase), SOD1,
SOD2 and members of the Trx- and GSH-based defense systems (TRR1, GLR1, TRX2,
TSA1L, TSA2, AHP1, GSH1) as well as ZWF1 to enhance the production of NADPH (Lee et
al., 1999).

Glutaredoxin (Grx) and thioredoxin (Trx) family members are oxidoreductases,
accepting electrons from either GSH (Grxs) or the NADPH-dependent thioredoxin
reductase (Trxs) (Figure 1.2) (Grant, 2001; Herrero et al., 2008; Muller, 1996; Toledano et
al., 2003). Cytosolic Grxs and Trxs have overlapping functions as the quadruple deletion
TRX1 TRX2 GRX1 GRX2 is lethal and the expression of only one of these genes restores
the cell viability (Draculic et al., 2000; Zimmermann et al., 2020). Grxs are involved in the
reduction of GSH-mixed disulfides and protein disulfides producing GSSG (Collinson and
Grant, 2003). The Grx family is versatile. S. cerevisiae has three dithiol Grxs located in the
cytosol, Grx1, Grx2, and Grx8, with Grx2 being also present in the mitochondrial matrix
(Herrero et al., 2008; Luikenhuis et al., 1998). In vitro studies revealed Grx1 and Grx2
possessing Gpx and glutathione-S-transferase activity whereas Grx8 was far less active
(Eckers et al., 2009). Moreover, S. cerevisiae harbor five monothiol Grxs in various
compartments (Herrero et al., 2008). Monothiol Grxs tend to be inactive in vitro and to fulfill

other functions such as iron trafficking or iron-sulfur cluster biogenesis.

1.3.2 The Trx-based system

S. cerevisiae possesses five different Prxs: cytosolic Tsal, Tsa2, and Ahpl, nuclear
Dot5, and mitochondrial Prx1 (Figure 1.2) (Herrero et al., 2008). Particularly Tsal and Tsa2
seem to play important roles in the defense against oxidative and nitrosative stresses acting
in concert with each other and with other antioxidative mechanisms, including the GSH-
based system. Tsal demonstrates the highest abundancy of all S. cerevisiae Prxs (Herrero
et al., 2008; Netto et al., 2007; Park et al., 2000). In contrast, the basal expression levels of

Tsa2 are low but highly upregulated upon hydroperoxide-induced oxidative challenge
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(Herrero et al.,, 2008; Munhoz and Netto, 2004; Park et al., 2000). In addition to their
peroxidase function, Tsal and Tsa2 can act as chaperones (Jang et al., 2004; Troussicot
et al., 2021). Prxs have further important regulatory and signaling functions. For instance,
the mitochondrial Prx1 has been shown to regulate H>O»-induced cell death (Calabrese et
al., 2019) and Tsal seems to play a crucial role in light sensing, ageing, and the regulation
of metabolic pathways (Bodvard et al., 2017; Irokawa et al., 2016; Kritsiligkou et al., 2021a;
Roger et al., 2020). Hence, ROS species are not only regarded as harmful compounds, but
also as important signaling molecules linked to the regulation of numerous physiological
processes and to the development of several diseases (Finkel, 2011; Netto et al., 2007;
Winterbourn, 2008).

S. cerevisiae has separate cytosolic- and matrix-localized Trx systems, composed
of Trx and the NADPH-dependent Trx reductase (Trr) (Gan, 1991; Pedrajas et al., 1999).
The cytosolic system consists of Trx1, Trx2, and Trrl, whereas Trx3 and Trr2 are enzymes
of the mitochondrial system. During oxidative challenge, Trxs maintain reduced Prx pools
(Le Moan et al., 2006). Especially Trx2 is important for the detoxification of exogenously
added hydroperoxides, most probably due to its role in Tsal reduction (Oc6n-Garrido and
Grant, 2002). Moreover, Trx reduction is important for the enzymatic activities of
3'-phosphoadenosine-5-phosphosulfate (PAPS) reductase for sulfur assimilation and of
ribonucleotide reductase (RNR) during deoxynucleotide (ANTP) synthesis (Toledano et al.,
2003). Altogether, the NADPH-dependent Trx- and GSH-based antioxidant systems form a

complex redox interaction network having cooperative but also distinct functions.

1.4 The yeast metabolic cycle

Sustained biological oscillations, highly diverse in their period, have been described
for all kingdoms of life (Lloyd, 2019; Tu and McKnight, 2006). For instance, circadian
rhythms that underly transcription/ translation feedback loops (TTFLs) are well investigated
but also other clock systems exist (Milev et al., 2018). Biological oscillations can be
observed on different levels, such as cellular, organismal or the population level. On the
single-cell level, the rhythmic metabolic behavior is thought to optimize metabolite fluxes by
temporal compartmentalization (Tu and McKnight, 2006). In this way, different reactions

and processes are separated from each other in time to minimize unwanted side reactions.

Various interlinked ultradian (period shorter than 24 h) metabolic oscillations have
been described for S. cerevisiae such as the yeast metabolic cycle (YMC, or yeast
respiratory oscillation, YRO). The YMC shows periods of about four hours and is connected

to, but different from, the cell division cycle (Amponsah et al., 2021; O’Neill, 2021).

11



Introduction

Spontaneous YMC synchronization takes place at a high population density under nutrient-
limited, aerobic conditions, at constant pH, and low dilution rate (Lloyd, 2019; Satroutdinov
et al., 1992). Practically, the YMC is induced in a bioreactor where a yeast cell culture has
been aerobically grown to stationary phase and starved for several hours for cell
synchronization (Figure 1.3A). The subsequent supplementation of fresh medium under
continuous culturing conditions results in periodic changes in the oxygen consumption rate
(Figure 1.3B). The oxygen consumption rate is commonly monitored via the dissolved
oxygen concentration (dO) inside the culture medium. The YMC is marked by phases of
low oxygen consumption (LOC) and high oxygen consumption (HOC). Similar to circadian
clock systems, many transcripts and metabolites, including NADP, NADH, and H2O,, were
demonstrated to oscillate during YMC (Amponsah et al., 2021; Murray et al., 2007; Tu et
al., 2007). Moreover, several signaling processes occur in synchrony with the YMC, such
as the Prx oxidation level potentially coupling the YMC to the cell division cycle (Amponsah
et al., 2021). In mammalian cells, the SIRT complex (Sir complex in S. cerevisiae) or the
NAD* salvage pathway activities were reported to be connected to the circadian clock,
generating oscillations in NAD" levels (Milev et al., 2018).

A . batch culture , continuous culture | B
120 | i
starvation o
N
100 - 8
= 2
% 80 1 %'“ =
@] =1
5 60 1 =
=0
40 1 Q
@
20 T T T T "
0 10 20 30 40 50
time (h)

Figure 1.3: Oscillations in dO2; and oxygen consumption rate during YMC.

The YMC is established by the inoculation of a yeast strain into the bioreactor (t = 0 h) (A, adapted
from Amponsah et al., 2021; Tu et al., 2005). When the cells were grown to the stationary phase,
they enter a starvation phase marked by a high ~100% dO:z (t = 23 h). After 5 to 6 h of starvation,
fresh medium is supplemented under continuous culture conditions that induce the YMC. The oxygen
consumption rate (red) mirrors dO2z (B, adapted from Amponsah et al., 2021). The YMC is
characterized by phases of high (HOC) and low oxygen consumption rate (LOC).

Recently, a model has been proposed in which cellular processes during the YMC
are linked to the ‘energy status’ of the cell via the pH-dependent activation of the target of
rapamycin complex 1 (TORC1) and the sequestration of macromolecular proteins into

biomolecular condensates (O’Neill et al., 2020). TORCL1 is a master regulator that regulates
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the switch between anabolic phases of enhanced protein synthesis and catabolic phases
of high protein turnover and autophagy (Dilova et al., 2007; O’Neill et al., 2020). In this way,
the TORC1 activity is thought to restrict the processes of protein synthesis to a distinct
phase during the YMC due to their high energy demand. The mechanistic details of the
model described in the following, including the respective references, is provided by O’Neill
et al., 2020 (Fig. 5 and Table S1). The LOC is regarded as ‘default sequester and store
state’. Low cytosolic pH keeps TORC1 inactive and promotes the accumulation of
macromolecules, including glycolytic enzymes, into biomolecular condensates. During this
phase, the ATP is produced by the respiration of autophagic products and acetate,
sufficiently driving the proton export activity via the plasma membrane H*-ATPase Pmal.
The carbon fluxes are directed in favor of lipid, nucleotide, and polysaccharide biosynthesis.
When carbohydrate storages are filled, the overwhelming ATP and glucose further stimulate
Pmal activity, increasing the cytosolic pH. The elevated pH mediates the entrance into HOC
by liberating proteins from the biomolecular condensates. This accelerates the glycolytic
rate and additionally increases the pH due to increased ATP availability. The elevated
cytosolic pH activates TORC1, stimulating protein synthesis. Thereby, stored amino acids
and carbohydrates fuel the enhanced biosynthetic activity. The end of HOC is initiated by
TORCL1 inactivation which is caused by the acidification of the cytosol (ATP depletion) and/
or by the exhaustion of other storages.

1.5 Genetically encoded fluorescent indicators

The field of genetically encoded fluorescent indicators (GFIs) is rapidly evolving and
indispensable for biological research. A vast variety of GFIs were developed to monitor
numerous metabolites or physiological parameters like voltage, ions, second messengers,
ATP, glucose, kinase activities, or ROS (Bilan and Belousov, 2017; Kostyuk et al., 2019;
Liu et al., 2019; Zhang et al., 2018; Z. Zhang et al., 2020). GFIs can be heterologously
expressed with minimal to none interference with the host metabolism enabling for real-time
guantifications in living cells. They can be additionally equipped with a targeting sequence
allowing for specific compartmental investigations of e.g., the mitochondrial matrix, the
nucleus, or the endoplasmic reticulum lumen (Calabrese et al., 2019; Hoseki et al., 2016;
Hung et al., 2011, Lim et al., 2020). When purified, GFls can also be used for in vitro studies
e.g., together with enzymes or even organelles (Steinbeck et al., 2020). The fluorescence
readout is recorded by commonly available spectrofluorometric techniques, rendering GFls
suitable for broad applications and high-throughput methods (Zhao et al., 2015). In this way,

metabolite changes can be specifically followed in vivo with high spatiotemporal resolution,

13



Introduction

making even single-cell measurements possible (Dodd and Kralj, 2017; Hung et al., 2017;
Karagiannis and Young, 2001). All these characteristics make GFls very powerful tools.
Although a variety of GFIs was hitherto successfully applied in various biological
backgrounds, they keep a high development potential. For instance, the substrate affinity
can be altered by targeted mutagenesis or the color can be tuned by the exchange of the
fluorophore (Cameron et al., 2016; Steinbeck et al., 2020; Tao et al., 2017; Z. Zhang et al.,
2020).

In general, most GFlIs are composed of a sensory domain specifically interacting
with the ligand (or substrate) of interest thereby inducing a change in the spectral properties
of the fluorescent reporter domain (Kostyuk et al., 2019). This mechanism can be realized
in many ways. For reporter domain construction, either a Forster resonance energy transfer
(FRET) pair or a fluorescent protein (FP) with modulable fluorescence spectrum is most
commonly employed (Kostyuk et al., 2019). The latter group includes redox-sensitive (ro)
and circularly permuted (cp) FPs which are frequently utilized to report changes in either
the sensor’s oxidation state (roFPs) or conformation (cpFPs). On the one hand, roFPs are
generated by the introduction of two cysteine residues located on the FP beta barrel
structure surface close to the chromophore, neighboring each other (Figure 1.4A). Cysteine
oxidation leads then to disulfide formation inducing structural alterations and a shift in
fluorescence spectra (Figure 1.4B) (Miller-Schissele et al., 2021). On the other hand,
cpFPs are designed by the linkage of the original FP N- and C-termini via a short peptide
sequence, forming the new termini near the chromophore (Figure 1.4C). The overall beta
barrel structure is not disturbed by the circular permutation but the new N- and C-termini
destabilize the hydrogen bond network around the chromophore enabling for inducible
changes in fluorescence properties (Figure 1.4D) (Kostyuk et al., 2019; Meyer and Dick,
2010).

Depending on the sensor domain design, the GFI readout is either intensiometric or
ratiometric (Bilan and Belousov, 2017). An intensiometric GFl possesses a FP with single
excitation and emission maxima such as cpT-Sapphire (cpTS). The overall fluorescence
intensity of an intensiometric reporter depends on the ligand binding state of the sensory
domain. To discriminate further between the fluorescence changes mediated by the binding
state from those deriving from altered sensor expression levels, a second, constantly
fluorescent protein of another color e.g., mCherry (mC), can be fused to the sensor
construct to allow for signal normalization. In contrast, ratiometric FPs, such as the circularly

permuted yellow fluorescent protein (cpYFP) or the redox-sensitive green fluorescent
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Figure 1.4: Redox-sensitive roGFP2- and cpYFP-based GFIs.
roGFP2 was designed by the introduction of, inter alia, S147C and Q204C mutations (marked as -SH
and -S°) of EGFP (A). Excitation spectra of roGFP2 at 511 nm (B, adapted from Hanson et al., 2004).
cpYFP was generated by the linkage of the original cpYFP N- and C-termini forming the novel termini
close to the chromophore (C) (Nagai et al., 2001). Excitation spectra of cpYFP in dependency of pH
(D, adapted from Schwarzlander et al., 2014). The fusion to Grx1 enables the fast equilibration of
roGFP2 with Ecsn (E, adapted from Zimmermann and Morgan, 2022). The second active site
cysteine of Grx1 is not displayed since it is not involved in the reaction mechanism. Reaction
mechanisms of the ultrasensitive H202 sensor roGFP2-Tsa2ACr (F, adapted from Zimmermann and
Morgan, 2022). The H202-sensitive HyPer7 probe was designed by cpYFP integration into the OxyR
regulatory domain (OxyR-RD) (G, adapted from Pak et al., 2020).
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protein 2 (roGFP2), often possess dual-wavelength excitation spectra and one emission
maximum (Figure 1.4B,D) (Kostyuk et al., 2019; Muller-Schissele et al., 2021). The
ratiometric characteristics are inherited by the GFP ancestor which also harbors two
excitation maxima at 400 and 480 nm, also referred to as A- and B-band, as well as one
excitation maximum at 510 nm (Meyer and Dick, 2010). These two bands represent the two
chromophore ionization states, the A-band corresponds to the protonated and the B-band
to the de-protonated form. Since a GFP molecule can be only present in one of the two
states, the fluorescence intensities measured at both excitation maxima behave inversely
to each other i.e., the fluorescence intensity excited at the first maximum is rising, while the
intensity excited at the second maximum is dropping, and vice versa. For ratiometric GFls,
the calculation of the intrinsic ratio of both fluorescence intensities enables the
determination of the parameter of interest, irrespective of the sensor concentration,

rendering a second fluorescent protein for a normalization dispensable.

Another critical GFI determinant is the dynamic range d that describes the maximal
possible change in fluorescence readout (Meyer and Dick, 2010). It is mainly determined
by the complex interplay of sensory and reporter domains.

1.5.1 Redox-sensitive GFls

A variety of redox-sensitive GFIs has been developed so far (Ezerina et al., 2014;
Kostyuk et al., 2019; Meyer and Dick, 2010; Miiller-Schiissele et al., 2021; Pang et al., 2021;
Schwarzlander et al., 2016; Zimmermann and Morgan, 2022). They differ from other GFls
by the direct involvement in redox relay cascades, thereby being themselves oxidized or
reduced. It must be noted that redox-sensitive GFls rather report the redox equilibrium than
the actual electron flux through the respective redox relay. Two different, frequently used
redox-sensitive GFI families will be introduced in more detail: roGFP2-based and HyPer

family probes.

roGFP2-Grx1 (GSSG/2GSH)

Inspired by the redox-sensitive YFP (rxYFP), roGFP2 was developed by the
introduction of two cysteine mutations into the EGFP beta barrel structure (Figure 1.4A)
(Dooley et al., 2004; Hanson et al., 2004). roGFP2 has a minor excitation peak at 400 nm
and a major excitation maximum at 480 nm (Figure 1.4B). The oxidation of roGFP2
increases the fluorescence intensity excited at the A-band while reducing the B-band signal.
The reduction of roGFP2 is catalyzed by the GSH-based system, whereas Trxs are not able

to reduce oxidized roGFP2, most likely due to steric hindrance (Gutscher et al., 2008; Meyer
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and Dick, 2010). The ratiometric readout of roGFP2 allows to calculate the degree of
oxidation (OxD value, between 0 and 1) using a concomitant sensor calibration technique
(Meyer and Dick, 2010). This procedure enables for the reliable comparability between
different experiments. By tethering roGFP2 as a reporter domain via a flexible linker to Prx,
Gpx or Grx as sensor moiety, it is possible to equilibrate the roGFP2 oxidation with the
redox pair of interest or to monitor the redox activity of the sensory domain (Gutscher et al.,
2008; Liedgens et al., 2020; Morgan et al., 2016; Zimmermann et al., 2020; Zimmermann
and Morgan, 2022). In this way, the Grx1-roGFP2 sensor was developed as a fusion product
of human Grxl and roGFP2 enabling roGFP2 to equilibrate specifically with the
GSSG/2GSH (or 2GSH/GSSG) ratio (Figure 1.4E) (Gutscher et al., 2008; Meyer and Dick,
2010). The resulting roGFP2 OxD value of the Grx1 sensor can then be utilized for Ecsn

determination.

roGFP2-Tsa2ACr (H205)

For the development of a sensitive H,Oz-specific GFI, S. cerevisiae thiol
peroxidases were fused to a roGFP2 reporter and screened for H.O»-induced oxidation in
vivo (Morgan et al., 2016). Orpl, Tsal, and Tsa2 fusions sensitively oxidized roGFP2 in
vitro. As roGFP2-Tsa2 was barely more sensitive as the established roGFP2-Orpl, the
resolving Tsa2 cysteine was mutated to alanine, abolishing the reduction by endogenous
Trxs. The resulting ultrasensitive roGFP2-Tsa2ACr sensor (Figure 1.4F) is oxidized by
H20,, tert-butyl hydroperoxide (TBHP) and hypochlorite in vitro. Its fluorescence readout is
robust to pH changes in a broad range between pH 6.0 and pH 8.5 (Morgan et al., 2016).
The reduction of the roGFP2-Tsa2ACr sensor has been shown to be mediated by the GSH-

but not the Trx-based reductive system in vivo.

HyPer7 (H20>)

HyPer was generated as a H»O;-specific sensor by the insertion of cpYFP into a
surface loop of the E. coli OxyR regulatory domain (Figure 1.4G) (Belousov et al., 2006).
The HyPer OxyR regulatory domain is specifically oxidized by H.O» subsequently forming
an intramolecular disulfide bond, thereby altering the fluorescence spectra of cpYFP.
Hyper2 and HyPer3 were generated by optimization of HyPer to increase the dynamic range
and to accelerate the reaction kinetics (Bilan et al., 2013; Markvicheva et al., 2011).
Nonetheless, all three probes suffer from strong pH sensitivity deriving from the cpYFP
moiety (Figure 1.4D) (Schwarzlander et al., 2014). To generate the pH-insensitive HyPer7
probe, the E. coli OxyR regulatory domain was exchanged by that of Neisseria meningitidis,

and several rounds of mutagenesis were performed to optimize brightness, H.O, sensitivity,
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and pH robustness (Pak et al., 2020). HyPer7 has a major excitation peak at 490 nm and a
second one at 400 nm. The fluorescence emission peaks at 520 nm. Upon oxidation, the
fluorescence intensity excited at 490 nm rises whereas that at 400 nm decreases.
Reduction leads to the reverse effect. Thus, the calculation of the 490/400 nm ratio enables
for the calculation of the probe oxidation state. Interestingly, the calibration of HyPer7 to
determine an OxD in S. cerevisiae was not possible using dithiothreitol (DTT) as reductant
(Kritsiligkou et al., 2021b). The direct comparison of the roGFP2-Tsa2ACr and HyPer7
probes in yeast revealed HyPer7 being less sensitive to H.O while having a bigger dynamic
range (Kritsiligkou et al., 2021b; Zimmermann et al., in preparation). Most interestingly, the
different reduction kinetics clearly demonstrated HyPer7 being predominantly reduced by
Trxs whereas roGFP2-Tsa2ACk is reduced by the GSH-based system (Kritsiligkou et al.,
2021b). Hence, the probes were considered complementary providing information about

the reductive capacities of the respective system.

1.5.2 pH-sensitive GFls

The fact that the FP fluorescence properties depend on the chromophore
protonation state provides excellent conditions for the design of pH indicators. To this end,
FPs with acidic dissociation constants (pKa values) in the physiological range are highly

desired.

SypHer

The cpYFP moiety of the H,O,-sensitive HyPer probe was found to be highly pH
dependent (see above). The HyPer mutagenesis of either C199S, C207S or both were
reported to fully abolish its H,O.-induced oxidation (Belousov et al., 2006), generating
sensor variants which were responsive to pH changes, but not to H.O,. HyPer C199S was
renamed SypHer (synthetic pH sensor) and established as pH-sensitive GFI (Poburko et
al., 2011). An increase in the pH value leads to a rise in the 490/420 nm ratio of SypHer.
The in situ calibration of SypHer demonstrated a large 20-fold dynamic range from pH 7 to
pH 10 with a pKa of ~8.7. Besides SypHer, also the cpYFP itself is frequently used to monitor
pH in vivo (Schwarzlander et al., 2014; Wagner et al., 2019; Zhao et al., 2015).

pHluorin

Two pH-sensitive pHIluorin probes were generated by the targeted mutagenesis of
GFP to visualize pH changes during synaptic transmission (Miesenbéck et al., 1998). The

ecliptic pHIuorin possesses an excitation maximum at 400 nm that vanishes with decreasing
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pH values down to pH 6. In contrast, ratiometric pHIuorin demonstrates two excitation
maxima at 400 and 480 nm. The first excitation maximum rises and drops with pH.
Opposingly, the fluorescence intensity excited at the second maximum rises with
decreasing pH values and vice versa. The ratiometric pHIluorin sensor enables for dynamic
pH measurements in the range of pH 6 to pH 8 (Miesenbbck et al., 1998; Shen et al., 2013).

1.6 Methods to quantify NAD and NADP metabolites

The NADH/NAD* redox ratio is widely accepted as an important parameter for the
cellular metabolic state and it has been shown to influence the gene expression via the Sir2-
mediated silencing and the 5’-capping of RNA (Bird et al., 2018; Croft et al., 2020). Further,
the NADPH/NADP™* redox balance is considered as a readout of the cellular reduction
capacity required for the accumulation of biomass and for antioxidative defense. Moreover,
an altered metabolism of NAD or NADP has been connected to a range of
pathophysiological conditions such as dementia, Parkinson, several types of cancer, or
diabetes (Covarrubias et al., 2021; Okabe et al., 2019; Xiao et al., 2018). In many respects,
the ratios of NADH/NAD" and NADPH/NADP* are important parameters that depend on
reliable quantification methods.

1.6.1 Conventional NAD(P) quantification methods

Since the mid-twentieth century, reduced pyridine nucleotides have been quantified
by autofluorescence measurements. Chance and co-workers established this parameter as
a valuable readout of mitochondria-localized NADH (Chance et al.,, 1962; Chance and
Thorell, 1959). The reduced nicotinamide rings of NAD(P)H absorb light at ~340 nm, leading
to an electron density shift from the ring region towards the oxygen atom of the amide group
(excited state) (Figure 1.1). The relaxation back to the ground state leads to a photon
emission resulting in fluorescence emitted at ~460 nm (Blacker and Duchen, 2016). The
fluorescence spectra of NADH and NADPH are indistinguishable and thus, often referred
to as NAD(P)H autofluorescence. As the quantum yield of the autofluorescence is low, high
intensities of ultraviolet light are needed resulting in the photodamage of the sample. An
advanced method of autofluorescence spectrometry promises to overcome these
disadvantages: Fluorescence lifetime imaging (FLIM) enables for the absolute
quantification of and for the discrimination between protein-bound NADH and NADPH
(Blacker et al., 2014). Nonetheless, FLIM requires expensive special optical equipment,

suffers from a low throughput rate as well as from complex data evaluation. Moreover, only
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the protein-bound pools are can be measured and important information about the free

coenzyme pools, which are relevant to drive enzymatic reactions, are missing.

Besides fluorescence measurements, lysate-based methods are broadly applied for
the specific quantification of NAD(P) metabolites. These include enzymatic recycling assays
but also chromatography-, mass spectrometry- or HPLC-based analyses. Unfortunately, the
cell lysis mixes the NAD(P) pools of different cell compartments. Additionally, dynamic
measurements require a high effort of sample processing. These lysate-based techniques
enabled to calculate the average whole cell NAD(P) concentrations for prototrophic yeast
strains of ~2.8 MM NAD*, ~0.37 mM NADH, ~0.19 mM NADP* and ~0.20 mM NADPH,
resulting in NADH/NAD* and NADPH/NADP* ratios of 0.133 and 1.05, respectively
(Table 1.1).

Table 1.1: Average whole cell concentrations of NAD(P) metabolites and free cytosolic
NAD(P)H/NAD(P)* ratios reported for prototrophic yeast strains.

Published values were determined for Cen.PK strains expressing bacterial NAD(P)-specific
dehydrogenases. A cytosolic pH 7.0 to pH 6.5; B NAD(P)H and NAD(P)* concentrations were
originally reported in mmol/gDW and converted using the factor 2.38 mLce/gDW (Theobald et al.,
1997). DW, dry weight.

Parameter Cytosolic free Whole cell total | Reference
NADH/NAD* 0.001 to 0.003 A 0.133

NADH - 0.37 mM B Canelas et al., 2008
NAD* - 2.8 mM B

NADPH/NADP* 15.6 1.05

NADPH - 0.20 mMm B Zhang et al., 2015
NADP~* - 0.19mM 8

NAD(P) coenzyme purification can be circumvent via coupled sensor reactions
(Williamson et al., 1967). For instance, the cytosolic pyruvate/lactate ratio readily
equilibrates with the NADH/NAD®* ratio via the reaction catalyzed by the lactate
dehydrogenase in the cytosol of mammalian cells (Bicher et al., 1972; Hung et al., 2011).
The quantification of pyruvate and lactate in the extracellular matrix enables then to draw
conclusions about the cytosolic NADH/NAD™ ratio. Advantageously, this method reports in
a compartment-specific manner the redox state of the free NAD(P) pool, what is important
regarding the estimation of ~80% of total cellular NAD(P) being protein-bound (Blinova et
al., 2005; Murray et al., 2011; Yu and Heikal, 2009). These methods led so far to the most

accurate determinations of the NAD and NADP redox states. Notwithstanding, appropriate
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enzyme reactions have to meet a number of requirements to allow for precise
measurements (Canelas et al., 2008; Zhang et al.,, 2015). In addition, the kinetic
assumptions for in vivo NAD(P)H/NAD(P)* calculation can be inaccurate for certain
conditions, like during dynamic changes, altered pH or limited substrate uptake. Moreover,
the sampling, extraction, and analysis of the participating reactants and internal standards
is laborious. Additionally, the activity of heterologously expressed dehydrogenases
potentially influences the host metabolism leading to measurement artifacts. For the
prototrophic yeast strains mentioned above, the enzymatic activities of recombinantly
expressed NAD- and NADP-specific dehydrogenases enabled to determine the cytosolic
free NADH/NAD* and NADPH/NADP* ratios to be ~0.002 and ~15.6, respectively
(Table 1.1). The strong deviation from the data obtained by cell lysates under the same
experimental conditions clearly demonstrate the high discrepancy between whole cell and

cytosolic free ratios.

Other approaches like transcriptional fluorescent reporter systems (Huang et al.,
2016; Knudsen et al., 2014; Liu et al., 2019; Siedler et al., 2014; Zhang et al., 2016) only
report long-term qualitative effects and do not enable for dynamic, quantitative
measurements. In contrast, data obtained with GFls at single-cell resolution indicated highly
dynamic and heterogenic behaviors of pH, NAD(P)H and ATP (see below) (Dodd and Kralj,
2017; Papagiannakis et al., 2017). Altogether, the NAD(P) quantification methods
discussed in this section suffer from individual limitations. The ideal NAD(P) determination
method should be highly specific for the metabolite and the compartment of interest, not
interfere with the host metabolism, discriminate free from protein-bound coenzyme, and
enable for dynamic, real-time measurements in the living organism. The GFIs introduced in
the following section meet these requirements and thus represent a significant progress in

the quantification of NAD(P) metabolites.

1.6.2 NAD- and NADP-sensitive GFls

So far, various approaches were used to develop a variety of NAD(P)-specific GFls
(Appendix, Table S1). The majority of these probes has been designed by the combination
of a nucleotide-binding sensor domain with a cpFP reporter domain (Bilan and Belousov,
2017; Zhao et al., 2018). Especially the bacterial transcription factor Rex has been proven

worthy as sensor domain.
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The transcriptional repressor Rex

The bacterial repressor Rex was first discovered in in Streptomyces coelicolor and
is present in most Gram-positive bacteria (Figure 1.5A) (Brekasis and Paget, 2003;
Ravcheev et al., 2012). Rex acts as homodimer regulating the expression of its target genes
in an oxygen-dependent manner via the NADH/NAD" ratio. In the presence of sufficient
oxygen amounts, NADH can be efficiently oxidized to NAD* via respiration. The
NADH/NAD" ratio is low and Rex in the NAD*-bound state (Figure 1.5B). It possesses an
open conformation and binds to the consensus Rex operator site, repressing target genes
(McLaughlin et al., 2010; Sickmier et al., 2005). When the oxygen availability decreases,
less NADH is oxidized and the NADH/NAD" ratio rises. The Rex-bound NAD* is replaced
by two molecules of NADH, inducing a conformational change to the closed state. Rex
dissociates from the operator site, enabling for target gene expression. Target operons are
organism-specific and were reported to be implicated in energy and carbohydrate

metabolism, fermentation, and NAD(P)H biogenesis pathways (Ravcheev et al., 2012).

Detailed structural and mechanistic information is available on the Rex protein from
Thermus aquaticus (T-Rex, Figure 1.5A) (McLaughlin et al., 2010; Sickmier et al., 2005).
Its compact, ‘butterfly-like’ structure likely arises from the adaptation to high temperatures.
The symmetric bilobed homodimeric structure is similar to the Rex structures of other
species (Nakamura et al., 2007; Sickmier et al., 2005; Wang et al., 2008). Each T-Rex
monomer consists of an N-terminal DNA-binding domain (T-Rex residues 2-76), which is
characterized by a winged helix motif, and a C-terminal nucleotide-binding domain (NBD,
T-Rex residues 81-187). Although the NBD harbors a Rossmann fold, that is typically found
in NAD"-depending dehydrogenases, T-Rex lacks dehydrogenase activity (Sickmier et al.,
2005). The nucleotide-binding site is located at the dimer interface forming asymmetric
interactions with the bound nucleotide(s). Either two molecules of NADH or one molecule
of NAD* are bound by T-Rex mediating a closed or open conformation, respectively
(McLaughlin et al., 2010; Wang et al., 2011). The conformational change thereby describes
a ‘caliper-like’ movement, where the N- and C-terminal domains act together as relatively
stiff bodies performing in total a 40° rotation. This rearrangement is mediated by the
C-terminal alpha helix (T-Rex residues 188-203) forming a ‘domain-swapping’ arm that is
buried in the interdomain region of the reciprocal subunit (McLaughlin et al., 2010; Sickmier
et al., 2005; Wang et al., 2008). Although the rotation induces a marginal conformation
change in the NBD, the distance between the DNA-binding subunits is dramatically altered,

thereby tuning DNA-binding.
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Figure 1.5: Design and mechanism of T-Rex-based Pdx-mC (DS), SoNar and iNap sensors.
The T-Rex protein sequence served as template for Pdx-mC (DS) and SoNar (iNap) design (A,
adapted from Zhao et al., 2018). The dimeric T-Rex (blue) acts as a transcriptional repressor in
dependency of the NADH/NAD* ratio (B, adapted from McLaughlin et al., 2010). Pdx-mC was
designed by cpTS insertion in between two T-Rex sequences and C-terminal attachment of mC (C,
adapted from Hung et al.,, 2011). Fluorescence intensity of cpTS reports NADH/NAD* whereas
mCherry fluorescence remains constant (D). SoNar was created by truncation of the T-Rex DNA-
binding domain and insertion of cpYFP into a T-Rex surface loop (E, adapted from Zhao et al., 2015).
Ratio of fluorescence intensities determined at 420 nm and 480 nm excitation (at 520 nm emission)
reflects NADH/NAD* (F). iNap sensors were created by site-directed mutagenesis of the T-Rex NBD
of SoNar (G, red dots). Ratio of fluorescence intensities determined at 420 nm and 480 nm excitation
(at 520 nm emission) reflects NADPH concentration (H, adapted from Tao et al., 2017). C-F, adapted
from Bilan and Belousov, 2017.
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T-Rex represents an ideal candidate for NAD(P) GFI design since (i) its
conformation depends specifically on NADH/NAD™ ratio, (ii) it lacks enzymatic activity, and
(iii) detailed structural information is available, providing ideal prerequisites for rational
sensor design. Many powerful GFIs were designed based on T-Rex (Appendix, Table S1),
such as NADH/NAD*-specific Peredox-mCherry (Pdx-mC) and SoNar sensors.

The Peredox sensor family (NADH/NADY)

The NADH/NAD* ratio sensor Peredox (Pdx) was constructed by the insertion of a
cpTS sequence in between two T-Rex domains (Figure 1.5A,C) (Hung et al., 2011).
Additionally, mutagenesis was performed to avoid the dimerization of cpTS, the interaction
with DNA, NADPH binding, and pH dependency, as well as to accelerate the binding and
dissociation kinetics. The fluorescence intensity of cpTS peaks at 400 nm excitation and at
510 nm emission (Figure 1.5D). Pdx is an intensiometric sensor demonstrating increasing
fluorescence intensity with increasing NADH/NAD* ratios. A constantly fluorescent mC
(590 nm excitation, 610 nm emission) was C-terminally linked to Pdx for the normalization
of the cpTS signal, resulting in the final Pdx-mC construct. The cpTS/mC ratio of Pdx-mC
is specifically reporting the NADH/NAD™ ratio, independent of related metabolites like
NADPH, NADP*, ADP ribose, NAM, NMN, AMP or adenosine (Hung et al., 2011). Moreover,
the Pdx-mC readout is independent of pH in the physiological range (Hartmann et al., 2018;
Hung et al., 2011; Steinbeck et al., 2020). The dynamic range of Pdx-mC is about 2.2-fold
to 3-fold (Table 1.2) (Chang et al., 2017; Hartmann et al., 2018; Hung et al., 2011; Steinbeck
et al., 2020). As sensor control, a Pdx Y98D mutant, which is unresponsive to NADH, can
be used (Hung et al., 2017).

Next to Pdx-mC, a Pdx-mCitrine variant was designed. The exchange of mC by
mCitrine enables for the simultaneous measurement of a second, red fluorescent dye or
GFl, such as pHRed (Hung and Yellen, 2014). Thus, Pdx-mCitrine expands the ‘color
palette’ of NADH/NAD* probes, facilitating multiple-parameter imaging. Due to partial
spectral overlap of cpTS and mCitrine the dynamic range of Pdx-mCitrine is diminished
(Hung et al., 2017). In 2020, the Pdx-mC DS variant was described (Steinbeck et al., 2020).
Both Pdx-mC T-Rex domains were subjected to D112S mutation, lowering the NADH-
binding affinity of the GFI without affecting its pH robustness. The dynamic range in vitro
was thereby increased from 2.2 to 2.88 (Table 1.2). The NADH binding kinetics were
accelerated whereas the replacement of NADH with NAD* was slower compared to the
original Pdx-mC construct. Since the cpTS/mC readout of Pdx-mC DS was less influenced
by NAD*, it was proposed to predominantly report the NADH concentration instead of the
NADH/NAD? ratio.
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Table 1.2: Reported in vitro NAD(P) binding affinities of NADH/NAD*-sensing Pdx-mC (DS)
and SoNar sensors.

0, dynamic range; N.D., not determined; R' = [NADH] x 1000 / [NAD*]; A values were calculated from
Kr' or Ka.

Sensor o] Kd NADH [uM] Kr: Kd NADPH [uM] | Reference
0.0069 + 0.0036 N.D
(0 uM NADH) =
0.464 + 0.064 . .
25 (80 UM NAD*) A 5.8+0.8 N.D. Tejwani et al., 2017
Pdx-mC
11.7+3.6
(3 MM NAD*) A 3.8+£1.2 N.D.
1.2+0.15 A 531+ 12
2.2 (0.5 mM NAD*) 2403 (150 uM NADP*)
Steinbeck et al., 2020
31.4+4.4 A 324+18
Pdx-mC DS | 2.88 (0.5 mM NAD") 62.8 £ 8.8 (150 uM NADP*)
02 Lim et al., 2020
SoNar 15 . ~36 A 150 uM Tao et al., 2017
(Ka NAD* ~5 uM) Zhao et al., 2015

As T-Rex binds to NADH and NAD™* with different affinities, the description of Pdx
sensor binding kinetics is complex, even a contribution of the total AXP concentration was
described (Hung et al., 2011). The in vitro characterization of the Pdx ligand binding was
performed by different labs in different setups, in dependency on the target organism
(Hartmann et al., 2018; Hung et al., 2011; Steinbeck et al., 2020; Tejwani et al., 2017).
Either the NAD*/NADH or NADH/NAD* ratio at half maximal cpTS/mC readout were
estimated as Knao+naon OF Knabrinaps, respectively. Alternatively, a Kr value was determined
with R’ = [NADH] x 1000 / [NAD*] (R = 1/R’). The standardization of the different kinetic
parameters enables for a better comparison of the different results (Table 1.2). The Kr of
Pdx-mC is ~5.8 in the presence of 80 uM NAD* which differs only slightly from the Kr in the
presence of 3 mM NAD* (~3.8). Although the total NAD pool is increased about a factor of
38, Kr is changed by a factor of only 1.5 (Tejwani et al., 2017). In the presence of 500 pM
NAD?, the dissociation constants (Kq values) of Pdx-mC and Pdx-mC DS are 1.2 pM and
31.4 uyM NADH, while the NADPH affinities in the presence of 150 uM NADP* are much
lower (Kg = 531 and 324 uM NADPH). Consequently, the Pdx readout should not be
significantly influenced by changes in the total NAD pool size or by NADPH in vivo.

Up to date, the Pdx sensors were successfully applied in various primary cell
cultures and cell lines (Hung et al., 2017, 2011; Masia et al., 2018; Sandbichler et al., 2018;
Schondorf et al., 2018), brain tissue (two-photon FLIM) (Diaz-Garcia et al., 2017; Mongeon
et al., 2016), plants (Steinbeck et al., 2020; Wagner et al., 2019), fungi (Hartmann et al.,
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2018), and bacteria (Bhat et al., 2016a; Ishikawa et al., 2017; Tejwani et al., 2017). So far,
the mitochondrial targeting of a Pdx construct has not been reported, whereas nuclear
targeting was possible (Hung et al., 2011). Most likely, the big protein size impedes the
import into the mitochondrial matrix (Steinbeck et al., 2020).

The SoNar sensor (NADH/NAD")

A second NADH/NAD"*-sensing GFI, SoNar, was constructed by the insertion of a
cpYFP sequence into a surface loop of the T-Rex protein, in between F189 and L190
(Figure 1.5A,E) (Zhao et al., 2015). In addition, the N-terminal DNA-binding domain of
T-Rex (T-Rex residues 1-77) has been truncated to minimize the sensor size and the
interaction with DNA. The readout of SoNar is ratiometric, showing characteristic cpYFP
fluorescence spectra with two excitation maxima at 420 nm and 490 nm wavelength as well
as a single emission maximum at 515 nm (Figure 1.5F). In vitro analyses confirmed that
the binding of NAD" increases the fluorescence intensity of SoNar excited at 490 nm without
affecting the 420 nm fluorescence. In contrast, NADH-binding to the sensor rises its
fluorescence at 420 nm excitation whereas the intensity at 490 nm decreases. As a result,
the ratio of SoNar fluorescence intensities when excited at 420 and 490 nm (420/490 nm)
describes the NADH/NAD" ratio. As the two excitation maxima behave opposingly, the
SoNar ratiometric readout has a big 15-fold dynamic range in vitro and 9-fold in vivo
(Table 1.2). SoNar is specific for NADH and NAD®, without significant influence of NAD
analogs such as NADPH, NADP*, ATP or ADP. The Kq values for NAD* and NADH are very
low (~5.0 uM NAD* and ~0.2 uM NADH), making sure that the sensor is occupied in vivo
by either of the two pyridine nucleotides. The Knap+naon Of SoNar is ~40 which is
corresponding to a Kr value of ~25. Another study confirmed a similar Kr of ~36 (Lim et
al., 2020). Although the Ky (NADH) of SoNar is lower, the Kr' of SoNar is in between those
of Pdx-mC and Pdx-mC DS due to its high NAD* affinity. This feature also partly responsible
for the fast binding and dissociation kinetics of SoNar, especially the replacement of NADH
by NAD" happens much faster compared to Pdx-mC (Zhao et al., 2015). When expressed
in a H1299 cell line, the fluorescence intensity of SoNar, particularly at 490 nm excitation,
was much brighter than that of other GFIs (Frex, cpYFP, HyPer, roGFP1, Peredox) (Zhao
et al., 2015). Unfortunately, the 490 nm fluorescence is strongly pH-dependent, whereas
the fluorescence at 420 nm is less affected (Section 1.5 and Figure 1.4D). Consequently,
the resulting 420/490 nm readout is also pH-sensitive (Zhao et al., 2015). To control for
significant pH alterations in different experimental setups, a cpYFP-based pH control, such

as cpYFP, SypHer or iNapc, should be carried in parallel. This control allows for
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normalization of the pH-sensitive SoNar readout to exclude pH artifacts from the final output
(see below) (F.-L. Zhao et al., 2016; Zou et al., 2018).

So far, SoNar was applied in a vast variety of primary cell cultures and cell lines,
where it could be targeted to the nucleus or transplanted as xenografts into mice
(Chugunova et al., 2019; Hao et al., 2019; Hu et al., 2020; Ji et al., 2017; Kim et al., 2019;
Oldham et al., 2015; Shokhina et al., 2019; Tao et al., 2017; Titov et al., 2016; Y. Zhao et
al., 2016; Zhao et al., 2015). SoNar was also expressed in transgenic mice (Chen et al.,
2021; Gu et al., 2020) and plants (Lim et al., 2020). It was successfully localized to plastids,
but peroxisomal and mitochondrial targeting failed in planta (Lim et al., 2020).
A mitochondria-targeted version was reported in cultured adult rat cardiomyocytes (Hu et
al., 2021).

The iNap sensor family (NADPH)

To develop the NADPH-sensitive iNap sensors, the SoNar T-Rex domain was
subjected to site-directed mutagenesis (Tao et al., 2017). Structurally important residues
for NAD(P) binding were identified by comparison of the T-Rex structure with those of other
NAD- and NADP-binding proteins. Moreover, NADPH binding to T-Rex was simulated.
Finally, the T-Rex domain of SoNar was modified to accumulate positive residues near the
predicted NADPH phosphate group and polar residues were enriched in the adenine
binding pocket. Additionally, the flexibility of a loop, which was supposed to sterically clash
with the phosphate group, was enhanced. The selected SoNar mutations were performed
in different combinations, and the resulting variants were screened for NADPH-binding by
fluorescence measurements. The resulting constructs were indeed specific for NADPH with
Kq values ranging from ~1.3 pM to ~29 uM (Figure 1.5G) (Tao et al., 2017; Zou et al., 2018).
The variants with most favorable characteristics regarding affinity and dynamic range were
selected and termed iNapl to iNap4. The NADPH-specific iNapl, iNap2, iNap3 and iNap4
sensors have Ky values of ~2.0, ~6.0, ~25 and ~120 uM NADPH (Appendix, Table S1).
Another study reported lower Kq values for iNapl and iNap4 of 0.29 pM and 30 pM NADPH,
respectively (Lim et al., 2020). The dynamic range of iNap1l is 9-fold (Tao et al., 2017), but
the dynamic ranges alter between the different iNap variants (Lim et al., 2020; Zou et al.,
2018). The iNap fluorescence spectra correspond to that of SoNar and cpYFP showing two
excitation maxima at 420 nm and 490 nm wavelength, as well as an emission peak around
515 nm (Figure 1.5H). Going along with the cpYFP spectral properties, also the iNap

fluorescence excited at 490 nm is pH-sensitive.
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To enable pH-resistant measurements, mC was N-terminally fused to iNapl (Tao et
al., 2017). The resulting mC-iNapl construct allowed for normalization of the 420 nm
fluorescence to the constant red mC fluorescence. As the apparent Kq of iNapl when
excited at 420 nm does not depend on pH, the 420 nm/mC allows robust NADPH readout.
Another approach for the correction of pH artifacts includes iNapc, an iNap control sensor
that binds neither NADPH nor NADH and thus, it represents the unbound (apo) state and
the open sensor conformation (McLaughlin et al., 2010; Tao et al., 2017). It retains the pH
sensitivity of the cpYFP moiety at 490 nm excitation. When measured in parallel, it thus
allows for the normalization of the iNap signal, to exclude the pH artifacts from the final

sensor readout (Equation 1.1) (Zou et al., 2018).

Equation 1.1: Normalization of the iNap1 ratio to the iNapc signal for pH-resistant iNap1
measurements.

420
490

420 .
290 (iNapc)

o420 (iNap1)
normallzedm (iNapl) =

Altogether, the various NADPH-binding properties of iNap1-4 cover a wide range of
different NADPH concentrations and therefore allow for dynamic measurements in different
cell types and subcellular compartments. So far, the different iNap variants were applied for
cytosolic measurements in different cell cultures (Gregor et al., 2019; Tao et al., 2017),
zebrafish (Tao et al., 2017), and plants (Lim et al., 2020). The nuclear targeting of iNap was
reported for cell culture experiments (Tao et al., 2017). Successful targeting to plastids and
peroxisomes was described for plants, whereas the targeting to the mitochondrial matrix
failed (Lim et al., 2020).
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1.7 Research objectives

Our current knowledge of subcellular NADH/NAD* and NADPH/NADP* dynamics
remains incomplete as traditional measurement methodologies suffer from several
limitations. For instance, measurement of pyridine nucleotide autofluorescence does not
allow for the discrimination between NADH and NADPH or between protein-bound and free
pools. Furthermore, NADP* and NAD* are non-fluorescent species. Cell lysis-based
techniques cannot differentiate between different subcellular compartments and the
possibilities for making dynamic measurements are very limited. Finally, monitoring via
coupled enzymatic reactions or FLIM is technically challenging, laborious, and time-

consuming.

The recent development of GFls for the NADH/NAD" ratio (Hung et al., 2011; Zhao
et al., 2015) and the NADPH concentration (Tao et al., 2017) open up the possibility to
investigate these redox couples in living cells with high specificity at subcellular resolution
and in real-time. However, much scope remains for further probe development and

optimization. Therefore, the following major research objectives were defined:

1. Characterization of available NADH/NAD*-specific SoNar and Pdx-mC (DS),

as well as NADPH-sensing iNap probes in S. cerevisiae

2. Design and development of novel NADPH/NADP*-sensitive GFls

A rational mutagenesis strategy sought to be applied to develop novel
NADPH/NADP* sensors using the NADH/NAD* probe Peredox as a scaffold.
Together with collaborators, extensive in vitro characterization of promising probe
candidates will be performed, as well as ultimately broad in vivo characterization in

yeast, plant, and human model systems.

3. Application of novel NADPH/NADP* sensors to gain new insights

in subcellular NADPH dynamics.

Working predominantly in the yeast system, which has the advantage of rapid
genetic manipulation, as well as relatively simple and well understood redox
pathways, the novel sensors will be employed to gain deeper insights into the

regulation of NADPH at the subcellular level.
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2 Results

Nicotinamide adenine dinucleotide (NAD; oxidized form NAD*, reduced form NADH)
and NAD phosphate (NADP; oxidized form NADP®, reduced form NADPH) are universal
and essential redox cofactors involved in cellular metabolism (Rodrigues et al., 2006).
Despite their similar chemical structures, they fulfill very distinct functions inside the cell.
The cytosolic NAD pool is very oxidized (low NADH/NAD™ ratio) with NAD* being an
important electron acceptor in catabolic pathways (Bakker et al., 2001). In contrast, the
NADP pool is very reduced (high NADPH/NADP ratio). This enables NADPH to serve as
electron donor for many anabolic reactions and for antioxidant defense. The NAD and
NADP metabolites are highly compartmentalized (Fessel and Oldham, 2018). The current
knowledge about NAD(P) is primarily based on measurements of whole cell lysates and on
autofluorescence imaging (Blacker and Duchen, 2016). Unfortunately, lysis-based methods
cannot differentiate between different subcellular compartments, while autofluorescence
measurements induce photodamage to the sample and do not allow for the discrimination
between NADH and NADPH. Moreover, these methods cannot distinguish between protein-
bound and free coenzyme pools. As a result, the cellular NAD and NADP metabolism is still
not understood in detail, although it has been investigated for decades. Recently,
genetically encoded, fluorescent indicators (GFIs) for NAD and NADP metabolites were
developed. These probes overcome the major drawbacks of traditional NAD(P)
guantification methods (Kostyuk et al., 2019) enabling for real-time measurements in living
organisms with high specificity and at subcellular resolution. Thus, NAD- and NADP-
specific GFIs open the opportunity to gain deeper insights into cellular NAD and NADP

metabolism.

2.1  Characterization of SoNar and iNap in S. cerevisiae

Various NAD- and NADP-specific GFIs have been developed so far, all with their
individual advantages and limitations. The SoNar and iNap sensors sense specifically the
NADH/NAD" ratio and the NADPH concentration, respectively (Tao et al., 2017; Zhao et al.,
2015). Since the iNap sensor design is based on SoNar, both GFls share a common overall
structure. Their sensory domains derive from the nucleotide binding domain (NBD) of the
dimeric bacterial T-Rex transcription factor. A circularly permuted (cp) yellow fluorescent
protein (YFP) was inserted into a T-Rex surface loop to function as reporter domain. In this

way, the calculation of the ratio of fluorescence intensities emitted at 520 nm, when excited
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either at 420 nm or at 480 nm (420/480 nm ratio) enables the readout of NADH/NAD*
(SoNar) or NADPH (iNap).

The SoNar and iNap probes share advantageous features like ratiometric readout,
high fluorescence intensity, and small protein size (385 amino acids per monomer).
Additionally, the common cpYFP fluorescence spectra allow for a convenient sensor
interchangeability and comparability (Zou et al., 2018). Nonetheless, since the cpYFP
fluorescence is strongly pH-sensitive (Schwarzlander et al., 2014), the parallel
measurement of a GFI control, iNapc, is recommended for critical experimental setups (Tao
et al., 2017; Zhao et al., 2015).

2.1.1 SoNar and iNap are functional in S. cerevisiae

Since the SoNar and iNap sensors were reported to have great advantages over
other GFls, SoNar, iNapl, and iNapc were chosen for characterization in S. cerevisiae. The
cpYFP-based, pH-responsive SypHer probe was employed to monitor pH fluctuations
(Poburko et al., 2011). SoNar, iNapl, iNapc, and SypHer were expressed in a BY4742 wild
type (WT) strain. The GFI expression was confirmed by the measurement of cpYFP
fluorescence spectra of intact, probe expressing cells using a fluorescence plate reader
(Figure 2.1A-D). All probes showed characteristic cpYFP spectra with a single excitation
peak at 420 nm and an emission maximum at 510 nm. A second excitation maximum at
480 nm has been reported for SoNar in its NAD*-bound and unbound states (Zhao et al.,
2015), as well as for iNap1 in its unbound conformation (Tao et al., 2017). Interestingly, this
second excitation maximum was absent in any of excitation spectra of yeast-expressed
probes. The excitation spectrum of SypHer also has a second peak at 490 nm at pH values

2 7.44, suggesting the cytosolic pH being below this value (Poburko et al., 2011).

The fluorescence excitation ratio 420/480 nm of SoNar and iNap probes, recorded
at 520 nm emission, reflects in a proportional manner either the NADH/NAD* ratio or the
NADPH concentration (Tao et al., 2017; Zhao et al., 2015). To verify the reversibility of
ligand binding and to determine the maximal changes in the sensor readouts, a calibration
method was performed (Tao et al., 2017). To this end, the plasma membrane was
semipermeabilized by the application of low digitonin concentrations. Cell semi-
permeabilization decreased the 420/480 nm ratio of SoNar from ~9 to ~5, and that of iNap1
from ~9 to ~3 (Figure 2.1E,F). This implicates a decline in both, NADH/NAD™ ratio and
NADPH concentration, presumably due to oxidation. The subsequent application of high
ligand concentrations (1 mM NADH or NADPH) led to a 420/480 nm ratio increase to values

marginally exceeding those observed in intact cells. Both, SoNar and iNapl were shown to
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have very high NADH and NADPH affinities in vitro (Tao et al., 2017; Zhao et al., 2015) and
are thus expected to be present in their NADH- and NADPH-bound states under these

conditions.
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Figure 2.1: Characterization of SoNar and iNap in WT cells.

Excitation (Ex) and emission spectra (Em) of intact WT cells expressing SoNar, iNapl, iNapc, or
SypHer (A-D). Intensities were normalized to the emission at 520 nm. SoNar, iNapl, iNapc, or
SypHer expressing WT cells were sequentially treated at the indicated time points (V) with
0.1% (w/v) digitonin (d), 1 mM NADH or NADPH and different concentrations of pyruvate (p) (E-H).
Fluorescence was recorded using a plate reader. Dynamic ranges (&) were calculated by division of
average 420/480 nm ratios at ~30 min and ~35 min (SoNar) or ~25 min and ~20 min (iNapl). For
SypHer calibration curve, refer to Appendix, Figure S1A.
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To decrease the NADH/NAD™ ratio in the next step, pyruvate was added. In the
course of alcoholic fermentation, pyruvate is decarboxylated to acetaldehyde (by pyruvate
decarboxylase, Pdc) followed by an NADH-dependent reduction to ethanol (by alcohol
dehydrogenase, Adh), producing NAD* (Bakker et al., 2001). Indeed, the addition of 1 mM
pyruvate decreased the fluorescence ratio of SoNar from ~9 to ~1.5 (Figure 2.1E). Higher
pyruvate concentrations up to 10 mM did not lead to further ratio decline and the low
420/480 nm ratio remained stable in all the conditions, implying SoNar being present in its
NAD*-bound state. Opposingly, pyruvate is not expected to influence cellular NADPH
levels. Indeed, the fluorescence ratio of iNapl was barely affected by the different pyruvate
concentrations (Figure 2.1F). In addition, the fluorescence readout of iNapc and SypHer
controls was barely affected (Figure 2.1G,H). Hence, the established semiperme-
abilization-based assay can be employed to investigate the reversible responses of

NADH/NAD*-specific SoNar and NADPH-sensing iNap probes in a cellular environment.

SoNar and iNap1 dynamic ranges of dson ~5.5 and dina ~3.0 were calculated based
on the maximum and minimum fluorescence ratios reached throughout the experiment.
These values fall below those reported in vitro (8son ~15; dina ~9) and in vivo (dson ~8) (Tao
et al., 2017; Zhao et al., 2015). Nonetheless, minimum and maximum 420/480 nm ratios
enable to calculate the proportion of sensor that is occupied with NAD(P)H at cellular
equilibrium, resulting in 81% sensor occupancy with NADH for SoNar and 78% sensor
occupancy with NADPH for iNap1.

In contrast to SoNar, iNapl or SypHer, the time-dependent 420/480 nm ratio of
iNapc was marked by strong fluctuations (Figure 2.1G), most likely deriving from its low
fluorescence intensity (Section 2.3.4). On the one hand, these fluctuations hamper the
exact monitoring of pH alterations and on the other hand, they impede the normalization of
the SoNar and iNap signals to exclude artifacts from their final readouts. Opposingly, the
SypHer control conveniently reported the cytosolic pH throughout the experiment. Based
on a pH calibration curve (Appendix, Figure S1A), the cytosolic pH was determined to be
~7.12,~6.86, and ~6.95 at cellular steady state, after digitonin, and after pyruvate treatment,

respectively.

2.1.2 Fluorescence of SoNar and iNap strongly depends on pH

The reported dynamic ranges of SoNar and iNapl sensors were not reached in
semipermeabilized yeast cells and the reported 480 nm excitation peak (B-band) was not
observed, even following semipermeabilization (data not shown). The B-band of cpYFP is

extremely pH-sensitive (Meyer and Dick, 2010; Schwarzlander et al., 2014) and shows
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strong increase in fluorescence intensity at pH values above 7.0 (Poburko et al., 2011;
Schwarzlander et al., 2014). The yeast cytosol is rather acidic (pH 6.5 to 7.4) and its pH is
less stable than that of mammalian cells (Dodd and Kralj, 2017; Karagiannis and Young,
2001; Orij et al., 2009). This effect potentially causes the alterations in the SoNar and iNap
fluorescence spectra when expressed in the yeast cytosol. Hence, the pH dependencies of
cpYFP-based GFls were further investigated. To this end, GFI expressing WT cells were
semipermeabilized in different pH buffers, ranging from pH 6.0 to pH 9.0. Since the
fluorescence spectra alter in dependency of the sensors ligand binding state (Tao et al.,
2017; Zhao et al., 2015), they were recorded in presence and absence of 2 mM NADH or
NADPH. The intensities when separately excited at 420 nm or 480 nm were plotted against
the pH. As expected, the 480 nm excitation maxima of all the investigated cpYFP-based
GFls were strongly pH-dependent, dramatically increasing at pH 8 and pH 9, in the absence
and presence of additional ligand (Figure 2.2A-D). As the cytosolic pH of S. cerevisiae is
rather acidic, the excitation maximum at 480 nm remains weak in cpYFP-based GFls
expressed in the yeast cytosol. In contrast, the 420 nm fluorescence maximum was more
robust towards pH changes, especially for iNapl, iNapc, and SypHer (Figure 2.2A-C). In
the absence of NADH, the SoNar fluorescence intensity increased at pH values above 7.5
to the fluorescence intensity observed in presence of 2 mM NADH (Figure 2.2D), indicating
pH-dependent NADH-binding or conformational changes of SoNar.

To determine to what extent the pH sensitivity influences the sensor readout,
420/480 nm ratios were calculated and plotted against the pH. The fold difference in
fluorescence ratio between the control condition and the addition of 2 mM NAD(P)H was
considered to reflect the dynamic sensor range at this pH and was therefore referred to as
the ‘apparent’ dynamic range. SoNar and iNap1 demonstrated stable fluorescence ratios
and apparent dynamic ranges between pH 6.0 and pH 7.0 (Figure 2.2E,F). In this range,
the 420/480 nm changes of iNapc and SypHer controls were also minor (Figure 2.2G,H).
Further pH increase led to a strong decline in the 420/480 nm ratio for all the sensors, due
to the increase in the fluorescence intensity excited at 480 nm. The apparent dynamic range
of SoNar was strongly decreased at pH =8.0 due to the conformational alterations
described above. In contrast, the apparent dynamic range of iNapl increased at pH 8.0 and
pH 9.0 to ~5.6, but was still lower than the reported dynamic range of din1 ~9 in vitro (Tao
et al., 2017). The pH dependencies of iNapc and SypHer controls largely corresponded
those of SoNar and iNapl sensors, confirming that the observed alterations can be largely
attributed to the pH dependency of the cpYFP moiety. Altogether, this data indicates that
the acidic environment in the yeast cytosol influences the spectral characteristics of cpYFP-
based GFls.
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Figure 2.2: pH dependencies of SoNar and iNap in semipermeabilized WT cells.

WT cells expressing SoNar (A,B), iNapl (C,D), iNapc (E,F), or SypHer (G,H) were semiper-
meabilized in the indicated buffer solution with 0.1% (w/v) digitonin. Excitation and emission spectra
of cpYFP were recorded by a fluorescence plate reader in absence (0 mM) and presence of 2 mM
ligand (NADH for SoNar, NADPH for iNap sensors). Fluorescence intensities measured at 420 nm
and 480 nm excitation (left) or respective 420/480 nm ratios (right) were plotted against the pH.
a.u., arbitrary units; Ex, Excitation.
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Construction of mSI-SoNar and mSl-iNap sensors

To design an improved, NADPH-specific GFI with a pH-robust fluorescence readout,
mCherry (mC) was N-terminally fused to iNap1, resulting in the mC-iNap1l sensor (Tao et
al., 2017). The cpYFP fluorescence of mC-iNapl excited at 420 nm remains responsive on
the NADPH concentration, whereas the mC fluorescence intensity is stable and not affected
by NADPH. In this way, the 420 nm excitation channel of cpYFP can be normalized to the
constant mC signal, resulting in the 420 nm/mC ratio, which is proportional to the NADPH
concentration. In this way, the pH-sensitive cpYFP fluorescence excited at 480 nm is
avoided and thus, the intensiometric readout of mC-iNapl reflects the NADPH

concentration independent of pH.

In the slightly acidic environment of the yeast cytosol, the 480 nm fluorescence of
SoNar and iNap probes is lost, turning the ratiometric cpYFP readout basically into an
intensiometric mode. Intensiometric GFls require a second FP with constant fluorescence
intensity for signal normalization. Hence, inspired by the previously published mC-iNapl
sensor (Tao et al., 2017), red fluorescent protein (RFP) fusions of iNap and SoNar probes
were generated. Instead of mC, the fast maturing, bright RFP mScarlet- (mSI) (Bindels et
al., 2017) was N-terminally fused to iNapl1-4, iNapc, and SoNar.

2.1.3 SoNar and mSI-SoNar respond to NAD(P)H in semipermeabilized cells

SoNar has been reported to have high affinities for NADH and NAD* with Kg (NADH)
~0.2 uM and Kg (NAD*) ~5.0 uM (Table 1.2) (Zhao et al., 2015). In contrast, its affinity for
NADPH is much lower with Kq (NADPH) ~150 uM (Tao et al., 2017). To verify the reported
(mSI-) SoNar specificity, the GFI responses to different concentrations of exogenously
added NADH and NADPH were followed in SoNar expressing, semipermeabilized cells. As
expected, the supplementation of NADH immediately increased the 420/480 nm ratio in a
concentration-dependent manner (Figure 2.3A). However, the sensor surprisingly
responded to a very similar extent to NADPH (Figure 2.3B). The same effect was observed
for the mSI-SoNar probe (Figure 2.3C,D). The maximum ratio changes (&’) upon NADH
treatment were similar for SoNar (&’son ~2.3) and mSI-SoNar (&’msi-son ~2.5), suggesting
that mSI-SoNar is an appropriate probe control. To determine the pH alterations during the
experiment, the SypHer sensor was employed. Exogenous supplementation of 2 mM
NAD(P)H led to a concentration-dependent alkalization from pH ~6.88 to pH ~6.95 (NADH)
and pH ~7.05 (NADPH) (Figure 2.3E,F). This mild pH change is not expected to influence
(mSI-) SoNar or (mSI-) iNap readouts (Section 2.1.2).
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Figure 2.3: NADH and NADPH titration to semipermeabilized WT cells expressing

(mSl-) SoNar.

WT cells expressing SoNar (A,B), mSI-SoNar (C,D), or SypHer (E,F) were semipermeabilized prior
to fluorescence plate reader measurement. At the indicated time point (V), cells were treated with
different concentrations of NADH (left) or NADPH (right). Maximum ratio changes (0') were
calculated by division of average fluorescence ratios at ~15 min reached with 2 mM NADH by the
value in absence of NADH. For SypHer calibration curve, refer to Appendix, Figure S1A.

2.1.4 iNap and mSl-iNap respond to NADPH in semipermeabilized cells

The iNap sensor family consists of five members, iNapl-4 and the iNapc control
(Tao et al., 2017). They were generated by site-directed mutagenesis of the NBD of SoNar
to switch its specificity from NADH/NAD* to NADPH. The individual NADPH affinities of the
iNap sensors decrease with increasing number, resulting in in vitro Kq (NADPH) values of
~2 UM, ~6 uM, ~25 uM, and ~120 pM for iNapl, -2, -3 and -4. The iNapc variant binds
neither NADPH, nor NADH, and was designed for control measurements. Moreover, it was
reported that the above-mentioned N-terminal mC fusion does not influence the binding
properties of iNapl. To verify the different NADPH binding affinities of the iNap and mSlI-
iNap probes, GFI expressing, semipermeabilized cells were supplemented with different

concentrations of NADPH. Semipermeabilization of iNap expressing WT yeast cells
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resulted in similar 420/480 nm baseline values of ~3 for iNap1-3 (Figure 2.4A-C). The
baseline values of iNap4 and iNapc were higher (~6) (Figure 2.4D,E). NADPH addition to
iNapl-4 immediately elevated the 420/480 nm ratios to ~10 in a concentration-dependent
manner, whereas the fluorescence of iNapc was not affected. According to their responses
to the different NADPH concentrations in semipermeabilized yeast cells, iNap2 showed the
highest NADPH affinity, followed by iNapl, -3 and -4. The fluorescence ratio responses of
mSl-iNapl1-4 to NADPH suggested that the probe affinities corresponded to that of their
unfused counterparts (Figure 2.4F-J). Further, the NADPH specificity of the (mSl-) iNap
sensors was validated by the application of NADH to semipermeabilized, GFI expressing
cells. No changes in fluorescence readout were observed for (mSl-) iNap3, -4, or -c
(Appendix, Figure S2C-E,H-J). High concentrations of 1 mM and 2 mM NADH led to a
minor increase in the fluorescence ratio of (mSl-) iNapl and (mSl-) iNap2 (Appendix,
Figure S2A,B,F,G). Overall, these results validate the differing NADPH affinities and the

specificity of (mSlI-) iNap sensors.

Despite their different affinities for NADPH, iNap1-3, as well as iNap4 and -c,
demonstrated similar 420/480 nm ratios after semipermeabilization. In addition, lower
fluorescence ratios were not detected for the individual sensors throughout this study. This
suggests the probes being in their NADPH-unbound state under this condition. Moreover,
taking the different Kq (NADPH) values into account, the iNap sensors should be saturated
with NADPH after application of 2 mM ligand. Based on the 420/480 nm ratios after the
semipermeabilization and after addition of 2 mM NADPH, dynamic ranges & between 1.8
and 3.2 result for iNap1-4 (Figure 2.4A-D). The fusion to mSI affected the dynamic ranges
marginally, mSI-iNap1-4 demonstrated dynamic ranges & between 2.3 and 3.6
(Figure 2.4F-1). Overall, the properties of the iNap probes and their mSl fusions were very
similar in semipermeabilized yeast cells, suggesting the mSl fusions being appropriate iNap
controls. Nonetheless, the pH dependency (Section 2.3.3), the low overall fluorescence
intensities (Section 2.3.4), as well as the loss of the ratiometric readout and dynamic range
represent relevant drawbacks of SoNar and iNap probes. These limitations can largely be
attributed to the FP used for the sensor design, cpYFP. Enhanced intensities and improved
pH stabilities are required to ensure a reliable fluorescence readout for many experimental
approaches, such as measurements in medium, or when the probe expression level is low.
Moreover, a GFI that specifically reports the important NADPH/NADP* ratio instead of the
NADPH concentration is highly desirable for redox process analyses. Due to these manifold
disadvantages of iNap probes, alternative NAD(P)-sensitive redox sensors moved into

focus.
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Figure 2.4: NADPH titration to semipermeabilized WT cells expressing (mSI-) iNap.

WT cells expressing iNap1 (A), iNap2 (B), iNap3 (C), iNap4 (D), iNapc (E), or respective mSI fusion
constructs (F-J) were semipermeabilized prior to fluorescence plate reader measurement. At the
indicated time point (V), cells were treated with different concentrations of NADPH. Dynamic
ranges (0) were calculated by division of average fluorescence ratios at ~15 min reached with 2 mM

NADPH by the value in absence of NADPH. &, maximum ratio change.
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2.2 Characterization of Pdx-mC and Pdx-mC DS in S. cerevisiae

The NADH/NAD™ sensor Peredox (Pdx) was constructed as a tandem fusion of two
complete T-Rex proteins (Hung et al., 2011). In between, a cpT-Sapphire (cpTS) was
inserted to generate the intensiometric Pdx probe. An mC domain has been linked to the
C-terminus, resulting in the final Pdx-mC sensor. The cpTS fluorescence intensity of
Pdx-mC reflects the NADH/NAD* ratio, whereas the mC fluorescence intensity remains
stable. Thus, the cpTS/mC ratio displays the NADH/NAD? ratio in an intensiometric manner.
The D112S mutation of both Pdx-mC T-Rex domains increased Ky (NADH) from ~1.2 uM
to ~31.4 uM, generating the Pdx-mC DS probe with decreased NADH/NAD* affinity
(Table 1.2) (Steinbeck et al., 2020).

2.2.1 Pdx-mC (DS) are functional in S. cerevisiae

Pdx-mC and Pdx-mC DS were chosen for the expression and characterization in the
S. cerevisiae BY4742 WT strain. First, the correct sensor expression was confirmed by the
determination of cpTS and mC fluorescence spectra of intact, probe expressing cells
(Figure 2.5A,B). To validate the reversible sensor responses of Pdx-mC (DS), the already
established, semipermeabilization-based calibration method (Section 2.1.1) was utilized.
At the start of the measurement (at ‘cellular equilibrium’ or ‘steady state’), the cpTS/mC
ratios of Pdx-mC and Pdx-mC DS were similar (~1.2) (Figure 2.5C,D). As observed earlier
for SoNar, cell semipermeabilization by digitonin decreased the fluorescence ratio to ~1.1
for Pdx-mC and to ~0.6 for Pdx-mC DS, corresponding to a decline in NADH/NAD*. The
ratio decrease of the DS variant to lower values thereby reflects its lower NADH binding
affinity. Cell semipermeabilization was apparently sufficient to drive Pdx-mC DS to the
lowest cpTS/MmC ratio possible, as lower values were not observed throughout the studies.
Since the Kqy value of Pdx-mC DS for NAD*, as well as the ambient NAD* concentration, are
unknown, it is uncertain whether the probe is present in its NAD*-bound or unbound state
under these conditions. Hence, the respective probe conformation, represented by the
lowest fluorescence ratio possible, will be referred to as ‘open’ sensor state. In contrast to
Pdx-mC DS, the cpTS/mC of Pdx-mC remained at a higher level after cell
semipermeabilization, suggesting that the probe remains partially bound to NADH. Hence,
pyruvate was applied to drive further NADH oxidation to reduce the cpTS/mC of Pdx-mC.
Indeed, the cpTS/mC ratio of Pdx-mC fell in a concentration-dependent manner confirming
its responsiveness to the NADH/NAD? ratio (Figure 2.5C). Treatment with high boluses of
5mM and 10 mM pyruvate lowered cpTS/mC to ~0.7, corresponding to the cpTS/mC of

Pdx-mC DS in its open state. Under these conditions, Pdx-mC was most likely present in
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its NAD*-bound form, represented by the lowest cpTS/mC value. The addition of 1 mM
NADH to Pdx-mC led to a cpTS/mC increase to ~1.4 in the presence of 1 mM pyruvate.
The same amount of NADH was not able to completely increase the cpTS/mC ratio in the
presence of higher pyruvate concentrations. Likewise, the addition of NADH to the
semipermeabilized Pdx-mC DS culture increased the cpTS/mC ratio to ~1.4 (Figure 2.5D).
The supplementation of 5 mM and 10 mM pyruvate quickly reduced the cpTS/mC of NADH-
bound Pdx-mC DS ratio back to ~0.6. In the presence of 1 mM NADH, 1 mM and 2 mM
pyruvate did not influence the cpTS/mC ratio of Pdx-mC DS, reflecting its lowered NAD*
binding affinity. Overall, the Pdx-mC (DS) sensors responded as expected on the various

treatments, indicating that they are responsive to the NADH/NAD* ratio.
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Figure 2.5: Characterization of Pdx-mC (DS) in WT cells.

Excitation (Ex) and emission spectra (Em) of cpTS and mC of intact WT cells expressing Pdx-mC (A)
or Pdx-mC DS (B). Intensities were normalized to the mC emission at 619 nm. WT cells expressing
Pdx-mC (C), Pdx-mC DS (D) or pHluorin (E) were sequentially treated at the indicated time
points (V) with 0.1% (w/v) digitonin (d), 1 mM NADH and the indicated concentration of pyruvate (p).
Measurements were performed using a fluorescence plate reader. Dynamic ranges (8) were
calculated by division of average cpTS/mC ratio at ~40 min, 1 mM pyruvate, by the value reached
with 10 mM pyruvate. For pHluorin calibration curve, refer to Appendix, Figure S1B.
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It can be expected that minimum and maximum fluorescence ratios were achieved
by this method, resulting in dynamic ranges of dpax ~1.9 and dps ~2.0. These values are in
the range of those reported from in vitro analyses (drax ~2.2- and dps ~2.9) (Steinbeck et
al., 2020). Further, the calculated NADH occupancy at cellular steady state was 82% for
Pdx-mC and 62% for Pdx-mC DS. This additionally confirms the lowered NADH/NAD*
affinity of the DS variant and indicates that this probe should be preferred over Pdx-mC for

dynamic measurements in intact cells to avoid sensor saturation with NADH.

The pH-sensitive SypHer sensor has been employed to monitor the pH-induced
alterations of the cpYFP fluorescence (Section 2.1). In analogy, the green fluorescent
pHluorin was employed as pH control for the fluorescence of cpTS of the Pdx-mC (DS)
probes (Miesenbdck et al., 1998). Based on a calibration curve (Appendix, Figure S1B),
the pH at cellular steady state was determined to be ~7.03 (Figure 2.5E). Digitonin
application led to an acidification to pH ~6.74, whereas subsequent pyruvate treatment did
not further altered pH, except for the highest concentration of 10 mM, increasing the pH to
~6.88. These results correspond to those obtained with the SypHer sensor. Hence, the

pHIluorin sensor represents a reliable, green fluorescent pH control sensor.

2.2.2 Pdx-mC (DS) show minor pH dependency

The pH dependency is critical for the GFI application in vivo limiting the application
of SoNar and iNap sensors in the yeast cytosol. The Pdx-mC (DS) readouts have been
reported to be robust in a broad pH range (Hohne, 2020; Hung et al., 2011; Steinbeck et
al., 2020). To validate these reports in the yeast system, sensor expressing cells were
semipermeabilized in different pH buffers and the fluorescence spectra of cpTS and mC
were recoded. The pH-sensitive pHIuorin sensor was used to validate the adaptation of the
cytosolic pH to the buffer pH after semipermeabilization. Indeed, its 399/450 nm ratio
increased with increasing pH (Figure 2.6C). Three different conditions were examined for
Pdx-mC (DS): the addition of either 2 mM NADH or 5 mM pyruvate, to transfer the probes
into their NADH-bound and open conformation, respectively, and the control condition in
absence of any additional compound. The resulting Pdx-mC (DS) readouts were rather pH
stable when GFls were bound to NADH demonstrating only moderate increase in cpTS/mC
with increasing pH values (Figure 2.6A,B). In the presence of pyruvate, the Pdx-mC
readout was stable up to pH 7.0 (Figure 2.6A). At pH 8.0 and pH 9.0, cpTS/mC adopted
values of the NADH-bound state. As expected, the fluorescence ratio in the control condition
was between those observed in the presence of NADH and pyruvate. For all the tested

conditions, the cpTS/mC values recorded in the control condition and in presence of
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pyruvate were very similar for Pdx-mC DS (Figure 2.6B). With rising pH values, cpTS/mC
increased. Overall, this data hints on pH-dependent NADH-binding of the Pdx-mC (DS)
probes at higher pH values, narrowing down the apparent dynamic range as observed for
the SoNar sensor (Section 2.1.2).
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Figure 2.6: pH dependencies of Pdx-mC (DS) sensors in semipermeabilized WT cells.

WT cells expressing Pdx-mC (A), Pdx-mC DS (B), or pHluorin (C) were semipermeabilized in the
indicated buffer solution with 0.1% (w/v) digitonin. Excitation and emission spectra of cpTS and mC
were recorded in absence (control) and presence of NADH or pyruvate. Fluorescence intensities
were normalized to the mC emission at 619 nm for Pdx sensors. Emission of cpTS at 510 nm was
plotted against the pH as logio(cpTS/mC). For pHluorin, 399/450 nm ratio was calculated without
normalization. Measurements were performed using a fluorescence plate reader.

2.2.3 Maturation time discrepancies between cpTS and mC are minor

The maturation of FPs requires correct protein folding and complex chromophore
formation, including an oxidation reaction (Craggs, 2009). In living organisms, exogenously
expressed FPs compete with other reactions and cellular processes, such as respiration,
for the available molecular oxygen. Therefore, the relative fluorescence intensity of slow
maturing FPs is under oxygen-limited conditions dimmer than that of FPs with faster
maturation rates. Moreover, this phenomenon is observed in fast-growing cultures, where

the fluorescence intensities of slow maturing FPs lack behind the growth rate. Hence, the
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discrepancy in fluorescence intensities between fast and slow maturing FPs is expected to
be less pronounced in well-aerated and slow growing cultures. Discrepancies in maturation
time could limit the application of GFIs containing two FPs, such as Pdx-mC. A shorter cpTS
than mC maturation time was reported to bias the Pdx-mC readout of fast growing
Ustilago maydis cultures (Hartmann et al., 2018).

To investigate the differences in maturation rate between cpTS and mC in
S. cerevisiae, the Pdx-mC DS expression was induced in BY4742 WT using the GAL
promoter. Single fluorescence intensities were subsequently followed over time. Similar to
reports from U. maydis, cpTS seemed to reach full intensity earlier than mC (Figure 2.7A).
But when cpTS and mC intensities were plotted against each other, all data points matched
a fitted line (Figure 2.7B), indicating similar maturation rates. The acquirement of further
data points up to full fluorescence intensity would provide worthy information to assess
actual maturation time discrepancies. Nonetheless, the discrimination between the
influences deriving from altered maturation time from those caused by a changed
NADH/NAD® ratio is impossible. Hence, a cpTS- and mC-containing sensor that is
unresponsive to NAD(P)H or NAD(P)*, such as NAPstarC (Section 2.3), is desired to
control for actual maturation artifacts. The presented results suggest that the differences in
cpTS and mC maturation do not affect Pdx-mC (DS) measurements when the probes are
expressed in WT strain. Therefore, Pdx-mC-based probes were considered suitable for the

use in S. cerevisiae.
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Figure 2.7: Maturation of cpTS and mC after induction of Pdx-mC DS expression.

WT cells were transformed with p415 GAL Pdx-mC DS plasmid. During exponential phase, gene
expression was induced by addition of galactose (t = 0 min). Fluorescence intensities of cpTS and
mC were subsequently measured by the plate reader in 60 min time intervals. Intensities were blank
corrected and plotted in arbitrary units (a.u.) over time (A) or against each other (B).
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2.2.4 Pdx-mC (DS) respond to NAD(P)H in semipermeabilized cells

The NADH affinity of Pdx-mC was lowered by site-directed mutagenesis, resulting
in the DS variant. Thereby the Kq (NADH) was shifted from ~1.2 uM to ~31.4 uM and the
Kd¢ (NADPH) from ~531 uM to ~324 uM (Table 1.2) (Steinbeck et al., 2020). To verify the
Pdx-mC (DS) affinities for NADH,

semipermeabilized and treated with increasing amounts of NADH. Both, Pdx-mC and

different sensor expressing WT cells were
Pdx-mC DS, readily responded with a concentration-dependent increase in the cpTS/mC
ratio (Figure 2.8A,B). Although a significant proportion of Pdx-mC was NADH-bound when
additional ligand was added, Pdx-mC reacted readily, even to low NADH concentrations,
demonstrating its high NADH affinity. In contrast, at least 0.05 mM NADH were necessary
to induce an increase in the cpTS/mC of Pdx-mC DS. Consequently, the different NADH
affinities of Pdx-mC (DS) could be qualitatively validated using the semipermeabilization-

based NADH titration assay.
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Figure 2.8: NADH and NADPH titration to semipermeabilized WT cells expressing

Pdx-mC (DS).

Pdx-mC (A,B) and Pdx-mC DS (C,D) expressing, semipermeabilized WT cells (0.1% [w/v] digitonin)
were treated at indicated time points (V) with different concentrations of NADH (top) or
NADPH (bottom) during fluorescence plate reader measurement.

In semipermeabilized cells, the NADH/NAD*-sensitive SoNar sensor responded to
both NADH, and NADPH. This effect is either caused by the conversion of exogenous
NADPH to NADH, or unspecific sensor binding. S. cerevisiae lacks a bona fide NAD(P)

transhydrogenase and a mechanism underlying the potential NADPH — NADH conversion
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has not been identified so far. In relation to SoNar, Pdx-mC and Pdx-mC DS possess 3.5-
and 2.2-fold lowered NADPH affinities (Table 1.2). Thus, the Pdx-mC (DS) sensors should
be less responsive to the supplementation of NADPH to semipermeabilized cells. But in
fact, the Pdx-mC cpTS/mC increase upon NADPH addition resembled that observed for
NADH (Figure 2.8C), while the response of the Pdx-mC DS fluorescence ratio to
exogenous NADPH was even stronger than that to NADH (Figure 2.8D). Overall, the
responses of the three different NADH/NAD*-sensing GFls, Pdx-mC, Pdx-mC DS, and
SoNar, to exogenous NADPH in semipermeabilized S. cerevisiae cells were much stronger
than it would have been expected from their in vitro K4 values. This strongly suggests the

conversion of NADPH to NADH under these conditions by a yet unknown mechanism.

2.3  Design of novel NADPH/NADP*-responsive NAPstar sensors

The cpYFP-based SoNar and iNap probes are restricted by their low fluorescence
intensity and pH sensitivity of the cpYFP moiety when expressed in S. cerevisiae. In
contrast, Pdx-mC (DS) demonstrated increased fluorescence intensities (Section 2.3.4) as
well as improved pH stability in vitro (Hartmann et al., 2018; Steinbeck et al., 2020; Tao et
al., 2017; Zhao et al., 2015) and in semipermeabilized yeast cells (Section 2.3.3). With this,
the Pdx-mC (DS) sensors overcome the general limitations of cpYFP-based SoNar and
iNap probes. In addition, the NADPH-responsive iNap probes are insensitive to NADP* and
thus not able to monitor the crucial NADPH/NADP* redox poise, which is more important
for NADPH-dependent redox reactions than the NADPH concentration. The iNap sensors
were designed based on the NADH/NAD*-sensitive SoNar probe using structure-guided,
site-directed mutagenesis of the T-Rex NBD (Figure 2.9A) (Tao et al., 2017). By the
combination of different mutations, a range of various iNap probes with varying NADPH
affinities was produced (Table 2.1). Since the NBDs of both, the Pdx and SoNar sensors,
derive from the T-Rex protein, they exhibit a high degree of similarity (Hung et al., 2011,
Sickmier et al., 2005; Zhao et al., 2015). Thus, it was hypothesized that the mutation site
transfer from the various iNap family members to the Pdx-mC probe would transform
Pdx-mC into NADP-specific sensors with different NADPH affinities (Figure 2.9A,B). These
novel GFIs were generated by the application of the individual iNap mutations
simultaneously on both Pdx-mC T-Rex domains (Table 2.1). The resulting constructs were
termed NAPstarl-4 and NAPstarC, corresponding to the iNap nomenclature. Due to the
modified NBDs, the novel NAPstar sensors are supposed to have NADPH affinities that
decrease with increasing variant number. Moreover, they are expected to report either the
NADPH concentration or — if NADP* competes with NADPH for binding to the sensors — the
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NADPH/NADP? ratio. At the same time, the NAPstar probes should retain the advantageous

fluorescence properties of Pdx-mC (Figure 2.9C). In addition, their fluorescence readout is

performed by the determination of the cpTS/mC ratio, such as for the Pdx-mC progenitor.

Overall, the novel NAPstar sensors have the potential to outperform the already established

NADPH-sensitive iNap probes regarding fluorescence intensity, pH resistance, and
responsiveness to NADPH/NADP™.

Table 2.1: Mutations and in vitro NADPH binding affinities of NAPstar and iNap variants.
NAPstar in vitro analysis was performed by the group of Prof. Dr. Markus Schwarzlander (WWU

Minster). The amino acids are numbered according to the native T-Rex sequence (UniProt-

AC Q9X2V5). ‘Additional mutations’ of the first and second T-Rex domain (from N’ to C’) are
separated by a slash. References: # Steinbeck et al.,, 2020; B Hung et al., 2011; “°Mai et al.,
manuscript in preparation; ® Tao et al., 2017; E Zhao et al., 2015.

Variant name or number
(Ka [NADPH] in ~uM)

Position 112-116

Additional mutations

Pdx-mC (531) A8 - DVDPG -
Pdx-mC DS (324) A - SVDPG -

- SoNar (150) P& DVDPE -
NAPstarl (0.7) © iNapl (2.0)® SRSAQ -
NAPstar2 (1.5) © iNap2 (6.4) ° SRSAE V130T
NAPstar3 (5.4) ¢ iNap3 (25.2)P SRKAE V130Y
NAPstar4 ¢ iNap4 (120.2) P SRSAQ R90D
NAPstarC ¢ iNapc (=) P SVSPE R90D, V148A
- 33(3.6)° SRSAQ V130Y

- 37 (12.6)° SRSAQ V148A

- 38 (7.8)P SRSAQ V148T
NAPstar5 - SRSAQ RIO0OL
NAPstar6 (12) © - SRKAE V148A
NAPstar7 (7) ¢ - SRKAE V148T
NAPstarl1.4 ¢ - SRSAQ —/R90D
NAPstar2.4 ¢ - SRSAE / SRSAQ V130T / R90D

NAPstar3.4 ¢

SRKAE / SRSAQ

V130Y / R90D

NAPstar4.1¢ - SRSAQ R90D / —

NAPstar4.2 ¢ - SRSAQ / SRSAE R90D / V130T
NAPstar4.3 (53.8) ¢ - SRSAQ / SRKAE R90D / V130Y
NAPstar3b (2.7) ¢ - SRKAE V126Y / V130Y
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Figure 2.9: Design of novel Pdx-mC-based NADPH/NADP*-specific NAPstar sensors.

Based on the bacterial T-Rex protein (grey), various NADH/NAD* ratio sensors were generated
(blue) (A). The site-directed mutagenesis of the NADH/NAD*-sensing SoNar (Zhao et al., 2015) led
to the construction of NADPH-specific iNap sensors (NADP-specific sensors in green) (Tao et al.,
2017). The N-terminal fusion of an RFP (e.g., mSIl) generates a set of control probes which is
supposed to be more pH-robust (red). The mutations performed for iNap generation were applied on
the T-Rex domains of Pdx-mC (red dots in B) to develop the novel NADPH/NADP*-responsive
NAPstar probes. Model of NADPH/NADP*-sensing of NAPstar probes (B) that inherit the
fluorescence properties from the Pdx-mC ancestor (C).

2.3.1 Invitro characterization of NAPstar probes

For the comprehensive understanding of NAPstar probes, NAPstarl-3 were
recombinantly expressed in E. coli, purified, and analyzed in vitro by Jan-Ole Niemeyer and
colleagues in the laboratory of Prof. Dr. Markus Schwarzlander (WWU Minster). Compared
to the Pdx-mC ancestor (Kq ~1.2 uM NADH), the NADH affinities of NAPstarl-3 were
lowered, with a Kq (NADH) of ~98.2 uM for NAPstar3 (Appendix, Table S2) (Mai et al., in
preparation). In the presence of 150 uM NADP*, NAPstarl-3 demonstrated high NADPH
binding affinities with Kg (NADPH) of ~0.7 uM for NAPstarl, ~1.5 uM for NAPstar2, and
~5.5 uM for NAPstar3 (Table 2.1). Moreover, NADP* competed with NADPH for NAPstar
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binding. When NADP* bound to the probes, the cpTS/mC ratio was decreased. In contrast,
NAD* had no effect. In addition, the NAPstar Kq (NADPH/NADP*) values were almost
unaffected by the total NADP pool size. The various NAPstar sensors were pH-robust in the
range between pH 7 and pH 8.5, especially in their NADPH-bound states. The in vitro
NAPstar fluorescence signals were not affected by niacin (NA), ADP or AMP. As expected,
the NAPstarC control did not respond to NADH, NAD*, NADPH, NADP*, NA, ADP, or AMP.
The addition of 10 mM ATP lowered the cpTS/mC ratio of each of the sensor variants,
including NAPstarC. Hence, NAPstarC represents a valuable and necessary control sensor
to exclude ATP binding artifacts. Altogether, the in vitro analyses confirm the novel NAPstar
probes being largely pH-resistant and specific for the NADPH/NADP* ratio with different
NADPH affinities.

2.3.2 NAPstar sensors are functional in S. cerevisiae

NAPstar3 was chosen for a first characterization in S. cerevisiae BY4742 WT, as it
had an intermediate NADPH affinity of Kg ~5.4 uM (Table 2.1). The NAPstarC sensor was
used as a control. The correct GFI expression was confirmed based on the cpTS and mC
fluorescence spectra (Figure 2.10A,B). The dynamic NAPstar3 response was validated
by cell semipermeabilization, decreasing cpTS/mC from ~1.2 to ~0.4 (Figure 2.10C). The
subsequent supplementation of 1 mM NADPH did not lead to full cpTS/mC recovery, but to
a ~2.5-fold increase to ~1.1. Application of pyruvate did not affect the fluorescence ratio.
The NAPstar3 responses resembled those of iNapl, indicating that the sensor is not
responsive to NADH/NAD™* but to NADPH(/NADP™).

The NAPstarC variant carries T-Rex mutations that impede NAD(P)H binding and
thus, it represents a sensor control for NAPstar and Pdx-mC (DS) probes. As expected, the
cpTS/mC ratio of NAPstarC was barely affected and showed only marginal alterations after
digitonin and NADPH addition (Figure 2.10D), as observed for SypHer and pHluorin pH
controls (Section 2.1.1 and Section 2.2.1). This result demonstrates that NAPstarC is likely

a suitable control sensor.

2.3.3 NAPstar sensors show minor pH dependency

Two distinct toolboxes are now available to quantify either the NADPH concentration
or the NADPH/NADP* ratio in yeast, the iNap and NAPstar GFIs. The strong pH
dependency of the cpYFP fluorescence limits the application of iNap probes in S. cerevisiae

(Section 2.1.2). To check whether the Pdx-mC-derived NAPstar sensors overcome this
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downside, the pH sensitivities of NAPstar3 and NAPstarC were investigated in the yeast-
based setup. To this end, probe expressing WT cells were semipermeabilized in different
pH buffers, in the absence and the presence of 2 MM NADPH, as shown previously
(Section 2.1.2). NAPstar3 and NAPstarC demonstrated increased robustness towards pH
changes (Figure 2.11A,B). Only minor cpTS/mC alterations were detected in the range
between pH 6.0 and pH 9.0, irrespective of the ligand addition. Since the pH dependencies
of NAPstar3 and NAPstarC were very similar to that of Pdx-mC (DS), NAPstarC can be
regarded as a suitable pH control for both, NAPstar and Pdx-mC (DS) probes. Moreover,
the NAPstarC enables to detect potential maturation time discrepancies between cpTS and
mC in critical setups, independent of NAD(P)H (Section 2.2.3). Nonetheless, the individual
influences of ATP changes, pH fluctuations, and the FP maturation on the NAPstarC
readout cannot be clearly separated. Therefore, alterations in the NAPstarC cpTS/mC ratio

must be interpreted with caution.
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Figure 2.10: Characterization of NAPstar3 and NAPstarC in WT cells.

Excitation (Ex) and emission spectra (Em) of cpTS and mC of intact WT cells expressing
NAPstar3 (A) or NAPstarC (B) were recorded. Fluorescence intensities were normalized to the mC
emission at 619 nm. WT cells expressing NAPstar3 (C) or NAPstarC (D) were sequentially treated
at the indicated time points (¥) with 0.1% (w/v) digitonin (d), 1 mM NADPH and different
concentrations of pyruvate (p). Measurements were performed using a fluorescence plate reader.
Dynamic range () was calculated by division of average cpTS/mC ratio at ~30 min by the cpTS/mC
at ~15 min in presence of 1 mM pyruvate.
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Figure 2.11: pH dependencies of NAPstar3 and NAPstarC in semipermeabilized WT cells.
WT cells expressing NAPstar3 (A) or NAPstarC (B) were semipermeabilized in the indicated buffer
solution with 0.1% (w/v) digitonin. Excitation and emission spectra of cpTS and mC were recorded
in absence (control) and presence of NADPH. Fluorescence intensities were normalized to the mC
emission at 619 nm. Emission of cpTS at 510 nm was plotted against the pH as logio(cpTS/mC).
Measurements were performed using a fluorescence plate reader.

To allow for the direct comparison of pH dependencies between cpTS- and cpYFP-
based probes, the GFI fluorescence ratio changes between pH 6.0 and pH 9.0 in the
presence of 2 mM ligand were considered (Table 2.2). The cpTS/mC ratios of Pdx-mC and
NAPstar probes demonstrated fold changes in the range of 1.47 to 1.91. The fold changes
of SoNar and iNap probes were much bigger, ranging from 10.69 to 45.12. Since also the
dynamic ranges of cpYFP-based GFIs is larger under physiological conditions, the pH-
dependent fold changes were normalized (norm.) to the respective sensor dynamic ranges
to compute a meaningful parameter (Table 2.2). Despite this correction, the norm. fold
change values of Pdx-mC (0.8) and NAPstar3 (0.6) probes were clearly lower than those
received for SoNar (2.8) and iNap1 (3.6). Consequently, the Pdx-mC and NAPstar probes
show improved pH overall stability compared to SoNar and iNap sensors.
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Table 2.2: pH-dependent fold change in fluorescence ratio of different NAD(P)-specific GFIs.
The fluorescence ratios were determined in sensor expressing, semipermeabilized cells in the
presence of 2 mM ligand, in 0.1 M MES/TRIS, pH 6.0 and in 0.1 M TRIS/HCI, pH 9.0 (Figure 2.2,
Figure 2.6, and Figure 2.12). The pH-dependent sensor fold change was calculated by division of
the higher fluorescence ratio by the lower value. Further normalization to the dynamic range resulted
in norm. pH-dependent fold changes. Dynamic ranges 0: Pdx-mC, 1.9 (Figure 2.5); NAPstar3, 2.5
(Figure 2.10); SoNar, 5.5 (Figure 2.1); iNap1, 3.0 (Figure 2.1).

Sensor pg-lccijefﬁgr?ge:t norrr;blde(;(rleﬁgr;dent
Pdx-mC 1.47 0.8
NAPstar3 1.49 0.6
NAPstarC 191 —
SoNar 15.27 2.8
iNap1 10.69 3.6
iNapc 45.12 -

2.3.4 NAPstar sensors have improved fluorescence intensities

Besides high pH sensitivities, low fluorescence intensities limit the application of
SoNar and iNap probes in S. cerevisiae. In contrast, Pdx-mC and NAPstar probes showed
high fluorescence intensities. To compare the different fluorescence intensities despite
deviating plate reader settings, the individual fluorescence intensities were normalized to
the respective background (blank) signals deriving from empty vector-transformed cells.
The resulting norm. intensity of the red fluorescent mC clearly exceeded those of cpYFP
and cpTS by far with values ranging from 277 (Pdx-mC DS) to 974 (NAPstar3) times
background intensity (data not shown). A closer look on the green emitting FPs (cpYFP and
cpTS) revealed very low norm. fluorescence intensities of the cpYFP-based GFls when
excited at 480 nm, ranging from 1.9 (iNapc) to 4.8 (SypHer) times background signal
(Figure 2.12A). Norm. fluorescence intensities excited at 420 nm were higher (4.1 to 15.8
times background) but below those of cpTS probes. The norm. cpTS intensities of the
Pdx-mC (DS) sensors were lower (20.3 and 15.2) than those of the NAPstar sensors (72.7
and 21.3 for NAPstar3 and NAPstarC). Remarkably, the cpTS fluorescence intensity of
NAPstar3 was much higher than that of related probes. Overall, the Pdx-mC (DS) and
NAPstar sensors demonstrated enhanced fluorescence intensities when compared to the
cpYFP-based GFls.
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Figure 2.12: Fluorescence intensities of cpYFP- and cpTS-based NAD(P)-specific GFI.

The fluorescence intensities of the indicated fluorescence channels were determined by a
fluorescence plate reader for 1.5 ODsoo units of GFI expressing WT cells in 0.1 M MOPS/TRIS buffer,
pH 7. Fluorescence intensities were normalized to the signal of a culture transformed with a
p413 TEF empty plasmid (blank) that was measured in parallel.

2.3.5 NAPstar sensors respond to NADPH in semipermeabilized cells

Opposing to their Pdx-mC ancestor, the novel NAPstar sensors are specific
reporters of the NADPH/NADP* ratio (Mai et al., in preparation). Corresponding to their iNap
counterparts, NAPstarl-4 probes bind NADPH/NADP* with decreasing NADPH affinity,
whereas NAPstarC neither binds to NADH nor to NADPH. To confirm the different NADPH
affinities of the NAPstar sensors and to exclude NADH binding in the yeast-based setup,
the fluorescence ratio responses to exogenous NADPH and NADH were followed in
semipermeabilized sensor expressing WT cells. After semipermeabilization, the cpTS/mC
ratios of all NAPstar variants adapted a low, stable value between 0.4 and 0.6, indicating
open sensor conformations (Figure 2.13). The subsequent application of NADPH rapidly
increased the cpTS/mC ratios of NAPstarl-3 (Figure 2.13A-C), whereas only very
high exogenous concentrations of NADH (1 and 2 mM) provoked slow sensor responses
(Figure 2.13F-H). The NAPDH affinity of NAPstar4 was strongly diminished, an increase in
cpTS/mC was only observed at 1 mM and 2 mM NADPH (Figure 2.13D). Based on the
maximum and minimum cpTS/mC values reached throughout the experiment, NAPstarl1-4
dynamic ranges of & ~2.2, ~2.2, ~2.4 and ~1.6 were calculated (Figure 2.13A-D). As
expected, the NAPstarC fluorescence ratio was not affected by any of the NAD(P)H
concentrations tested (Figure 2.13E,J). In total, the increase in the NAPstar variant number
is connected to a lower NADPH binding affinity, with NAPstarC being unresponsive to

NAD(P)H, corresponding to the in vitro data and to the reports on iNap probes (Table 2.1).

54



Results

NADPH NADH
149 A 141 F
T 127 v 1.2 1 y
o 1.0 - 1.0 -
& 0.8 - 0.8
Z el 0722 0.6
M _———
0.4 = = . 04 ; :
0 10 20 30 0 10 20 30
141 141G
N 1.2 1 v 1.2 1
(1]
o 1.0 1 1.0 1 v
& 0.8 - 0.8 -
Z g 0722 0.6 -
04 T T T 1 04 T T T 1
0 10 20 30 0 10 20 30
14760 v 141 H
?‘E o 127 1.2 1 v
v E 107 1.0 -
E P 08 0.8
= S | 5~24 ]
06 0.6
04 — : — 04 — . ,
0 10 20 30 0 10 20 30
141p 141
T 1.2 v 1.2 1
£ 10- 10
o i ,= ] v
& 087 46 0.8
z 0.6 = 0.6 -
04 T T 1 0.4 T T 1
0 10 20 30 0 10 20 30
14 T E 14 1 J
O 1.2 - 12 1
8 1.0 - 1.0 -
Q 0.8 v 0.8
. T . 1 v
g 5 ~1.0
4 0.6 1 i 0.6 1 c—r
0.4 —————— 0.4 — . ,
0 10 20 30 0 10 20 30
time (min)

v [NAD(P)H]

——0.00 mM
0.01 mM
0.02 mM
0.05 mM
——0.10 mM
—0.20 mM
—1.00 mM
—2.00 mM

Figure 2.13: NADPH and NADH titration to semipermeabilized WT cells expressing
NAPstarl-4 or NAPstarC.
NAPstarl (A,F), NAPstar2 (B,G), NAPstar3 (C,H), NAPstar4 (D,l), or NAPstarC (E,J) expressing,
semipermeabilized WT cells (0.1% [w/V] digitonin) were treated at the indicated time point (V) with
different concentrations of NADPH (left) or NADH (right) during fluorescence plate reader
measurements. Dynamic ranges (&) were calculated by division of cpTS/mC ratios at ~15 min, 2 mM
NADPH by the value in absence of NADPH. &', maximum ratio change.
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2.4  Multiparameter imaging during acute oxidative stress

The activities of antioxidative glutathione (GSH, reduced form; GSSG, oxidized
form) and thioredoxin (Trx) -coupled systems rely on NADPH as final electron donor (Netto
et al., 2007). In contrast, the involvement of NADH-dependent reactions in the antioxidative
defense is rather indirect (Grant et al., 1999). Hence, it was asked in how far acute oxidative
stress influences specifically the cytosolic NADP and NAD redox balances. Three different
oxidants (H.O., diamide, and TBHP) were employed in a fluorescence plate reader-based
assay to induce different kinds of acute oxidative stress in the BY4742 WT strain. At the
same time, various important cytosolic parameters were followed by GFI measurements in

parallel:

() roGFP2-Tsa2ACk is an ultrasensitive H,O, probe which is also oxidized by TBHP
and hypochlorite in vitro (Morgan et al., 2016).

(i) roGFP2-Grx1 specifically equilibrates with the GSSG/2GSH ratio (Gutscher et al.,
2008; Morgan et al., 2013).

(i)  pHIluorin and SypHer were used to monitor the cytosolic pH (Section 2.2
and Section 2.1).

(iv) NAPstar probes report the NADPH/NADP™ ratio (Section 2.3).

(v) iNap sensors are sensitive for the NADPH concentration (Tao et al., 2017).

mSI-iNap probes were measured in parallel (Section 2.1).

(vi) Pdx-mC (DS) and SoNar sensors were utilized to trace the NADH/NAD" ratio (Hung
et al., 2011; Steinbeck et al., 2020; Zhao et al., 2015). mSI-SoNar was employed as

control (Section 2.1).

After four minutes of fluorescence measurement, the oxidant was applied and the

sensor responses to the different oxidative challenges were followed in real-time.

2.4.1 Effect of exogenous H202 on cytosolic NAD(P) redox states

H>0: is a physiological signaling molecule that is primarily detoxified by Tsal via the
Trx system (Figure 2.14) (Herrero et al., 2008; Winterbourn, 2013; Zimmermann et al., in
preparation). Recent data from our laboratory indicates that Tsal is also a major producer
of cellular GSSG after H,O; treatment (Zimmermann et al., in preparation). The reduction
of oxidized Trx and GSSG relies on electrons from NADPH. To investigate the redox fluxes
induced by exogenous H20;, the plate reader-based setup described above was validated.
To this end, the H,O; diffusion into the cell was monitored by roGFP2-Tsa2ACg. The H20:
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sensor reported a degree of oxidation (OxD) of 0.4 at cellular steady state and was
sensitively oxidized after exogenous H:O. application (Figure 2.15A). Yet 0.5 mM
extracellular H.O2 were enough to fully oxidize the Tsa2ACr moiety. To further verify the
H20.-induced GSSG formation, roGFP2-Grx1 was employed. GSSG/2GSH was rather
robust towards oxidation by exogenous H,O>, showing a concentration-dependent oxidation
with a subsequent recovery phase (Figure 2.15B). Overall, the chosen roGFP2-based
probes confirmed the diffusion of exogenous H;O: into the cytosol and the formation of
GSSG.

protein ox protein req

/Grx
GSH GSSG

Trxrad Trxox
Gir1
Eﬁ NADP* NADPH

NADP* NADPH

\
O
o

Figure 2.14: Cytosolic mechanisms of NADPH oxidation after exogenous oxidant application
to S. cerevisiae cells.

Exogenously added oxidant can diffuse through the plasma membrane and the cell wall leading to
the oxidation of biological molecules (‘oxidative stress’) (Grant et al., 1999; Herrero et al., 2008;
Toledano et al., 2003). Trx- (1) and GSH-based systems (2) detoxify harmful and damaged
molecules via thiol-exchange mechanisms. These systems rely on NADPH as electron source. Glrl,
glutathione reductase; Grx, glutaredoxin; ox, oxidized; Prx, peroxiredoxin; red, reduced; Trrl,
cytosolic Trx reductase.

Next, the influence of the H.O; treatment on the cytosolic pH was examined. The
application of H,O; led to a marginal acidification of the cytosol as reported by pHIluorin and
SypHer (Figure 2.15C,D). The highest H.O, concentration, 5 mM, led to a decrease in pH
from ~6.97 to pH ~6.83 (pHluorin) and pH ~6.89 (SypHer). Importantly, the reported

changes in pH are not sufficient to interfere with the NAD(P) measurements.
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Figure 2.15: Influence of exogenous H>0O, on cytosolic roGFP2-Tsa2ACg, roGFP2-Grx1, and
pH in WT strain.

WT cells expressing roGFP2-Tsa2ACr (A), roGFP2-Grx1 (B), pHluorin (C), or SypHer (D) were
treated at the indicated time point (V) with different concentrations of H202 during fluorescence plate
reader measurement (C and D were adapted from Jakob, 2021). For pHIluorin and SypHer calibration
curves, refer to Appendix, Figure S1.

NADPH is robustly maintained during H>O, challenge

Excess H->0- leads to the accumulation of oxidized Trx and GSSG and the reduction
of both depends on NADPH. Consequently, the application of H.O, is expected to reduce
the NADPH/NADP™ ratio and to lower the cytosolic NADPH concentration. The NAPstar
sensors were utilized to validate the response of NADPH/NADP* to exogenous
H.O.. NAPstarl, -2 and -3 showed high cpTS/mC ratios throughout the experiment
(Figure 2.16A-C). The comparison to the fluorescence ratios obtained by the NADPH
titration to semipermeabilized cells (Section 2.3.5) revealed the saturation of NAPstarl1-3
with NADPH at cellular steady state. NAPstarl and -2 did not respond to any of the H,O»
concentrations applied, implicating their NADPH affinities being too high to detect any
NADPH oxidation under these conditions. In contrast, the cpTS/mC ratios of NAPstar4 and
NAPstarC were constantly low but also robust towards exogenous H,O; (Figure 2.16D,E)
with values corresponding to those observed in semipermeabilized cells. Hence, NAPstar4
and -C were present in their open conformations and not bound to NADPH. Despite being
NADPH-saturated at steady state, NAPstar3 reported an NADPH/NADP™* decrease after
H.0, treatment (Figure 2.16C). At 0.5 mM H,0;, a persistent NADPH/NADP* decrease was
observed. Higher concentrations led to a transient NADPH oxidation. The total cpTS/mC

changes of NAPstar3 from 1.20 to 1.15 were not pronounced in comparison to the expected
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oxidative effect that was visualized by the roGFP2-based sensors (Figure 2.15A,B). It is
conceivable, that the cytosolic NADPH oxidation is underestimated by NAPstar3 due to its
high affinity for NADPH. Overall, the NADPH affinities of NAPstarl, -2, and -4 are not
suitable to detect changes in cytosolic NADPH/NADP™ ratio after H,O, treatment in the
cytosol of WT cells, whereas NAPstar3 registered a decrease in NADPH/NADP*.
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Figure 2.16: Influence of exogenous H>O, on cytosolic NADP in WT strain.

WT cells expressing NAPstarl-4, NAPstarC (A-E were adapted from Jakob, 2021), iNapl1-4, or
iNapc (F-J) were treated at the indicated time point (V) with different concentrations of H202 during
fluorescence plate reader measurement.
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To monitor the effect of exogenous H20- on the cytosolic NADPH concentration and
to uncover a potential NADPH oxidation, that was overlooked by NAPstar3, the iNap probes
were expressed in the WT strain. At cellular equilibrium, the 420/480 nm ratios altered
between the different iNap variants according to their NADPH affinities (Figure 2.16F-I).
By comparison to the NADPH titration data obtained in semipermeabilized cells
(Section 2.1.4), the different NADPH binding states at cellular equilibrium were calculated.
iNapl1-4 were NADPH-bound to 78%, 76%, 39%, and 4%, respectively. Although none of
the iNap probes was saturated at steady state, led the application of H,O2 only to a
2-minute, transient NADPH decline, independent of the applied concentration. This decline
was followed by an overshoot in fluorescence ratio of iNap2 and iNap4. Since this overshoot
resembled the fluorescence patterns of SypHer and iNapc controls (Figure 2.15D and
Figure 2.16J), and was not registered by iNap3, it is questionable in how far it actually
derives from elevated NADPH concentrations. Intriguingly, the mSlI-iNap controls did not
detect any significant change in the cytosolic NADPH concentration after H,O, treatment
due to low reproducibility (Appendix, Figure S3A-E) (Bennington, 2019; Schiffmann,
2019). Overall, the results obtained by NAPstar and iNap probes implicate that the cytosolic
NADP homeostasis is highly robust against exogenous H>O2-induced oxidation.

NADH/NAD" ratio is transiently reduced by exogenous H:0;

The carbon flux, starting from glucose, is divided between glycolysis, producing
cytosolic NADH, and the pentose phosphate pathway (PPP), producing cytosolic NADPH
(Figure 2.17A). H»0O, inactivates the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, yeast Tdh3), rerouting the flux from glycolysis to the PPP (Grant et al., 1999;
Shenton and Grant, 2003). As a consequence, the cytosolic NADH production decreases
to enhance the generation of NADPH to support the antioxidative defense systems. This
model would explain the robust NADPH pool observed after the application of H.,O-
(Figure 2.16) and would suggest, that exogenous H»O; leads to a net oxidation of cytosolic
NADH resulting from decreased Tdh activity. To check for the influence of H,O; application
on the NADH/NAD* balance, the Pdx-mC (DS) and SoNar sensors were expressed in WT
strain. In whole cells, Pdx-mC, Pdx-mC DS, and SoNar were occupied with NADH to 82%,
62%, and 81%, as determined by their minimum and maximum fluorescence ratios in
semipermeabilized cells (Section 2.1.1 and Section 2.2.1). Due to its high NADH affinity,
Pdx-mC showed only a minor and prolonged cpTS/mC decrease from 1.3 to 1.2 after
treatment with high H.O- concentrations exceeding 0.5 mM (Figure 2.17B). In contrast, the
Pdx-mC DS variant demonstrated an initial, transient, and concentration dependent NADH

oxidation in all conditions, even after the treatment with buffer (Figure 2.17C). At 0.1 mM
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and 0.5 mM H202, an NADH/NAD" recovery was visible after the oxidation leading to a
cpTS/mC recovery to the steady state value after = 15 min of measurement time. At 1 mM
H,0,, a prolonged NADH/NAD* decline was detected. Increase in the H.O, concentration
prolonged the phase of low NADH/NAD* ratio. The same effects were observed for SoNar
and mSI-SoNar, for which the ratio recovery took longer, indicative for their high NAD*
binding affinities (Figure 2.17D, Table 1.2 and Appendix, Figure S3F). This data revealed
Pdx-mC DS and SoNar being suitable NADH/NAD* ratio sensors in the plate reader-based
setup demonstrating that exogenous H.O, leads to a transient and concentration-

dependent decrease in the cytosolic NADH/NAD* ratio, possibly via Tdh3 inactivation.

2.4.2 Effect of exogenous diamide on cytosolic NAD(P) redox states

The oxidant tetramethylazodicarboxamide (diamide) is commonly used to induce
unspecific thiol oxidation and disulfide formation (Kosower and Kosower, 1995). Due to their
high abundancy and reactivity, exogenous diamide is expected to primarily oxidize GSH
and enzymes of the GSH- and Trx-based systems which in turn require NADPH for
reduction. First, the responses of roGFP2-Tsa2ACr and -Grx1 were monitored to confirm
the diamide-induced oxidation in the plate reader-based setup. The application of 0.1 mM
diamide neither affected roGFP2-Tsa2ACr nor roGFP2-Grx1 (Figure 2.18A,B). Higher
concentrations up to 2 mM led to a gradual OxD increase of roGFP2-Tsa2ACr. The
diamide-induced GSH oxidation, monitored by roGFP2-Grx1, resembled the oxidation
mediated by H>O. up to 0.5 mM. Higher diamide concentrations of 1 mM and 2 mM led to
a strong sensor oxidation demonstrating massive GSSG/2GSH accumulation with a
subsequent recovery phase. The application of 5 and 10 mM diamide led to an immediate
and full oxidation of the roGFP2 moieties to OxD 1, indicating the direct oxidation by
diamide. Hence, the measurements of roGFP2-based probes confirmed a strong diamide-

induced GSH oxidation, especially at high concentrations (= 1 mM).

The influence of diamide on the cytosolic pH was imaged using the pHluorin and
SypHer probes (Figure 2.18C,D). At 2 mM diamide, a mild acidification of the cytosol from
pH ~7.03 to pH ~6.86 was observed. 5 and 10 uM diamide persistently acidified the cytosol
reaching pH values of ~6.65 (pHluorin) and ~6.54 (SypHer) after 30 min of total
measurement time. Hence, high diamide concentrations (= 2 mM) strongly decrease the

cytosolic pH, potentially leading to artifacts during the following NAD(P) measurements.
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Figure 2.17: Influence of exogenous H»O; on cytosolic NAD in WT strain.

Simplified scheme demonstrating the proposed carbon flux redirection from glycolysis (green) to
oxidative PPP (yellow) by H-O2-mediated Tdh3 inactivation (A, adapted from Peralta et al., 2015 and
Shenton and Grant, 2003). This enhances the production of NADPH which is required to reduce
oxidized thiol groups of the Trx and GSH systems (-SS-). Opposing to H202, diamide and TBHP do
not influence Tdh3 activity (Grant et al., 1999). WT cells expressing Pdx-mC (B), Pdx-mC DS (C), or
SoNar (D) were treated at the indicated time point (V) with different concentrations of H202 during
fluorescence plate reader measurement (B and C adapted from Jakob, 2021). 1,3BPG,
1,3-bisphosphoglycerate; DHAP, dihydroxyacetone phosphate; F1,6BP, fructose-1,6-bisphosphate;
F6P, fructose-6-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; 6PG,
6-phosphogluconate; 6PGL,6-phosphogluconolactone; R5P, ribulose-5-phosphate; -SH, reduced
thiol group of proteins or GSH.
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Figure 2.18: Influence of exogenous diamide on cytosolic roGFP2-Tsa2ACg, roGFP2-Grx1,
and pH in WT strain.

WT cells expressing either roGFP2-Tsa2ACr (A), roGFP2-Grx1 (B), pHluorin (C), or SypHer (D)
were treated at the indicated time point (V) with different concentrations of diamide during
fluorescence plate reader measurement (C and D were adapted from Jakob, 2021). For pHIluorin
and SypHer calibration curves, refer to Appendix, Figure S1.

Diamide-induced NADP oxidation resembles cytosolic acidification

The strong oxidative effect of diamide is expected to end up in a high consumption
of NADPH, decreasing the cytosolic NADPH/NADP* ratio. To check for NADPH oxidation,
NAPstar expressing WT cells were treated with diamide during fluorescence measurements
(Appendix, Figure S4). At the highest diamide concentrations of 5 mM and 10 mM, the
cpTS/mC ratio of the control sensor, NAPstarC, decreased slightly from 0.68 to 0.60
(Appendix, Figure S4G), most likely due to the cytosolic acidification. To exclude this
artifact from the final NAPstar readout, the cpTS/mC ratios of NAPstar1-4 were normalized
to that of NAPstarC. After supplementation of 5 mM and 10 mM diamide, norm. cpTS/mC
ratios of NAPstarl and -2 decreased from 1.72 to 1.50 (Figure 2.19A,B). A stronger
cpTS/mC response was observed for NAPstar3 (Figure 2.19C). The application of 2 mM
diamide lowered the norm. cpTS/mC of NAPstar3 from 1.85 to 1.58 and higher diamide
concentrations led to an almost complete norm. cpTS/mC decline. Nonetheless, the
fluorescence ratio responses of NAPstarl-3 occurred only at very high diamide

concentrations and thus possibly derive from pH alterations.
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Figure 2.19: Influence of exogenous diamide on cytosolic NADP in WT strain.

WT cells expressing NAPstarl-4, NAPstarC (A-D were adapted from Jakob, 2021), iNap1-4, or
iNapc (F-J) were treated at the indicated time point (V) with different concentrations of diamide

during fluorescence plate reader measurement.

centration, the iNap sensors were utilized. Similar to the results received for the H>O;
treatments (Section 2.4.1), the drop in NADPH, reported by iNap1-3, was transient at 5 mM
exogenous diamide (Figure 2.19E-G). Nonetheless, since the 420/480 nm ratio of SypHer
strongly and persistently increased after treatment with 5 mM and 10 mM diamide, the

To determine the influence of exogenous diamide on the cytosolic NADPH con-
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NADPH oxidation is potentially underestimated. The fluorescence of iNap4 and iNapc were
barely affected by the different diamide treatments (Figure 2.19H,1). In contrast to the iNap
sensors, mSl-iNapl-3 demonstrated a prolonged NADPH decrease after treatment with
5mM and 10 mM diamide and mSI-iNap2 detected a concentration-dependent NADPH
oxidation at 1 mM and 2 mM diamide (Appendix, Figure S5A-C). The cpYFP/mSI ratios of
mSl-iNap4 and -c were not affected by diamide (Appendix, Figure S5D,E). Interestingly,
the mSl-iNap sensors did not detect an NADPH oxidation upon H»O;, but after diamide
application. The registered decrease in the fluorescence ratios was very similar to the
NADPH/NADP* oxidation kinetics observed by NAPstar3. Overall, these results question in
how far the observed GFI responses derive from specific NADPH oxidation and in how far
they are caused by measurement artifacts. Nonetheless, they clearly show that cytosolic

NADPH is highly robust toward diamide-induced oxidation.

NADH/NAD" ratio is transiently reduced by exogenous diamide

In mammalian cells, the cytosolic NADH/NAD™ ratio (determined by SoNar) was
reported to be robust towards diamide treatment (Zou et al., 2018), whereas in bacteria, the
NADH/NAD" ratio (reported by Pdx-mC) even increased after diamide treatment (Bhat et
al., 2016b). Diamide is not expected to influence the cytosolic NADH/NAD® ratio in
S. cerevisiae as it does not lead to Tdh inactivation (Grant et al., 1999). To determine the
influence of exogenous diamide on the cytosolic NAD redox state in S. cerevisiae, WT cells
expressing either Pdx-mC (DS) or SoNar were subjected to the application of diamide. The
Pdx-mC (DS) and NAPstar structures are closely related and expected to be affected by
similar artifacts caused by the pH alterations. Hence, the Pdx-mC (DS) cpTS/mC readouts
(Appendix, Figure S4A,B) were corrected by normalization to the NAPstarC signal. The
resulting fluorescence ratio responses of Pdx-mC DS and SoNar to exogenous diamide
strongly resembled those observed for H.O- (Figure 2.20A-C) with a fast, initial decrease,
and a concentration-dependent recovery phase. Intriguingly, these results indicate, contrary

to reports in the literature, a diamide-mediated inactivation of Tdh, decreasing NADH/NAD".
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Figure 2.20: Influence of exogenous diamide on cytosolic NAD in WT strain.

WT cells expressing Pdx-mC (A), Pdx-mC DS (B), or SoNar (C) were treated at the indicated time
point (V) with different concentrations of diamide during fluorescence plate reader measurement
(A and B were adapted from Jakob, 2021).

2.4.3 Effect of exogenous TBHP on cytosolic NAD(P) redox states

The organic tert-butyl hydroperoxide (TBHP) is commonly used as an oxidant during
synthetic processes and for disinfection. TBHP is more lipophilic than H.O, and thus
expected to produce enhanced amounts of lipid peroxides (Linden et al., 2008; Masaki et
al., 1989; Wenz et al., 2018). The detoxification of TBHP is primarily accomplished by
NADPH-dependent Trx and GSH systems. In addition, the roGFP2-Tsa2ACr sensor was
shown to be sensitive to the direct oxidation by TBHP in vitro (Morgan et al., 2016). Indeed,
0.1 mM of exogenous TBHP increased the OxD of roGFP2-Tsa2ACr to 0.5 in WT strain
(Figure 2.21A). A 10- and 100-fold increase in extracellular TBHP concentration further
elevated the sensor OxD to 0.6. In contrast, the application of 0.1 mM TBHP barely affected
the roGFP2-Grx1 oxidation, 1 and 10 mM exogenous TBHP increased the sensor OxD to
0.35 and 0.55, respectively (Figure 2.21B). Altogether, roGFP2-Tsa2ACr and roGFP2-
Grx1 confirmed that TBHP diffuses into the cell leading to the accumulation of GSSG.

The influence of TBHP on the cytosolic pH was monitored using pHluorin and
SypHer. Neither the fluorescence ratio of pHIuorin nor that of SypHer was affected by any
of the tested TBHP concentrations (Figure 2.21C,D). Hence, TBHP-driven pH artifacts are

not expected to play a role during GFl-based NAD(P) measurements.
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Figure 2.21: Influence of exogenous TBHP on cytosolic roGFP2-Tsa2ACg, roGFP2-Grx1, and
pH in WT strain.

WT cells expressing either roGFP2-Tsa2ACr (A), roGFP2-Grx1 (B), pHluorin (C), or SypHer (D)
were treated at the indicated time point (¥) with different concentrations of TBHP during
fluorescence plate reader measurement (C and D were adapted from Jakob, 2021). For pHluorin
and SypHer calibration curves, refer to Appendix, Figure S1.

NADPH is robustly maintained during TBHP challenge

To investigate the TBHP-induced oxidation of NADPH, the NADPH/NADP* ratio was
monitored using the NAPstar sensors. Indeed, the TBHP application decreased
NADPH/NADP* as detected by NAPstar3 (Figure 2.22C). After the treatment with 0.1 mM
TBHP, the NADPH/NADP™* oxidation from cpTS/mC 1.20 to 1.11 was partially reversible,
whereas 1 mM exogenous TBHP led to an irreversible oxidation. NAPstarl and -2 were
again saturated with NADPH throughout the experiment and did not report any change in
the NADPH/NADP ratio after TBHP application (Figure 2.22A,B). In contrast, the addition
of 1mM TBHP induced a strong oxidation artifact in NAPstar4 and NAPstarC
(Figure 2.22D,E), increasing the cpTS/mC ratios. This effect was apparently not present in
NAPstarl-3, indicating that only the open probe conformation was affected. Nevertheless,
higher TBHP concentrations were not tested for NAPstar or Pdx-mC (DS) sensors. The
cytosolic NADPH concentration determined by iNapl1-4 decreased slightly after the TBHP
bolus, followed by a prolonged recovery phase (Figure 2.22F-1). Opposing to NAPstar4 and
-C, the fluorescence ratio of iNapc was not affected by TBHP (Figure 2.22J). The control
measurements employing the mSl-iNap sensors resembled the TBHP-induced oxidation
kinetics of both, NAPstar3 and iNap probes, but interexperimental variations were very high
(Appendix, Figure S6). Overall, the detected TBHP-induced NADP oxidation was low.
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Figure 2.22: Influence of exogenous TBHP on cytosolic NADP in WT strain.
WT cells expressing NAPstar1-4, NAPstarC (A-E were adapted from Jakob, 2021), iNap1-4, or iNapc
(F-J) were treated at the indicated time point (V) with different concentrations of TBHP during
fluorescence plate reader measurement.
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NADH/NAD™ is not affected by exogenous TBHP

The Tdh activity was reported to be robust against TBHP-induced oxidation (Grant
et al., 1999; Peralta et al., 2015). Hence, the TBHP application was not expected to affect
the cytosolic NADH/NAD™ ratio. To confirm this hypothesis, Pdx-mC (DS) and SoNar
sensors were expressed in WT cells and subjected to TBHP treatment. Indeed, the
Pdx-mC (DS) and SoNar fluorescence ratios were not altered by exogenous TBHP

(Figure 2.23A-C), probably due to continuous Tdh activity.
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Figure 2.23: Influence of exogenous diamide on cytosolic NAD in WT strain.

WT cells expressing Pdx-mC (A), Pdx-mC DS (B), or SoNar (C) were treated at the indicated time
point (V) with different concentrations of TBHP during fluorescence plate reader measurement
(A and B were adapted from Jakob, 2021).

This chapter described the combination of the plate reader-based setup with various
GFls expressed in a WT yeast strain. This approach was shown to provide an excellent
platform to investigate the impact of exogenous H,0,, diamide, and TBHP on several
cytosolic parameters such as GSSG/2GSH, NADPH/NADP*, NADPH, and NADH/NAD*.
Overall, the TBHP- and H.O»-induced oxidation of roGFP2-Tsa2ACg, -Grx1 and NADPH
corresponded to each other with NADPH being remarkably robust. The diamide-triggered
oxidation of roGFP2-Tsa2ACg, -Grx1 and NADPH appeared stronger, but the impact of
diamide on the cytosolic pH hampers direct comparisons. Remarkably, H,O, and diamide
led to similar NADH/NAD* oxidation kinetics, whereas exogenous TBHP failed to affect the

NADH/NAD" ratio, hinting on differential Tdh redox regulation mechanisms.
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2.5 Role of the PPP in NADPH production during acute oxidative stress

The cytoplasmic glucose-6-phosphate dehydrogenase (G6PDH, S. cerevisiae Zwf1)
catalyzes the first, irreversible, and rate-limiting step of the PPP (Nogae and Johnston,
1990). In the presence of glucose, Zwfl is regarded the main producer of NADPH in the
yeast cytosol (Frick and Wittmann, 2005; Grabowska and Chelstowska, 2003; Minard and
McAlister-Henn, 2005). The Azwfl strain was reported to be more resilient to low
concentrations of H,O,, but more sensitive towards diamide and high doses of H,O;
(Larochelle et al., 2006; Ng et al., 2008; Nogae and Johnston, 1990; Yoshikawa et al.,
2021). Further, the deletion of ZWF1 decreases the whole cell NADPH concentration
(Hector et al., 2009; Yoshikawa et al., 2021). Due to the reduced NADPH availability, the
efficient maintenance of a low GSSG/2GSH ratio via the activity of the glutathione reductase
GIrl is hampered, resulting in increased GSSG/2GSH ratios (Izawa et al., 1998). To
determine the contribution of Zwf1 to the NADPH/NADP™ balance at cellular equilibrium and
during oxidative stress, ZWF1 was deleted and the cytosolic H.O, and GSSG/2GSH levels,
as well as the NADPH/NADP* and NADH/NAD®* ratios were monitored by GFI
measurements. To this end, a fluorescence plate reader-based assay was performed during
which Azwf1l cells were treated with either H202, diamide or TBHP. First, the cytosolic H202
levels were determined using roGFP2-Tsa2ACr. The steady state OxD (Table 2.3), as well
as the sensor responses to exogenous H:O. and diamide (Figure 2.24A,B), were not
altered by the ZWF1 deletion. Interestingly, the roGFP2-Tsa2ACr sensor was more
sensitive to TBHP application in the Azwfl strain (Figure 2.24C). Next, the cytosolic
GSSG/2GSH ratio was monitored using roGFP2-Grx1. Corresponding to the reports from
the literature, the GSSG/2GSH ratio was elevated in Azwf1, reflected by an increased OxD
value of 0.24 (Table 2.3). Further, GSSG/2GSH was sensitively oxidized after H.O, and
TBHP applications (Figure 2.24D,F). Surprisingly, the GSSG/2GSH robustness towards
diamide was slightly increased (Figure 2.24E). Overall, the expression of roGFP2-based

probes in Azwf1 revealed pleiotropic effects after the different oxidant treatments.

To monitor the cytosolic NADPH/NADP* and NADH/NAD™ ratios, NAPstar3 and
Pdx-mC DS sensors were utilized. For the diamide experiments, the cpTS/mC ratios of
NAPstar3 and Pdx-mC DS were normalized to those of NAPstarC to exclude pH artifacts
(Section 2.4.2). In contrast to diamide, the application of H.O, or TBHP did not affect the
NAPstarC readout (data not shown). Steady state norm. cpTS/mC values of 1.89
(NAPstar3) and 1.92 (Pdx-mC DS) implied that the deletion of ZWF1 does not affect basal
cytosolic NADPH/NADP* and NADH/NAD" ratios (Table 2.3). Thus, the yeast metabolism

is able to compensate for the loss of Zwfl at cellular equilibrium to maintain physiological
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NADP and NAD redox balances. For all oxidants tested, the NADPH/NADP* ratio response
detected by NAPstar3 mirrored the oxidation of roGFP2 probes (Figure 2.24G-I). The
NADPH oxidation after H.O. and TBHP treatments was significantly increased in the Azwfl
mutant. Surprisingly, the NADPH/NADP™* oxidation kinetics after the application of diamide
was similar to that observed in WT cells. The cytosolic, Pdx-mC-DS-sensed NADH/NAD"
ratio was hardly affected by the ZWF1 deletion in any of the tested conditions
(Figure 2.24J-L). Overall, the ZWF1 deletion did not affect steady state NAD(P)H/NAD(P)*
ratios but rendered the NADP redox state much more sensitive towards H>O, and TBHP.
The sensitization of the cytosolic NADPH/NADP™ ratio in the Azwfl mutant validates the

PPP being an important NADPH producer during acute oxidative stress.

Table 2.3: Steady state readouts of roGFP2-Tsa2ACg, roGFP2-Grx1, NAPstar3 and

Pdx-mC DS expressed in the cytosol of the investigated yeast strains.

Listed is the average readout before oxidant application (steady state). Readouts reflecting increased
oxidative or reductive states were marked in orange or blue, respectively. The cpTS/mC values of
Pdx-mC DS and NAPstar3 were normalized to that of NAPstarC. Norm. cpTS/mC deviation > 0.05
from WT was considered significant.

OxD Norm. cpTS/mC
':'Z(:ZFAP(Z:R roGFP2-Grx1 NAPstar3 Pdx-mC DS
WT 0.4 0.07 1.84 1.90
Azwfl 0.4 0.24 1.89 1.92
Aglrl 0.8 0.33 1.95 211
Atrx1Atrx2 0.6 0.22 1.82 1.80
AtsalAtsa?2 0.7 0.07 2.04 2.10
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Figure 2.24: Influence of exogenous H,0;, diamide, and TBHP on cytosolic roGFP2-Tsa2ACk,
roGFP2-Grx1, NAPstar3, and Pdx-mC DS in Azwf1 strain.
Azwfl strain expressing roGFP2-Tsa2ACr (A-C),
Pdx-mC DS (J-L) were treated at the indicated time point (V) with different concentrations of H202
(left), diamide (middle), or TBHP (right) during fluorescence plate reader measurement (G, H, J, and
K were adapted from Jakob, 2021). NAPstar3 and Pdx-mC DS cpTS/mC ratios were normalized to
average cpTS/mC of NAPstarC for experiments with diamide.
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2.6 Influence of GSH- and Trx-based antioxidant systems on cytosolic
NAD(P) redox homeostasis during oxidative stress

The NADPH consumption during oxidative challenge is directly linked to the activity
of GSH- and Trx-based systems (Figure 2.14). To gain further insights into the underlying
redox mechanisms, the electron fluxes through these antioxidative systems were
interrupted at various stages by distinct gene deletions. The respective consequences for
the cytosolic H20, concentration (roGFP2-Tsa2ACgr), the GSSG/2GSH (roGFP2-Grx1),
NADPH/NADP* (NAPstar3) and NADH/NAD™ (Pdx-mC DS) ratios were determined by GFlI
measurements in the plate reader-based assay. To stimulate the electron flux through the
antioxidative pathways, acute oxidative challenge was induced by the application of either
H20: or diamide.

2.6.1 GLR1 deletion abolishes any detectable H202- and diamide-induced
NADPH oxidation

Different mechanisms contribute to a reduced cytosolic GSSG/2GSH ratio (Morgan
et al., 2013). An important source of GSH, especially during acute oxidative stress, is the
NADPH-dependent reduction of GSSG by GIrl (Collinson and Dawes, 1995). Deletion of
GLR1 decreases the oxidative stress resistance (Outten et al., 2005) and lowers the
cytosolic GSH/2GSSG ratio (Morgan et al., 2013) due to insufficient GSH regeneration. To
validate the influence of the GLR1 deletion on the cytosolic redox state and on the sensitivity
towards oxidants, roGFP2-Tsa2ACr was employed. Since this probe depends on GSH for
reduction, a consistent shift to higher OxD values in the Aglrl strain can be expected,
irrespective of actual H.O, concentrations. Indeed, basal OxD levels were elevated to 0.8
(Table 2.3), but the GLR1 deletion did apparently not alter the roGFP2-Tsa2ACr oxidation
kinetics after the application of H,O, or diamide (Figure 2.25A and Figure 2.26A). As
reported before, the GLR1 deletion increased the roGFP2-Grx1 OxD value at cellular steady
state to 0.33, validating the oxidized cytosolic GSSG/2GSH ratio (Table 2.3) (Morgan et al.,
2013). Exogenous H,0, and diamide application led to very strong roGFP2-Grx1 responses
in Aglrl (Figure 2.25B and Figure 2.26B). Overall, the deletion of GLR1 elevated the
GSSG/2GSH ratio and sensitized GSSG/2GSH to H»O»- and diamide-induced oxidation.
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Figure 2.25: Influence of exogenous H;O; on cytosolic roGFP2-Tsa2ACr, roGFP2-Grx1,
NAPstar3, and Pdx-mC DS in Aglrl, Atrx1Atrx2, and AtsalAtsa? strains.

Aglrl (A-D), Atrx1Atrx2 (E-H) and AtsalAtsa?2 (I-L) strain expressing either roGFP2-Tsa2ACk (first),
roGFP2-Grx1 (second), NAPstar3 (third) or Pdx-mC DS (fourth row) were treated at the indicated
time point (V) with different concentrations of H202 during plate reader measurement (C, D, G, and
H were adapted from Jakob, 2021).
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Figure 2.26: Influence of exogenous diamide on cytosolic roGFP2-Tsa2ACg, roGFP2-Grx1,
NAPstar3, and Pdx-mC DS in Aglrl, Atrx1Atrx2, and AtsalAtsa? strains.

Aglrl (A-D), Atrx1Atrx2 (E-H) and AtsalAtsa?2 (I-L) strain expressing either roGFP2-Tsa2ACkr (first),
roGFP2-Grx1 (second), NAPstar3 (third) or Pdx-mC DS (fourth row) were treated at the indicated
time point (V) with different concentrations of diamide during plate reader measurement (C, D, G,
and H were adapted from Jakob, 2021). NAPstar3 and Pdx-mC DS cpTS/mC ratios were normalized
to average cpTS/mC of NAPstarC.

As cytosolic GSSG cannot readily be reduced to GSH in an NADPH-dependent
manner in the absence GIrl, the NADPH consumption driven by exogenously added

oxidants is expected to be diminished in the Aglrl strain. To verify this hypothesis, NAPstar3
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was employed. Further, the Pdx-mC DS probe was utilized to investigate the influence of
the deletion on the NADH/NAD" ratio. Respective cpTS/mC ratios were normalized to the
signal of NAPstarC for diamide experiments, since high diamide concentrations led to
artifacts in the NAPstarC readout (data not shown). This normalization revealed increased
basal norm. cpTS/mC ratios of 1.95 for NAPstar3 and 2.11 for Pdx-mC DS and thus
increased cytosolic NADPH/NADP* and NADH/NAD* ratios for the Aglrl mutant
(Table 2.3). The application of H.O, and diamide revealed the GLR1 deletion impeding any
detectable decrease in NADPH/NADP™* (Figure 2.25C and Figure 2.26C). In contrast, the
response pattern of the NADH/NAD" ratio, measured by Pdx-mC DS, did not seem to be
altered in the deletion strain (Figure 2.25D and Figure 2.26D). These results support the
hypothesis that the Glrl activity contributes significantly to the H.O,- and diamide-induced
NAPDH consumption.

2.6.2 TRX1 TRX2 double deletion renders NADP and NAD pools more
robust towards H202 and diamide

GlIrl was chosen as target to shut off a central GSH source and NADPH sink of the
GSH-based antioxidant system. The cytosolic thioredoxin reductase (Trrl) represents the
corresponding counterpart of the Trx system. Since the deletion of TRR1 is lethal in the
BY4742 (S288C) background (Giaever et al., 2002) the genes encoding for the Trrl
substrates, TRX1 and TRX2, were deleted instead (Herrero et al., 2008; Toledano et al.,
2003). Basal H,0: levels, determined by roGFP2-Tsa2ACg, were enhanced to OxD 0.6 in
the Atrx1Atrx2 double deletion strain (Table 2.3), but the sensor oxidation kinetics after
H.0O- and diamide treatments were apparently not altered (Figure 2.25E and Figure 2.26E)
(Morgan et al.,, 2016). In addition, the cytosolic GSSG/2GSH ratio was moderately
increased in the Atrx1Atrx2 strain at steady state, reflected by a roGFP2-Grx1 OxD of 0.22
(Table 2.3). The application of increasing H.O. concentrations stepwise increased the
cytosolic GSSG/2GSH ratio, similar to observations made in the WT strain (Figure 2.25F).
In contrast, the GSSG/2GSH robustness towards exogenous diamide was increased
(Figure 2.26F), even 2 mM extracellular diamide oxidized the roGFP2-Grx1 sensor only to
OxD 0.5. This underlines the great resilience of the TRX1 TRX2 double deletion strain
towards diamide and thus, thiol oxidation stress (Muller, 1996). Interestingly, almost no
reduction of oxidized roGFP2 sensor was observed, although the responsible GSH-based

system should be functional in the Atrx1Atrx2 strain.

The cytosolic NADPH/NADP™* ratio was monitored in the Atrx1Atrx2 mutant by
NAPstar3. While the steady state NADPH/NADP* ratio was not affected (Table 2.3),
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abolished the TRX1 TRX2 deletion any detectable NADPH/NADP* oxidation after H.O-
application (Figure 2.25G). Opposingly, the NADPH/NADP™* resilience towards diamide
was increased, but still detectable (Figure 2.26K). Pdx-mC DS was employed to monitor
the cytosolic NADH/NAD™ ratio that was lowered in the Atrx1Atrx2 mutant at steady state
(Table 2.3). Compared to the WT strain, the NADH/NAD* ratio was much more robust
against H,O,- and diamide-driven oxidation (Figure 2.25H and Figure 2.26H). Remarkably,
even the initial NADH/NAD™ decline after buffer addition was absent. These results suggest
that the reduction of Trx1 and Trx2 by Trrl consumes relevant NADPH amounts during
H.O. (and diamide) -induced oxidative challenge. The highly stabilized cytosolic
NADH/NAD" ratio indicates metabolic adaptations upon the TRX1 TRX2 double deletion.

2.6.3 TSA1 TSA2 double deletion increases the robustness of cytosolic
NAD(P) redox states towards diamide, but not H202

The cytosolic peroxiredoxins Tsal and Tsa2 are important for H.O> signal
transduction and detoxification (Amponsah et al., 2021; Netto and Antunes, 2016; Toledano
et al., 2003). Moreover, recent data from our laboratory indicates that mainly Tsal is
responsible for the peroxide-induced GSSG accumulation and for the antioxidative capacity
of the yeast cytosol (Zimmermann et al., in preparation). The results obtained by the Agirl
and Atrx1Atrx2 deletion strains suggest GIrl and Trrl being important NADPH consumers
during acute oxidative challenge. Thus, it was asked whether the double deletion of TSAL
and TSA2 would be sufficient to impede the oxidant-induced NADPH oxidation. Initially, the
influence of TSA1 TSA2 double deletion on the cytosolic H.O., concentration was
investigated using roGFP2-Tsa2ACr. Steady state H.O- levels were increased to OxD 0.7
(Table 2.3) and the probe was more sensitive to further H,O, addition than in the WT strain
(Figure 2.25l1) (Morgan et al., 2016), according to the important role of Tsal in peroxide
scavenging. In contrast, the oxidation kinetics upon diamide treatment were not altered by
the TSAL1 TSA2 double deletion (Figure 2.261). The cytosolic GSSG/2GSH ratio, detected
by roGFP2-Grx1, was not affected under steady state conditions (Table 2.3), but more
sensitive to exogenous H20; than in WT cells (Figure 2.25J). Opposing, the GSSG/2GSH
stability towards diamide seemed to be increased up to concentrations of 1 mM diamide
(Figure 2.26J). Altogether, the TSA1 TSA2 double deletion increases basal H-O- levels. It
does not affect the basal GSSG/2GSH ratio but renders it more sensitive to H.O, and more
resilient against diamide. The potential compensatory upregulation of alternative redox
enzymes in this deletion strain is likely not sufficient to encounter the oxidative stress by

H20- but enables to challenge diamide-induced stress.
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To qualitatively quantify the cytosolic NAD(P) redox ratios in the AtsalAtsa2 double
mutant, NAPstar3 and Pdx-mC DS were utilized. Norm. cpTS/mC ratios at steady state
revealed increased NADPH/NADP* and NADH/NAD™ ratios (Table 2.3). The NAPstar3
response to the H>O, treatment was shifted to higher cpTS/mC ratios, but the kinetics were
similar to those observed for WT cells (Figure 2.25K). Interestingly, 0.5 mM H.0O- led to a
prolonged NADPH oxidation in WT, whereas it did not affect the cytosolic NADPH/NADP*
ratio in AtsalAtsa2 strain. This indicates that the NADPH consumption up to 0.5 mM H-0-
is mediated by Tsa in WT, whereas higher concentrations (= 1 mM) are known to lead to
Tsa hyperoxidation and inactivation (Morgan et al.,, 2016). Hence, alternative redox
mechanisms may lead to the NADPH consumption at these high exogenous H-O-
concentrations. Surprisingly, the application of diamide did not affect the cytosolic
NADPH/NADP* ratio of the AtsalAtsa2 strain, similar to the observations made for Agirl
but not Atrx1Atrx2 cells (Figure 2.26K). The NADH/NAD™ oxidation kinetics after H.O, and
diamide applications were apparently not altered by the TSA1l TSA2 double deletion
(Figure 2.25L and Figure 2.26L).

The results obtained by the cytosolic expression of GFls in the GLR1, TRX1 TRX2,
and TSA1 TSA2 deletion strains demonstrated that the GSH- and Trx-based antioxidant
systems are important consumers of cytosolic NADPH during oxidative challenge and that

we do not yet understand completely the underlying mechanistic details.

2.7 Expanded NAPstar toolbox covers a range of different NAD(P) binding

properties

The NAPstar family members monitor the NADPH/NADP* redox ratio with different
affinities (Section 2.3). The fluorescence plate reader-based analyses of probe expressing
yeast strains demonstrated that cytosolic NAPstarl-3 operate at cellular steady state close
to saturation with NADPH due to their high NADPH/NADP* affinities. On the contrary, the
NADPH binding affinity of NAPstar4 is very low, such that it was exclusively present in the
open conformation under the same conditions. To allow for the sensitive detection of in-
and decreasing NADPH/NADP™ ratios under physiological conditions, an approximately
half-saturated GFI at cellular steady state would be highly beneficial. Consequently, the
optimal NAPstar binding affinitiy lies between those of NAPstar3 and NAPstar4 (Kq > 5.4 uM
NADPH).
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2.7.1 Responses of novel NAPstar sensors to NADPH resemble that of
NAPstar3 in semipermeabilized WT cells

The different Pdx-mC and NAPstar sensor structures vary only in their nucleotide
binding site, which is build up by two, most likely interacting, T-Rex subdomains that finally
dictate the NAD(P) affinity and specificity (Figure 2.9B). The dimeric T-Rex structure and
its mechanism of action are well described (McLaughlin et al., 2010; Sickmier et al., 2005).
Moreover, with the Pdx-mC and NAPstar sensors, a total of seven different T-Rex
sequences with various NAD(P) binding properties are already available and characterized.
Further NADPH-binding T-Rex variants were reported in the literature (Tao et al., 2017).
Altogether, this provides a valuable platform to engineer the NAD(P) specificities of NAPstar
sensors. To design a NAPstar variant with improved NADPH binding properties for the
application in the S. cerevisiae cytosol, three different optimization approaches were
implemented and followed in parallel: (i) the combination of two different T-Rex domains
within one sensor protein (‘mixed’ NAPstar variants), (ii) the rational design and targeted
mutagenesis of the NAPstarl T-Rex domains (NAPstar5), as well as (iii) the selection of
alternative NADPH-binding T-Rex variants for NAPstar generation (NAPstar6 and -7).

The ‘mixed’ NAPstar approach

The T-Rex NBD is localized at the dimer interface and formed by two T-Rex
monomers (Sickmier et al., 2005). A C-terminal ‘domain-swapped’ alpha helix of the NBD
interacts with the interdomain cleft of the opposing T-Rex monomer (McLaughlin et al.,
2010; Sickmier et al., 2005). This interaction is important to induce the overall
conformational change upon NAD*-NADH exchange. These interplays are expected to
occur in the Pdx-mC and NAPstar sensor proteins as well. Hence, it was speculated that
the modification of the NAD(P) binding properties of one of the NAPstar T-Rex domains
would alter the overall sensor affinity. The combination of two different T-Rex subdomains
should result in a GFI with intermediate binding properties. To generate a NAPstar sensor
with the desired NADPH/NADP* binding affinity, a high-affinity T-Rex domain (deriving from
NAPstarl, -2, or -3) was merged with the low-affinity T-Rex domain of NAPstar4. The
Pdx-mC (DS) and NAPstar structures are not symmetric, as the cpTS sequence is N- and
C-terminally flanked by the NBD of the first, and the DNA binding site of the second T-Rex
domain. Moreover, the FP position and the linker design are critical determinants of the GFI
responsiveness since they mediate the conformational changes between the sensory and
reporter domain. Hence, the domain order potentially plays a role in the resulting sensor

readout. To cover all possible arrangements, the NAPstar4 T-Rex was either employed as
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N-terimal domain (T-Rex 1), or sandwiched in between cpTS and mC (T-Rex 2). The
resulting constructs were termed NAPstarX.4 and NAPstar4.X with X=1, 2, or 3
(Figure 2.27 and Table 2.1).

NAPstar1 N‘ T-Rex 1 T-Rex 2 c

+i

NAPstar4 N‘ T-Rex 1 T-Rex 2 (o]

|

NAPstar1.4 N T-Rex 1 T-Rex 2 (o
or
NAPstar4.1 O T-Rex1 c

Figure 2.27: Design principle of ‘mixed’ NAPstar sensors.

The combination of NAPstarl (blue) and NAPstar4 (purple) T-Rex domains to generate NAPstarl.4
and -4.1 is shown as example. Alternative to the NAPstarl T-Rex domain, the NAPstar4d T-Rex
domain was also combined with those of NAPstar2 or NAPstar3. The ‘mixed’ NAPstar nomenclature
results from the arrangement of the T-Rex domains.

To verify the altered NADPH binding properties of NAPstarX.4 and -4.X constructs,
sensor expressing WT yeast cells were semipermeabilized and treated with different
amounts of NADPH during fluorescence plate reader measurements. NAPstar3 was carried
in parallel to identify sensor variants with lowered NADPH binding affinities. NAPstarC was
employed to determine the influence of the changed gain settings on the cpTS/mC
readout, but the cpTS/mC of NAPstarC remained unchanged (Figure 2.28B). Cell
semipermeabilization decreased the cpTS/mC ratio to ~0.5 for all sensor variants
(Figure 2.28A,C-H), indicating the sensors being in their open conformations. The
application of NADPH concentration-dependently increased the cpTS/mC ratios of
NAPstarX.4 and -4.X variants, with kinetics similar to that of NAPstar3. After applying
0.1 mM NADPH, NAPstarl.4-3.4 were NADPH occupied to 79%, 84%, and 54%, and
NAPstar4.1-4.3 to 74%, 84%, and 60%. In contrast, NAPstar3 was NADPH-bound to 40%,
indicating higher NADPH affinities of the novel, ‘mixed’ NAPstar variants. The orientation of
the NAPstar4 T-Rex domain did apparently not affect the NADPH binding due to similar
occupancies of the respective variants at 0.1 mM NADPH. Moreover, the apparent NADPH

affinity decreased with increasing ‘X', according to the affinity of the chosen T-Rex template.
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Figure 2.28: NADPH titration to semipermeabilized WT cells expressing novel NAPstar

variants.

WT cells expressing NAPstar3 (A), NAPstarC (B), a ‘mixed’ NAPstar variant (C-H), NAPstarb, -6, or
NAPstar7 (I-K) were semipermeabilized with 0.1% (w/v) digitonin prior to plate reader measurement.
At the indicated time point (V¥), cells were treated with different concentrations of NADPH. Gain
values were set to 1700.

The dynamic ranges of the novel ‘mixed’ NAPstar variants ranged from 2.10 to 2.35
and were marginally smaller compared to the dynamic range of NAPstar3 (2.66)
(Figure 2.28A,C-H). To confirm the NAPstarX.4 and -4.X specificity for NADPH, the sensor
responses to NADH were followed in semipermeabilized cells (Appendix, Figure S7A-H).
The ‘mixed’ NAPstar sensors only responded to very high NADH concentrations of 1 and
2 mM and the resulting cpTS/mC ratios (~2-fold maximum responses) clearly fell below

those observed for the NADPH treatment. The strongest NADH-induced cpTS/mC increase
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of 2.4-fold was observed for NAPstar3 (Appendix, Figure S7A). Hence, the NADPH

specificity seemed to be increased for the ‘mixed’ NAPstar sensors.

Opposing to the observations described in semipermeabilized cells, in vitro analyses
of NAPstar4.3 revealed an in vitro Kq (NADPH) of 53.8 uM (Mai et al., in preparation),
meaning that the NAPstar3 Ky was lowered about 9.8-fold upon combination with the
NAPstar4 T-Rex domain (Table 2.1). Further, NAPstar4.3 did not respond to NADH in vitro,
as observed for former NAPstar variants (Appendix, Table S2). Other in vitro properties,
such as pH robustness or sensitivity to ATP, were similar to those of the other NAPstar
probes that were investigated in vitro (Mai et al., in preparation). Consequently, the in vitro
results demonstrated a successful sensor optimization for NAPstar4.3 regarding NADPH

affinity and specificity.

Rational mutagenesis of the iNapl T-Rex domain

The T-Rex R90 residue is part of a loop of the nucleotide binding site and was shown
to be critical for NADH binding (McLaughlin et al., 2010). Since the NADH removal from the
recombinantly expressed and purified WT T-Rex protein was not possible, an R90D
mutation has been introduced to lower the NADH binding affinity (McLaughlin et al., 2010).
In addition, this mutation was introduced for the design of ‘non-binding’ iNapc/ NAPstarC
sensor controls (Tao et al., 2017). The R90D mutation of iNapl/ NAPstarl is associated
with a dramatic increase in Kq (NADPH) e.g., from 2 uM to 120 uM for iNap1l, leading to the
generation of iNap4/ NAPstar4 sensors. It was hypothesized that the charge inversion from
the positively charged arginine (R) to the negatively charged aspartic acid (D) hampers the
binding of both, NADH and NADPH. To create a NAPstar variant with less impaired NADPH
binding, the NAPstarl R90 residues were exchanged by neutral, lipophilic leucin
moieties (L). The resulting NAPstarl R90L sensor was termed NAPstar5 (Table 2.1). To
check for NADPH binding of NAPstar5, probe expressing WT cells were semipermeabilized
and subjected to fluorescence measurements. The basal cpTS/mC ratio of NAPstar5 in
semipermeabilized cells was ~0.5 as observed for other NAPstar variants (Figure 2.28I).
Subsequent addition of NADPH led to a marginal increase in cpTS/mC to 0.8 at the highest
NADPH concentration applied, resulting in a very small dynamic range of ~1.33. Hence,
NAPstar5 has unfavorable reduced dynamic range and extremely low NADPH affinity and

is expected to be an inappropriate NADP redox probe.
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Alternative NADPH-binding T-Rex variants

In the course of iNap development, various T-Rex variants have been screened for
their NADPH binding affinities (Tao et al., 2017). Some, but not all, of the analyzed
constructs have been chosen to generate the final iNap (and NAPstar) probes. The
remaining T-Rex variants were checked for mutations that potentially lower the iNap3/
NAPstar3 NADPH binding affinity to gain a NAPstar variant with the desired binding
properties. The iNap3 binding site is characterized by a V130Y mutation, but none of the
other V130Y variants possessed a higher Kq (NADPH) than iNap3 (see Table S1 in Tao et
al., 2017). Variant number 33 harbors a V130Y mutation and the replacement of V130Y
with either V148A or V148T (variants number 37 and 38) increases the Ky (NADPH) by 3.5-
and 2.2-fold. Hence, it was hypothesized that the exchange of the NAPstar3 V130Y
mutation by either V148A or V148T would also increase the sensor Ky for NADPH.
Consequently, the NAPstar3 V130 residues were recovered and either the V148A or the
V148T mutations were introduced to generate the novel NAPstar6 and NAPstar7 variants
(Table 2.1).

To investigate the NAPstar6 and NAPstar7 NADPH binding affinities, the sensors
were expressed in WT cells, which were then subjected to semipermeabilization and
fluorescence measurements. After semipermeabilization, the baseline cpTS/mC ratios were
~0.5, indicating open sensor conformations (Figure 2.28J,K). The application of NADPH
increased the cpTS/mC ratios of NAPstar6 and NAPstar7 concentration-dependently. At
0.1 mM NADPH, NAPstar3 was NADPH-bound to 40%, whereas NAPstar6 and -7 were
bound to 16% and 40%, respectively. Interestingly, further increase in exogenous NADPH
to 0.2 mM hardly increased the cpTS/mC ratio of NAPstar7. Hence, NAPstar6 and
NAPstar7 have apparently decreased NADPH affinities. The dynamic ranges were slightly
diminished to ~2.37 and ~2.24. The GFl specificities were verified by NADH
supplementation to sensor expressing, semipermeabilized cells. The sensor readouts were
not affected by NADH concentrations up to 1 mM and 2 mM (Appendix, Figure S7J,K).
Moreover, the maximum responses to NADH were smaller (2.05-fold maximum response)
than those on NADPH.

Indeed, in vitro analyses showed that NAPstar6 and NAPstar7 have similar
properties to NAPstar3 (Mai et al., in preparation) with decreased NADPH affinities of
Kd (NADPH) ~12 pM (NAPstar6) and ~7 uM NAPstar7 (Table 2.1). Moreover, the NADH
affinities were reduced to Kgq (NADH) ~353 uM (NAPstar6) and ~225 uM (NAPstar7)
(Appendix, Table S2), suggesting that these sensors have improved NADPH specificities.
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Overall, these results demonstrate that the sensor optimization was successful for
NAPstar6 and NAPstar7 regarding NADPH affinity and specificity.

2.7.2 Novel NAPstar sensors show minor pH dependency

To verify the in vitro results that revealed similar pH dependencies between the
novel NAPstar variants, NAPstar4.2, -4.3, -6 and -7 were chosen to be subjected to the
plate reader-based pH dependency assay as described before (Section 2.2.2 and
Section 2.3.3). These novel NAPstar variants clearly inherited their pH sensitivities from
Pdx-mC, demonstrating stable cpTS/mC readouts in the presence of 2 mM NADPH
(Figure 2.29). In the absence of additional NADPH, the cpTS/mC ratios of the NAPstar
variants was low and stable in the range between pH 6.0 and pH 7.0. At pH 8.0 and 9.0,
the cpTS/mC values increased. Overall, NAPstar4.2, -4.3, -6 and -7 showed similar mild pH

dependencies, corresponding to the Pdx-mC ancestor and to the results obtained in vitro.
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Figure 2.29: pH dependencies of novel NAPstar variants in semipermeabilized WT cells.

WT cells expressing NAPstar4.2 (A), NAPstar4.3 (B), NAPstar6 (C), or NAPstar7 (D) were
semipermeabilized in the indicated buffer solution using 0.1% (w/v) digitonin. Excitation and emission
spectra of cpTS and mC were recorded in absence and presence of NADPH. Fluorescence
intensities were normalized to the mC emission at 619 nm. Emission of cpTS at 510 nm was plotted
against the pH as log1o(cpTS/mC). Measurements were performed using a fluorescence plate reader.
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2.7.3 Novel NAPstar sensors possess the desired NADPH/NADP* binding

properties

The cytosolic NADPH/NADP* ratio, sensed by NAPstar3, and the cytosolic NADPH
concentration, reported by iNap probes, were surprisingly robust towards exogenous H>O»
(Section 2.4.1). To confirm the altered NADPH binding affinities of the novel NAPstar
variants on the one hand, and the robust cytosolic NADPH/NADP* ratio during H20:
challenge on the other hand, WT cells expressing the novel NAPstar variants were
subjected to H.O, treatment. For the direct comparison, NAPstar3 was measured in parallel.
The calculated sensor occupancies at steady state revealed NAPstar3 to be 98% saturated
with NADPH (Figure 2.30A). In contrast, the novel NAPstar variants demonstrated
decreased sensor occupancies ranging from 47% (NAPstar4.3) to 88% (NAPstar7),
confirming the lowered NADPH/NADP™ affinities (Figure 2.30C-K). NAPstar5 did not bind
to NADPH in WT cells (Figure 2.301). The NADPH occupancies of ~50% identified
NAPstar4.3, NAPstar6, and NAPstarX.4 variants as most suitable candidates for
measurements in the yeast cytosol.

The application of H.O- provoked a reversible NADPH/NADP™ oxidation, which was
readily detected by all the NAPstar variants, except for NAPstar5 (Figure 2.30A,C-K).
Interestingly, NAPstar2.4, -4.1, and -4.2 reported an NADPH overshoot after treatment with
1 mM and 2 mM H.O; after 10 min of total measurement time. While the cpTS/mC response
dynamics of the ‘mixed’ NAPstar variants resembled that of NAPstar3, the kinetics of
NAPstar6 and -7 were different. Surprisingly, the latter ones registered an initial
NADPH/NADP* decrease after the addition of H>O- or buffer, indicating an altered binding
behavior of these variants. All novel NAPstar variants (except for NAPstar5) reported
dynamically changes in the cytosolic NADPH/NADP* ratio after H,O: treatment during the
whole measurement (20 min), whereas NAPstar3 only detected a significant decrease in
NADPH/NADP* up to ~10 min of total measurement time. These results validate that the
sensor optimization regarding the NADPH/NADP™ affinity was successful for the ‘mixed’
NAPstar (NAPstarX.4, -4.X) and the ‘alternative T-Rex domain’ (NAPstar6, -7) approaches.

High exogenous diamide decreases the NAPstar cpTS/mC ratio dramatically
(Section 2.4.2). As novel NAPstar variants demonstrated lowered NADPH/NADP* binding
affinities, they should enable for a more sensitive detection of the diamide-induced NADPH
oxidation. To this end, WT cells expressing the novel NAPstar probes were subjected to the
treatment with diamide (Figure 2.31). NAPstar3 and NAPstarC were carried as controls in
parallel. NAPstar3 and the novel NAPstar variants, except for NAPstar5, detected a
decrease in the NADPH/NADP* ratio after treatment with 2 mM diamide
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(Figure 2.31A,C-H). In contrast, NAPstarC was not affected by 2 mM exogenous diamide
(Figure 2.31B and Appendix, Figure S4G) and thus, artifacts at this concentration would
not be expected. An NADPH oxidation at lower diamide concentrations was not detected
by any of the ‘mixed’ NAPstar variants. In contrast, NAPstar6 and -7 reported a prolonged
decline in NADPH/NADP* after the treatment with 0.5 and 1.0 mM diamide
(Figure 2.31J,K). Hence, NAPstar6 and NAPstar7 seem to be the most sensitive NAPstar

variants.
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Figure 2.30: H.O, treatment of WT cells expressing novel NAPstar variants.

WT cells expressing NAPstar3 (A), NAPstarC (B), a ‘mixed’ NAPstar variant (C-H), NAPstar5, -6, or
NAPstar7 (I-K) were treated at the indicated time point (V) with different concentrations of H202
during fluorescence plate reader measurements. Sensor occupancies at steady state are listed in
brackets. Gain values were set to 1700.
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Figure 2.31: Diamide treatment of WT cells expressing novel NAPstar variants.

WT cells expressing NAPstar3 (A), NAPstarC (B), a ‘mixed’ NAPstar variant (C-H), NAPstarb, -6, or
NAPstar7 (I-K) were treated at the indicated time point (V) with different concentrations of diamide
during fluorescence plate reader measurements. Gain values were set to 1700.

Overall, the H20O, and diamide treatment of GFI expressing cells confirmed the
successful sensor optimization regarding the NADPH/NADP™ binding affinity. Thereby, the
fluorescence readout responses of the ‘mixed’ NAPstar variants resembled that of
NAPstar3. Though sensor NADPH occupancies were in the same range for all the novel
NAPstar variants (except for NAPstar5), NADPH seemed to dissociate faster from
NAPstar6 and NAPstar7.
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2.8 NAD and NADP redox states during the YMC

When yeast is grown under batch culture conditions, the metabolic and cell cycle
states alter between single cells (Dodd and Kralj, 2017; Papagiannakis et al., 2017). Under
specific continuous culture conditions, where nutrients are limited, the yeast population
spontaneously synchronizes its cellular metabolism, including transcriptional and cell cycle
programs (Murray et al., 2014; Tu et al., 2007, 2005). This phenomenon is called the yeast
metabolic cycle (YMC) and is characterized by periodic changes in the oxygen consumption
rate. Synchronized yeast cultures provide deeper insights into the temporal orchestration of
cell metabolism, which is usually masked in a diffuse culture due to signal averaging. Most
cellular metabolites have been shown to cycle in phase with the YMC, such as the NAD(P)H
autofluorescence (Murray et al., 2007). To validate cytosolic metabolite oscillations during

the YMC, different GFls were expressed and measured throughout the cultivation process.

2.8.1 Plasmid-expressed HyPer7 confirms H202 oscillations

To allow for a stable p413 TEF plasmid transformation of the prototrophic
Cen.PK113-1A strain, HIS3 was deleted from its genome (Amponsah, 2020). To check
whether plasmid-expressed HIS3 influences the YMC cycling, Cen.PK113-1A Ahis3 was
transformed with the p413 TEF empty plasmid and the YMC was induced (Appendix,
Figure S8). The YMC period was shortened to 2.04 h £ 0.12 (Amponsah et al., 2021) but

the strain underwent stable respiratory oscillations.

Recently, cyclic H2O; levels were described during YMC utilizing a genomically-
integrated roGFP2-Tsa2ACr sensor (Amponsah et al., 2021). To check whether the
fluorescence signal of a plasmid expressed GFl is sufficient for measurements during the
YMC, the bright, cpYFP-based HyPer7 probe was utilized to confirm the described H;0O,
cycles. To this end, HyPer7 was introduced into the YMC by plasmid transformation. As
already reported by the roGFP2-Tsa2ACr probe, H-O: levels peaked at the start of low
oxygen consumption (LOC) phase and continuously decreased during the remaining YMC
period (Figure 2.32A). Additionally, a sharp drop in H.O» was registered at the start of high
oxygen consumption (HOC) phase. The HOC phase was additionally marked by two smaller
local maxima in H2O; during early and late HOC phase. The 490/400 nm ratio of the H2O»-
insensitive HyPer7 C121S sensor control did not alter throughout the measurement
(Figure 2.32B), confirming the HyPer7-detected H.O. oscillations. Overall, the plasmid-
expressed HyPer7 fluorescence signal exceeded that of genomically-integrated roGFP2-

Tsa2ACr (data not shown) and enabled for a high-resolution detection of H,O- oscillations.
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To provoke a strong HyPer7 sensor response, excess H,O; or diamide were injected
into the fermenter vessel, subsequently leading to strong fluorescence ratio increases to
2.70 and 1.54, respectively (Figure 2.32B,C). In contrast, the H202 supplementation did not
influence the fluorescence ratio of HyPer7 C121S (Figure 2.32E) and exogenous diamide
increased its 490/400 nm ratio to a low extent due to fluorescence quenching at 400 nm
excitation (Figure 2.32F, data not shown). The application of H.O; led to a dramatic
increase in the dissolved oxygen concentration (dOy) in both experiments caused by the
enhanced catalase activity (Amponsah, 2020). After the removal of excess cytosolic H,O»,
as reflected by the HyPer7 fluorescence ratio recovery, the culture restarted cycling in HOC
phase, as already reported (Amponsah, 2020; Amponsah et al., 2021). Altogether, the
HyPer7 expression during the YMC validated the results which were already described
using the roGFP2-Tsa2ACr sensor, demonstrating the high potential of plasmid-expressed
GFls during YMC.
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Figure 2.32: Fluorescence ratios of cytosolic HyPer7 and HyPer7 C121S during YMC.

The H202 sensor HyPer7 (left) and its H202-insensitive control C121S (right) were expressed during
YMC (A,D). Injection of 5 mM H20:2 (B,E) or 2 mM diamide (C,F) into the culture vessel demonstrate
specificity and responsiveness of HyPer7.
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2.8.2 NADH/NAD" cycles periodically during the YMC

Based on NAD(P)H autofluorescence measurements, NADH has been
demonstrated to oscillate during the YMC peaking at the start of the LOC phase (Murray et
al., 1999, 1998). A complex output was described which was apparently assembled out of
subharmonic components, most likely going back to non-synchronized oscillations on the
single-cell level (Murray et al., 2014). To confirm the cyclic NADH pattern with increased
subcellular resolution specifically in the yeast cytosol, Pdx-mC (DS) probes were expressed
during the YMC via plasmid transformation. To ease the direct phase comparison between
different experiments, the YMC start and end, marked by local dO, minima, were set to
0° and 360°, respectively. The fluorescence ratio measurements of both, Pdx-mC and
Pdx-mC DS revealed NADH/NAD* oscillations that mirrored the dO; curve and thus directly
correlated to the oxygen consumption rate (Figure 2.33A,B). This result hints on the close
connection between cellular NADH oxidation and electron transport chain (ETC) activity. At
the start of the HOC phase, the NADH/NAD™ ratio increased and peaked when dO, was
lowest. A second local maximum was reached during the late HOC phase. During the LOC
phase, the NADH/NAD" ratio was constantly low. These results demonstrate that
Pdx-mC (DS) probes act within their dynamic ranges during the YMC. This strongly
suggests that the NADH/NAD" ratio is lower during the YMC, when the glucose availability
is lower than in the plate reader-based setup, where batch cultures are grown in the
presence of high glucose concentrations. This phenomenon could be explained by the
relationship between the glycolytic activity and the NADH production. Overall, the detected
NADH/NAD* oscillations resemble only partly the reports of NAD(P)H autofluorescence,
most probably due to the increased subcellular resolution, specificity, and signal intensity
of Pdx-mC (DS).

Oscillations in cytosolic pH trigger cyclic NADH changes during metabolic
transitions, such as the diauxic shift (Dodd and Kralj, 2017). Moreover, cytosolic pH
oscillations during the YMC were proposed to regulate the activity of the target of rapamycin
complex | (TORC1) and thus, the switch between anabolic and catabolic phases (O’Neill et
al., 2020). Catabolic processes mainly rely on NAD* as final electron acceptor, producing
NADH. Based on these reports, it was hypothesized that the detected cytosolic NADH/NAD*
ratio oscillations are accompanied by cyclic changes in cytosolic pH. To verify these pH
oscillations by GFI measurements, pHluorin was expressed during the YMC. Similar to
former reports (O’Neill et al., 2020), the pH directly correlated with the oxygen consumption
rate, reflected by the low 395/475 nm ratio during the LOC phase and higher ratios during
the HOC phase (Figure 2.33C). The local maxima of the pHluorin ratio were shifted about
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-20° to -40° relative to Pdx-mC (DS) maxima i.e., occurred ~8 to ~16 minutes earlier. These
results further hint on a close correlation between the cytosolic pH and NAD metabolism.
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Figure 2.33: Fluorescence ratios of cytosolic Pdx-mC (DS) and pHluorin during YMC.
Pdx-mC (A), Pdx-mC DS (B), or pHluorin (C) were expressed during YMC.

2.8.3 NADPH/NADP* oscillations during the YMC could not be clearly
detected

Next to the cyclic changes in NADH, oscillations in the whole-cell NADP
concentration have been reported during the YMC (Tu et al., 2007). Using a gas
chromatography-based technique, a 2.7-fold change in the total NADP level has been
detected during a complete YMC period, peaking during the HOC phase. Moreover, the
cyclic expression pattern of UTR1, YEF1, and POS5 has been reported to be in synchrony
with the YMC. Together, these observations hint on the temporal organization of NADP
metabolism. To investigate whether the cytosolic NADPH/NADP* ratio oscillates during the
YMC, NAPstar probes were expressed via plasmid transformation. Initially, NAPstar3 was
chosen to track changes in cytosolic NADPH/NADP*. The cpTS/mC ratio of NAPstar3
oscillated peaking towards the end of HOC at ~90° and it was lowest at ~315°, at the start
of the HOC phase (Figure 2.34A). The cpTS/mC ratio oscillation of NAPstar2, which would
be expected to be saturated with NADPH, resembled that of NAPstar3 (Appendix,

Figure S9A). NAPstarC was used as sensor control demonstrating a similar pattern with a
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clear peak in the cpTS/mC ratio at 315° and a local minimum at 120° (Figure 2.34E). As
NAPstarC is unresponsive to NAD(P)H and its readout did not seem to correspond to the
cytosolic pH changes detected by pHluorin, these results indicate changes in the cytosolic
ATP concentration (Section 2.3.1). Due to the high similarity between the NAPstarC and
NAPstar3 (NAPstar2) responses, no clear cycles in the NAPDH/NADP* ratio could be
identified.
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Figure 2.34: Fluorescence ratios of cytosolic NAPstar probes during YMC.
NAPstar3 (A), NAPstar4.2 (B), NAPstar4.3 (C), NAPstar6 (D), or NAPstarC (E) were expressed
during YMC.

To avoid an interference with ATP during the GFI measurements, the mSI-iNap3
probe was expressed during the YMC, but mSl-iNap3 failed to detect any NADPH
oscillations due to its low fluorescence intensity (Appendix, Figure S10). Although the
exact ATP binding affinities of the various NAPstar variants are unknown so far, the most
promising candidates, NAPstar4.2, -4.3, -6, and -7 were further screened for alternative
cpTS/mC patterns in the YMC setup. The fluorescence ratio of NAPstar7 cycled in a similar
manner to that of NAPstar3 (Appendix, Figure S9B), whereas the cpTS/mC ratio of
NAPstar4.3 clearly demonstrated two local maxima at ~0° and ~90° (Figure 2.34C). The
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NAPstar4.2 and -6 readouts showed an intermediate pattern (Figure 2.34B,D). The distinct
cpTS/mC pattern of NAPstar4.3 renders it to the most promising sensor candidate
potentially detecting the actual changes in the NADPH/NADP™* ratio. Due to the high
similarity between the individual NAPstar responses and NAPstarC as well as due to the
lack of comprehensive GFI understanding, no clear statements about the NADPH/NADP*

ratio cycles are possible.
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3 Discussion

The NADH/NAD* and NADPH/NADP* redox couples build the molecular basis of
cell metabolism in basically all organisms (Fessel and Oldham, 2018; Pollak et al., 2007).
Due to this central role, they are also implicated as signal transducers regulating important
cellular processes. NAD* is mainly an electron acceptor in catabolic processes and
connected to cellular programs, like autophagy or ageing (Sedlackova and Korolchuk,
2020). On the other hand, NADPH is the major electron donor of anabolic processes,
antioxidant defense, and redox signaling (Murray et al., 2011). An altered NAD(P)
metabolism has been linked to various pathologies, such as diabetes or the Warburg effect
observed in cancer cells (Blacker and Duchen, 2016; Koju et al., 2022). Though intensively
investigated for decades, the understanding of cellular NAD(P) metabolism remains
incomplete due to the limitations of former measurement techniques and fast turnover rates
(Nielsen, 2019). Genetically encoded fluorescent indicators (GFIs) outperform these
guantification methods delivering information about NAD(P) in living cells with high

specificity and in real-time (MUller-Schiissele et al., 2021).

As one of the best characterized model organisms, with a high similarity to
mammalian models and a relevance for biotechnological applications (Parapouli et al.,
2020), S. cerevisiae represents an ideal system to study NAD(P) homeostasis using GFls.
To the best of my knowledge, this study describes for the first time the establishment and
detailed characterization of NAD- and NADP-specific GFls in S. cerevisiae and further, the
development of a new NADPH/NADP*-specific sensor class, the so-called NAPstar
sensors. First, the discrepancies, advantages, and limitations of the various GFls will be
discussed. Afterwards, the mechanisms, which underly the diverse and interesting

observations on NAD(P) physiology in S. cerevisiae, will be debated.

3.1 T-Rex-based sensor design

The design of all NAD(P)-specific GFIs used in this study is based on the T-Rex
protein. Thereby, two different GFI structures can be distinguished (Figure 1.5). On the one
hand, the ‘tandem’ design of Peredox-mCherry (Pdx-mC) and NAPstar probes, with two
complete T-Rex domains within one sensor peptide, and on the other hand the ‘monomeric’
design of SoNar and iNap sensors, containing only one, truncated T-Rex domain per

monomer.
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3.1.1 Comparison of Pdx-mC (DS) and SoNar probes (NADH/NAD")

The NADH/NAD*-specific Pdx-mC (DS) and SoNar probes were intensively
characterized in vitro (Hung et al., 2011; Steinbeck et al., 2020; Zhao et al., 2015) but the
direct comparison between these studies is impeded by the differences in analysis
conditions. In contrast, the parallel measurements in S. cerevisiae cells in the course of this
study created equal prerequisites for comparative investigations. Pdx-mC was reported to
have the highest NADH/NAD™ affinity of the three GFls with an average Krpax 0f ~4.5 (R' =
[NADH] x 1000 / [NAD+]) (Table 1.2). Pdx-mC DS and SoNar have lower affinities of Krps
~63 and Krson ~36. Different experiments were performed in yeast cells that enable for the
characterization of the NADH/NAD* binding affinities of the various sensors. For instance,
the semipermeabilization of sensor expressing cells in measurement buffer led to a
marginal decline in the Pdx-mC fluorescence ratio, a ~50% drop in that of SoNar and a full
ratio decrease for Pdx-mC DS (Figure 2.1E and Figure 2.5C,D), reflecting the reported in
vitro affinities. Additionally, the oxidant application to intact, Pdx-mC expressing cells
provoked only small readout changes compared to the Pdx-mC DS and SoNar sensors
(Figure 2.17B-D and Figure 2.20). Interestingly, the Pdx-mC DS and SoNar responses to
the various oxidant treatments were almost identical, with the SoNar sensor being slightly
more sensitive. These observations may be explained by the high NAD* affinity (and low
Kr value) of SoNar that allows for quick nucleotide exchange. Hence, SoNar has the most
suitable NADH/NAD? binding properties to monitor rapid NADH/NAD* dynamics in the plate
reader-based setup. In contrast, the glucose-limited conditions in the bioreactor dramatically
lowered the cytosolic NADH/NAD® ratio during the yeast metabolic cycle (YMC). Therefore,
a high-affinity probe is required for this setup. The fluorescence amplitude of Pdx-mC during
the YMC measurements was higher (9.3% change) than that of Pdx-mC DS (5.9% change)
(Figure 2.33A,B). This would correspond to the reported free cytosolic NADH/NAD" ratio
of 0.001 to 0.003 (R’ = 1 to 3) under similar, aerobic and glucose-limited conditions
(Table 1.1), speaking in favor of the usage of Pdx-mC (Krrax ~4.5) instead of the DS variant
(Krps ~63). Overall, these observations demonstrate that the appropriate GFI affinity for the
NADH/NAD" ratio for measurements in S. cerevisiae depends on the experimental setup
and the culturing conditions. In general, Pdx-mC DS can be utilized for first investigations

as it compromises the advantageous features of Pdx-mC and SoNar (see below).

Pdx-mC and Pdx-mC DS have favorable low pH dependency (Table 2.2) and bright
fluorescence intensity (Figure 2.13), whereas SoNar suffers from the pH dependency and
weak signal intensity at 480 nm excitation deriving from the circularly permuted yellow

fluorescent protein (cpYFP) moiety. For the first time, SoNar has been fused to an RFP to
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perform pH-robust readouts. However, the pH did not seem to affect the readout of SoNar
in intact cells, since it was almost identical to that of Pdx-mC DS after several oxidant
treatments (Figure 2.17C,D and Figure 2.20B,C). Apart from this, the dynamic range of
SoNar is bigger than that of Pdx-mC (DS) in the tested conditions (8son ~5.5, Opax ~1.9,
Ops ~2.0) (Figure 2.1E and Figure 2.5C,D). Potential factors, which may contribute to the
enhanced dynamic range of SoNar, are (i) the cpFP insertion site (ii) the truncation of its
T-Rex domain and (iii) the choice of a ratiometric FP for the reporter domain design. To (i):
For SoNar design, the cpFP was inserted into a T-Rex surface loop (‘monomeric’ design)
instead of sandwiching it in between two complete T-Rex domains as for Pdx-mC (DS)
probes (‘tandem’ design). This alternative cpFP localization relative to the T-Rex subunit
certainly influences its response on the T-Rex conformational change. To (ii): Moreover, the
N-terminal T-Rex DNA-binding domain was truncated in SoNar. The T-Rex dimer harbors
a C-terminal ‘domain swapped’ alpha helix that is buried in the interdomain region (between
the DNA- and nucleotide binding domain) of the reciprocal subunit (McLaughlin et al., 2010;
Sickmier et al., 2005). Due to the truncation of the DNA-binding domain in SoNar, the
interaction between the two monomers, which is important for the conformational change
of T-Rex, could be influenced, and with this, the SoNar readout. To (iii): Finally, the choice
of an intrinsic ratiometric FP (cpYFP) with two changing fluorescence intensities, instead of
an intensiometric variant (cpT-Sapphire [cpTS]), also potentially enlarges the dynamic
range. Interestingly, the FiNad sensor (T-RexXi1.189 — G — CpYFP — GTG — T-ReXig0-211), that
differs from SoNar (T-ReXzg.189 — SAG — cpYFP — G — T-ReXig0-211) 0Only in the linker regions
and in the presence of the DNA-binding domain, is responsive to the NAD*/AXP ratio
(AXP=ATP+ADP+AMP) (Zou et al., 2020). And although it has lost the ratiometric cpYFP
readout, it remarkably remains a 7-fold dynamic range. This example clearly demonstrates
that a complex interplay between various structural features influences the GFI readout

properties.

3.1.2 Comparison of NAPstar (NADPH/NADP*) and iNap probes (NADPH)

Based on the iNap mutation sites and the Pdx-mC scaffold, novel, NADPH/NADP"-
specific sensors were developed, which were termed NAPstar probes (Figure 2.9). The
NADP-specific sensor families (iNap, NAPstar) inherited their properties from their
respective NAD-specific ancestors (SoNar, Pdx-mC). Thus, the NAPstar sensors show
average dynamic ranges of &ns ~2.2 (Figure 2.13), bright fluorescence intensity in the
S. cerevisiae cytosol (Figure 2.12), and increased pH robustness (Table 2.2). In contrast,

the iNap sensors possess an average dynamic range of dix ~2.8 (Figure 2.4), suffer from
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weak fluorescence intensity (Figure 2.12), and increased pH sensitivity (Table 2.2). The
discrepancies in fluorescence intensities become especially evident in the respective
control variants. NAPstarC reliably reports changes in the cpTS/mC readout and based on
this highly reproducible data, the Pdx-mC (DS) and NAPstar signals can be normalized
using NAPstarC to exclude potential artifacts from the probe readouts. In contrast, the iNapc
fluorescence ratio is very noisy impeding any normalizations. These properties render the
iNap measurements under conditions of low expression levels or strong pH fluctuations
impossible. The pH-dependent, weak-fluorescent 480 nm excitation signal of iNap probes
can be bypassed by the generation of RFP fusion constructs (Tao et al., 2017). Hence, the
bright monomeric mScarlet-1 (mSI) was N-terminally fused to the different iNap probes. For
the first time, the RFP fusions of iNap2-4 and iNapc were generated and applied for NADPH
measurements. Unfortunately, the results obtained by these novel mSI-iNap probes showed
high deviations and resembled overall those of the NAPstar probes (Appendix, Figure S3,

Figure S5 and Figure S6), rendering the mSl fusions superfluous.

The NADPH binding affinities of the NAPstar sensors exceeded those of the
respective iNap counterparts in vitro (Table 2.1). The high NADPH binding affinities of
NAPstarl-3 were confirmed in intact WT yeast cells. Whereas the NADPH occupancies of
iNapl1-4 were 78%, 76%, 39%, and 4% (Figure 2.1F and Figure 2.16F-1), NAPstar1-3 were
fully saturated, and NAPstar4 was not bound to NADPH at all (Figure 2.10C and
Figure 2.16A-D). Despite the NAPstar affinities hamper the dynamic NADPH/NADP™ ratio
monitoring in vivo, NAPstar3 was responsive to high amounts of exogenously added
oxidants, comparable to iNapl-3 (Figure 2.16C, Figure 2.19C and Figure 2.22C).
Moreover, the problem of being fully saturated at steady state could be solved by further
optimization steps. The NAPstar NADPH binding affinities were optimized for the application
in the yeast cytosol using different approaches. The aim was to obtain a NAPstar variant
that is ~50% bound to NADPH at steady state. The rational approach to lower the NAPstarl
affinity by an amino acid substitution failed (NAPstar5) (Figure 2.28I, Figure 2.30l and
Figure 2.31l). However, the combination of a high-affinity with a low-affinity T-Rex domain
within one NAPstar protein (‘mixed’ NAPstar) resulted in six different variants which were
47% to 72% bound to NADPH at steady state (Figure 2.30C-K). In addition, the novel T-Rex
mutations in NAPstar6 and NAPstar7 led to improved 53% and 88% sensor
NADPH occupancies (Figure 2.30J,K). Interestingly, the initial NADPH titration to
semipermeabilized, sensor expressing cells did not report the lowered NADPH affinity for
the ‘mixed’ NAPstar variants, and also the data received for NAPstar6 and NAPstar7 did
not correspond to those obtained in intact cells (Figure 2.28 and Figure 2.30). Notably, the

NAPstar6 and NAPstar7 kinetics after oxidant application was distinct from those observed
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for NAPstar3 or the ‘mixed’ variants. These deviations could not be attributed to differential
pH sensitivities (Figure 2.29). Most likely, the GFlIs differ in their binding properties, such
as the nucleotide specificity (dependency on ATP, ADP etc.), dissociation kinetics, or
NADP* affinity. Overall, the ‘tandem’ and T-Rex-based sensor design enabled the
development of a vast variety of NAPstar variants with different binding characteristics. For
the detailed understanding and reasonable recommendations, further in vitro analyses of
the improved NAPstar variants are required. So far, NAPstar4.3 and NAPstar6 seem to be
the most promising candidates for the detection of NADPH/NADP™ ratio dynamics in the
yeast cytosol using fluorescence plate reader and bioreactor-based setups. For the
monitoring of changes in the NADPH concentration under the same conditions, iNap2 or

iNap3 are recommended regarding the NADPH binding specificity.

Preliminary in vitro data identified the NAPstar sensors, including NAPstarC, being
responsive to ATP (Section 2.3.1). Since NAPstarC was analyzed for all conditions in
parallel, a significant contribution of ATP changes to the sensor responses can be ruled out.
The sensitivity to ATP and analogues is an endogenous feature of Rex and T-Rex-derived
GFls. For instance, the Pdx-mC sensor tends to be dependent on the total ATP+ADP pool
due to the large pool size in vivo (Hung et al., 2011). However, this influence was considered
not to be relevant under physiological conditions, under which the ATP+ADP concentration
should remain relatively constant. In addition, the above mentioned FiNad sensor is specific
for the NAD*/AXP ratio (Zou et al., 2020). In contrast, the SoNar and iNap sensors were
reported not to be affected by the ATP/ADP ratio or the ATP+ADP pool size under similar
conditions (Tao et al., 2017; Zhao et al., 2015). The comparison of the Bacillus subtilis Rex
(B-Rex) structure bound to ATP (B-Rex:ATP) with that of T-Rex:NADH demonstrated that
77% of structural difference in the buried surface area could be attributed to the C-terminal
‘domain-swapping’ alpha helix (Wang et al., 2008). This helix also forms interactions with
the nicotinamide group of the ligand (McLaughlin et al., 2010). As already discussed above,
the N-terminal truncation of T-Rex in the ‘monomeric’ probes likely influences the interaction
of the ‘domain swapped’ helix with the reciprocal subunit and thus the overall conformational
change and/ or the nucleotide binding of the sensor. Hence, the N-terminal truncation of the
T-Rex domain possibly accounts for the robustness of the SoNar and iNap sensors towards
ATP. Interestingly, a detailed in vitro analysis of B-Rex revealed the highest affinity for
NADH (24 nM), a ~1,000-fold lower K4 value for ATP (0.07 mM), and the lowest affinity for
NAD® (0.49 mM). Further, an allosteric binding was reported for NAD", whereas the B-Rex
affinity for ATP was not influenced by the B-Rex conformation. In how far these factors

influence the response of the NAPstar probes remains to be shown.
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Optimization of iNap3

Despite the beneficial properties of the NAPstar sensors, an intrinsic ratiometric
probe is desired due to the potentially increased dynamic range, the smaller protein size,
and other favorable characteristics connected to single-FP sensors (Kostyuk et al., 2019).
Since the major limitations of the SoNar and iNap probes derive from the cpYFP moiety, it
was hypothesized that the cpYFP exchange would confer the desired properties. The
improved, pH-independent, cpYFP-based HyPer7 probe displays bright fluorescence in
S. cerevisiae (Figure 2.32) (Kritsiligkou et al., 2021b) which would be required for the iNap
sensors. Hence, the cpYFP domain of iNap3 was replaced by the cpYFP domain of HyPer7
to improve its fluorescence properties. Unfortunately, this exchange resulted in a diminished
dynamic range (dinsn ~1.2), low fluorescence intensity, and NADPH binding affinity (data not
shown). Further optimization attempts failed. This example illustrates that the rational
design of GFls is not trivial and a modular exchange of the sensory or the reporter domain
is not always possible. Beyond that, the comprehensive procedures to generate novel GFls
such as HyPer7, SoNar, or Pdx-mC (Hung et al., 2011; Pak et al., 2020; Zhao et al., 2015)
demonstrate the sensitive and complex interplay between the sensor and reporter domain.

3.1.3 Interim conclusion and outlook for future sensor development

This work expands the palette of GFls applied in S. cerevisiae. It validates the
versatility of this organism for GFI characterization, making initial probe purification
dispensable. As it has already been shown for roGFP2-based sensors, S. cerevisiae
provides an excellent platform for rapid enzyme or sensor screening for candidate selection
prior to, or instead of, in vitro characterization (Liedgens et al., 2020; Zimmermann, 2021;
Zimmermann et al., 2021). Using S. cerevisiae, the novel NADPH/NADP*-sensing NAPstar
probe family was developed, optimized, and characterized together with the already existing
SoNar/ iNap and Pdx-mC (DS) probes. The individual advantages and limitations of these

GFls were discussed, and potential optimizations were described.

Although a wide variety of different NAD(P)-specific probes has already been
described (Appendix, Table S1), improved GFlIs continue to be a major research interest
in the field. To construct optimized probes, alternative protein scaffolds should be
considered in addition to the T-Rex. The rational concepts for the design of new sensors
and their optimization are limited by the available information about potential protein
candidates. The acquirement of the structural data is connected to a high investigational
and screening effort. In the future, the development of new algorithms for structure

simulations will potentially help in solving these problems. Moreover, automated

100



Discussion

evolutionary approaches for sensor optimization could minimize the screening effort. For
instance, a redox-sensitive NAD(P)-specific GFI according to the roGFP2 sensor model is
certainly conceivable as an alternative concept. Moreover, an NAD(P)-specific GFI with red
fluorescence would be favorable since it interferes less with autofluorescence signals. This
would allow e.g., for deeper tissue penetration, brighter fluorescence signals, and for

simultaneous measurements with a green fluorescent GFI or dye (Kostyuk et al., 2019).

3.2 NAD(P) transhydrogenase-like activity of semipermeabilized cells

Membrane-bound NAD(P) transhydrogenases can be found in bacterial plasma
membranes or the inner mitochondrial membrane of eukaryotes (Spaans et al., 2015). They
couple reversibly the transmembrane proton gradient to the hydride ion transfer between
NAD and NADP (NADH + NADP* <« NAD* + NADPH) and are primarily important for the
production of NADPH. A second group of soluble NAD(P) transhydrogenases can be found
in bacteria. These enzymes are not energy-coupled and proposed to produce mainly NADH
from NADPH. S. cerevisiae lacks a bona fide NAD(P) transhydrogenase (Bruinenberg,
1986; Rodrigues et al., 2006). Thus, it was surprising to detect strong fluorescence
responses of the NADH/NAD*-sensitive SoNar and Pdx-mC (DS) probes to exogenously
added NADPH in semipermeabilized S. cerevisiae cells (Figure 2.3A-D and Figure 2.8).
Unspecific NADPH binding of the different sensors is highly unlikely since the concentration-
dependent responses to exogenous NADPH and NADH were essentially the same, despite
of the reported in vitro Kq values for NADPH are ~10- to ~750-fold higher than those for
NADH (Table 1.2). The observed NADPH — NADH transhydrogenase-like activity was
apparently unidirectional in semipermeabilized cells since neither the NADPH-specific iNap
nor the NADPH/NADP*-specific NAPstar sensors responded to exogenous NADH in
semipermeabilized cells (Appendix, Figure S2 and Figure 2.13F-I). As the production of
NADPH from NADH requires an energy input (Spaans et al., 2015), and as the cell
semipermeabilization reduces the net ‘intracellular energy load’ (e.g., in form of redox and
transmembrane potentials), the observation of unidirectionality seems conclusive. Although
the biological relevance to produce cytosolic NADH at the expense of NADPH is not obvious
at the first sight, the clearance of overwhelming NAPDH has been proposed for soluble
transhydrogenase in several bacteria (Spaans et al.,, 2015). However, this hypothesis
remains a question of debate. Moreover, it cannot be excluded that the NAD(P)
transhydrogenase-like activity of semipermeabilized S. cerevisiae is reversible in intact cells
to provide NADPH e.g., under oxidative stress conditions or for biosynthetic processes.

A similar hypothesis is suggested by the observation of the NAD, but not NADP pool, being
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strongly sensitive towards H;O.- and diamide-induced oxidation (Section 2.4.1 and
Section 2.4.2). Nevertheless, a general NADH — NADPH transhydrogenase-like activity
during oxidative stress can be excluded because NADPH, but not NADH, is oxidized in a
Azwf1 strain after TBHP addition (Figure 2.241,L).

In the context of this study, various hypotheses were followed to unravel the NAD(P)
transhydrogenase-like mechanism of semipermeabilized cells (data not shown). To this
end, various deletion strains expressing Pdx-mC DS (NADH/NAD*) were semiper-
meabilized and treated with different concentrations of either NADH or NADPH. The
fluorescence responses were compared to identify a mutant in which the sensor was less
responsive to NADPH than to NADH addition, corresponding to the Pdx-mC DS vitro
binding properties. None of the deletions abolished the strong sensor response to NADPH.
For instance, multiple single and double deletion strains of the dihydroxyacetone (DHA)
cycle were checked for their transhydrogenase-like activity (Valtey, 2021). When the
requirement for NADPH is high, the DHA cycle was proposed to supply for cytosolic NADPH
in an ATP- and NADH-dependent manner (Celton et al., 2012). Further, the NAD*-specific
Utrl and Yefl kinases were checked for a potential NADPH phosphatase activity in
semipermeabilized cells. But neither deletion of UTR1 (Appendix, Figure S11A,B) nor that
of YEF1 (Valtey, 2021) impeded the apparent NADPH — NADH conversion. Finally, it was
hypothesized, that the NADPH — NADH interconversion takes place via the action of
various Ald enzymes. These are specific for either NAD or NADP and were proposed to act
as an extension to the ethanol-acetaldehyde shuttle to balance NADPH/NADP* with
NADH/NAD" ratios (Bakker et al., 2001; Celton et al., 2012; Murray et al., 2011). Ald6 plays
a central role in this mechanism as it represents the only NADP*-dependent cytosolic
isoform (Meaden et al., 1997) and thus, its deletion was expected to abolish the Pdx-mC DS
response to NADPH, but it did not (Appendix, Figure S11C,D). Since the generation and
the screening of deletion strains is time-intensive, the usage of a yeast deletion library in
combination with an automated screening method would be highly beneficial to elucidate
the transhydrogenase-like mechanism. Nonetheless, as respective gene deletions may
lead to metabolic adaptations, it remains uncertain whether this approach would find

potential candidates of the transhydrogenase-like mechanism.

Other possible transhydrogenase-like mechanisms include NAD(P)H shuttles and
reactions occurring in the mitochondrial matrix. For instance, a transhydrogenase-like shunt
was established in a xylose-producing S. cerevisiae strain by the overexpression of
cytosolic pyruvate carboxylase (PYC2), malate dehydrogenase (MDH2), and mitochondrial
malic enzyme (MAEL1) (Figure 3.1) (Suga et al., 2013). This mechanism includes the ATP-
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dependent conversion of pyruvate to oxaloacetate (Pyc2). The latter is then NADH-
dependently reduced to malate (Mdh2). Malate is subsequently shuttled into the
mitochondrial matrix, where it is oxidized to pyruvate (Mael), forming NADPH. The NADPH
produced in the mitochondrial matrix can then be shuttled to the cytosol to provide the
electrons for xylose production. However, whether this transhydrogenase-like shunt is
relevant under respiratory conditions in a WT strain with physiological enzyme levels,
remains unknown. To rule out, whether a mitochondrial shuttle plays a role in the
transhydrogenase-like mechanism in semipermeabilized cells, the presence of intact
mitochondrial membranes should be confirmed using a dye such as tetramethyl rhodamine
methyl ester (TMRM).

NADP* citrate citrate NADP*
Yhm2
NADPH NADPH

oxoglutarate oxoglutarate
Odc1,2
malate malate
NADP* NAD™*
Mae1 Mdh2
NADPH NADH
pyruvate oxaloacetate
ADP
mitochondrion Pyc2
cytosol ATP
pyruvate
ethanol

Figure 3.1: Reactions implicated in the reported transhydrogenase-like shunt.
Adapted from Suga et al., 2013. The citrate-oxoglutarate shuttle and the oxodicarboxylate carriers
Odcl and Odc2 were added according to Ferramosca and Zara, 2021.

Interestingly, an NADPH — NADH transhydrogenase activity of a cytosolic fraction
of S. cerevisiae was already reported in 1985 (Evans et al., 1985). In contrast, no
transhydrogenase activity was detected for intact or sonicated mitochondria, suggesting
that this mechanism is restricted to the cytosol. Further investigations demonstrated that
the cytosolic transhydrogenase activity was mediated by a high-molecular-weight enzyme,
most likely fatty acid synthetase (Evans et al., 1985). It was proposed that the enoyl
reductase activity is responsible for this effect as it is able to use both, NADPH and NADH,

as electron donor (Fox and Lynen, 1980). To the best of my knowledge, further reports on
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NAD(P) transhydrogenase activities of fatty acid synthetase do not exist. Hence, it is
guestionable, in how far it contributes to the NADPH — NADH interconversion observed in
semipermeabilized cells. Additional potential transhydrogenase-like shunts, such as cycles
between NAD- and NADP-dependent glutamate (Boles et al., 1993; Moreira dos Santos et
al., 2004) or isocitrate dehydrogenases (Sazanov and Jackson, 1994) are discussed in
detail by Celton et al. (2012). In general, further investigations are required to unravel the

transhydrogenase-like activity of semipermeabilized S. cerevisiae.

3.3 Redox mechanisms during acute oxidative stress

The influences of three different, exogenously added oxidants (H2.O2, diamide, and
TBHP) on the cytosolic NAD and NADP redox balances were investigated in the BY4742
WT strain (Section 2.4). To gain a deeper insight into the underlying redox mechanisms,
roGFP2-Tsa2ACr and roGFP2-Grx1 responses were additionally analyzed in parallel. The
exogenous oxidant application led to the oxidation of the roGFP2 probes as expected
(Figure 2.15A,B, Figure 2.18A,B and Figure 2.21A,B), whereas the NADPH/NADP* ratio
and the NADPH concentration, determined by NAPstar and iNap probes, remained
remarkably stable (Figure 2.16, Figure 2.19 and Figure 2.22). Since the glutathione (GSH,
reduced form) and thioredoxin (Trx) systems rely on NADPH as electron source, a strong
oxidation would have been expected. The pentose phosphate pathway (PPP) is the major
producer of NADPH when cells are grown in the presence of glucose (Nogae and Johnston,
1990). When the requirement for NADPH is elevated, the flux rate through this pathway
increases, inter alia due to its dependency on the NADPH/NADP* ratio (Celton et al., 2012;
Frick and Wittmann, 2005; Vaseghi et al., 1999). Hence, the robustness of the cytosolic
NADPH concentration and the NADPH/NADP* ratio, even under very strong pro-oxidative
conditions, is most likely ensured by the high NADPH production rate of the PPP. This
hypothesis is supported by the observation that the deletion of ZWF1 (encoding for glucose-
6-phosphate dehydrogenase, G6PDH) dramatically sensitized the cytosolic NADPH/NADP*
ratio towards exogenous H>O, and TBHP (Figure 2.24G,l). Surprisingly, it barely affected
the sensitivity towards diamide (Figure 2.24H), although the PPP was suggested to be
central during diamide-induced oxidative stress (Larochelle et al., 2006). In contrast to
S. cerevisiae, the cytosolic NADPH pool seems to be less robustly maintained in
mammalian cells. Diamide reversibly oxidized NADPH in HelLa cells and the additional
deletion of the G6PDH abolished the recovery of NADPH (Tao et al., 2017). The fact, that

the glucose availability during the cell line cultivation strongly affected the sensitivity of
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cytosolic NADPH further underlines the importance of the PPP flux for NADPH homeostasis

during oxidative challenge also in mammalian cells.

3.3.1 Relevance of GSH and Trx systems in NAD(P) oxidation

The influence of exogenous H.O, on the S. cerevisiae redox systems is well
investigated. It can diffuse into the cytosol where H,O»-scavenging enzymes produce a
steep intracellular H.O. gradient (Calabrese et al., 2019; Zimmermann et al., in
preparation). Moreover, the application of H.O, was shown to lead to the intracellular
accumulation of glutathione disulfide (GSSG) (Morgan et al., 2013). In contrast, diamide
oxidizes thiol groups rather unspecific, in dependency of their nucleophilicity and their
accessibility to the oxidant (Kosower and Kosower, 1995). The deletion of the glutathione
reductase GLR1, which is required for the direct, NADPH-dependent reduction of GSSG,
abolished any detectable H,O,- and diamide-induced NADPH oxidation in the yeast cytosol
(Figure 2.25C and Figure 2.26C). This result implicates that GIrl is a major consumer of
NADPH during these pro-oxidative injuries. This hypothesis is additionally confirmed by the
observations made using the roGFP2-Grx1 and NAPstar3 probes in the Azwfl cytosol,
where the low NADPH availability is expected to limit the reduction of GSSG and with this,
the GSH production (Izawa et al., 1998; Yoshikawa et al., 2021). Indeed, the oxidation
kinetics of the GSSG/2GSH and NADPH/NADP* sensors were mirroring each other
(Figure 2.24D-I), suggesting that the production of NADPH limits the regeneration of GSH.
Similar results were obtained in other eukaryotic organisms. The induction of oxidative
stress in NAPstar expressing mammalian or plant cells indicated, that the Glr activities in
these organisms also contribute significantly to the consumption of cytosolic NADPH (Mai
et al., in preparation). Overall, these results confirm the central role of NADPH-dependent

GSH maintenance for eukaryotic cellular antioxidant defense.

Recent data from our laboratory indicates that the Tsal activity is central for the
peroxide scavenging capacity of the yeast cytosol and that it represents the major source
of peroxide-induced cytosolic GSSG (Zimmermann et al., in preparation). Other
peroxiredoxins (Prxs) and glutathione peroxidases (Gpxs) may support Tsal in H.O-
detoxification (Avery and Avery, 2001; Herrero et al., 2008). Most likely, these alternative
thiol-exchange mechanisms cause the altered NADPH/NADP* oxidation kinetics upon H202
application in the AtsalAtsa2 double deletion strain (Figure 2.25K). Despite the increased
H20- sensitivity of the roGFP2 probes observed in this mutant, the oxidation kinetics of
NADPH did not seem to be accelerated, hinting on the importance of Tsal in H.O-

detoxification.
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The cytosolic Prxs Tsal and Tsa2 are primarily reduced by Trx1 and Trx2 which are
in turn reduced by the cytosolic NADPH-dependent thioredoxin reductase Trrl (Grant,
2001). The double deletion of TRX1 and TRX2 impeded any measurable, H.O»-induced
NADPH oxidation highly likely due to the decreased electron flux through Trrl
(Figure 2.25G). This suggests, together with the observations made for the Aglrl deletion
strain, that the Trx- and GSH- based systems contribute significantly to the NADPH
consumption after H.O, treatment. In contrast, the cytosolic NADPH oxidation after diamide
treatment was diminished in the Atrx1Atrx2 mutant, but still detectable (Figure 2.26G),
implying that the Trx system consumes less NADPH than the GSH system under these
conditions. Interestingly, the double deletion of TSA1 and TSA2 apparently impeded
completely the decrease in the NADPH/NADP™ ratio after diamide application, similar to
observations made using the Agirl strain (Figure 2.26K). To the best of my knowledge, an
implication of Tsa in diamide scavenging has not been described. Hence, these results
indicate that a crosstalk between the Trx- and GSH-based systems takes place that finally
result in the different NADPH oxidation kinetics observed in the various yeast deletion

strains.

Besides the discrepancies in NAD(P) oxidation kinetics, the cellular steady states of
the cytosolic NADPH/NADP™ ratio were altered in the AtsalAtsa2 and Atrx1Atrx2 deletion
strains (Table 2.3). These alterations are potentially caused by differential metabolic
adaptations upon the different gene deletions (Section 3.3.2). To avoid these
compensatory mechanisms, chemical interventions can be performed to inhibit the enzyme
activities during the experiment. Nonetheless, these agents tend to be unspecific, induce
global metabolic alterations, and have produced conflicting results according to previous

literature (Saccoccia et al., 2014).

Despite the exact, diamide-induced redox mechanism remains unclear, different
exciting observations were made during this study. (i) Although diamide was not reported
to lead to the inactivation of Tdh (Grant et al., 1999), the NAD oxidation induced by
exogenous diamide was almost equal to that of H,O, (Figure 2.17, Figure 2.20 and
Section 3.3.2). (ii) The deletion of ZWF1 marginally influenced the oxidation of cytosolic
NADP by exogenous diamide (Figure 2.24H). (iii) The TSA1 TSA2 double deletion
completely abolished any detectable NADP oxidation (Figure 2.26K). To understand these
observations, further experiments have to be performed including important controls. For
instance, the metabolic adaptations (including the ATP metabolism) of the different deletion
strains have to be considered (Section 3.3.2). Since the NAPstarC fluorescence ratio

decreased upon high diamide boluses, it would be interesting to resolve the individual
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influences of altered cytosolic pH and ATP concentration to draw conclusions about e.g.,
pH-dependent regulation of enzymatic activities.

Recent data from our laboratory show that the addition of 0.1 mM exogenous TBHP
is sufficient to hyperoxidize a matrix-localized roGFP2-Tsa2ACr sensor (Zimmermann et
al., in preparation). Opposing, treatment with 0.1 and 1 mM TBHP clearly led to a prolonged
cytosolic NADPH oxidation in the WT and Azwf1 strains in this study (Figure 2.22C and
Figure 2.24l), indicating that the cytosolic antioxidant defense mechanisms are, at least

partially, functional under these conditions.

3.3.2 Regulation of NAD metabolism during acute oxidative stress

The metabolic carbon flux, starting with glucose, is divided between the NADH-
producing glycolysis and the NADPH-producing PPP. This partitioning is regulated by, inter
alia, the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity (Shenton and
Grant, 2003). It has been shown that H>O: oxidizes GAPDH which is followed by
S-glutathionylation, and enzymatic inactivation, rerouting the carbon flux from glycolysis to
the PPP, thereby increasing the NADPH generation at the expense of NADH. S. cerevisiae
harbors three GAPDH isoforms, Tdh1-3 (Boucherié et al., 1995; Delgado et al., 2001). Tdh2
and Tdh3 represent the major isoforms during exponential growth (McAlister and Holland,
1985). Only Tdh3 was shown to be glutathionylated and inactivated in an H»,O,-dependent
manner (Grant et al., 1999). Opposing to H20., the treatment with diamide or TBHP was
not reported to lead to Tdh3 glutathionylation. Thus, it was surprising that the cytosolic
NADH/NAD" ratio was reversibly oxidized in the WT strain after addition of diamide up to
1 mM extracellular concentration as observed for H.O, (Figure 2.17C,D and
Figure 2.20B,C). In contrast, TBHP did not affect NADH/NAD* (Figure 2.23). These data
suggest an inactivation of Tdh by both, H.O, and diamide. The H»O;-induced oxidation
kinetics were not altered between strains in which endogenous Tdh1-3 were replaced by
either WT Tdh3 or H»O»-resistant Tdh3 variants (Appendix, Figure S12). The same effect
was observed using the respective human GAPDH isoforms (Jakob, 2021). This indicates
that the Tdh3/ GAPDH oxidation mechanism is unspecific under the conditions at which the
NAD oxidation was observed i.e., most likely the oxidant concentrations were too high to
detect kinetic differences between the different Tdh or GAPDH mutants. Overall, the data
suggest an inactivation of Tdh by H»,O, and diamide, but not TBHP. Whether and to what
extent Tdh activity is inhibited upon diamide application remains to be revisited in the
described experimental setup to confirm the connection between Tdh activity and the

observed oxidation of cytosolic NADH.
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Interestingly, the double deletion of TRX1 and TRX2 rendered the cytosolic
NADH/NAD® ratio remarkably robust against exogenous H,O, and diamide (Figure 2.25H
and Figure 2.26H). A direct implication of Trxs in the oxidation of NADH appears unlikely.
But intriguingly, the deletion of TRR1 was reported to increase the intracellular levels of
NAD by the upregulation of NAD* biosynthesis (Picazo et al., 2018). Similar effects

potentially occur in the Atrx1Atrx2 strain causing the robust cytosolic NADH/NAD* ratio.

Some of the observations made in this study are certainly caused by cellular
adaptations in order to compensate for the loss of important genes implicated in NADPH
production, H2O: signaling, or in the GSH- and Trx-based antioxidant systems. The
connection network between ROS signaling and NAD(P) metabolism is very complex and
far from being completely understood. Only a few mechanisms, which are part of this
network, will be mentioned in the following, since a detailed discussion with respect to the
results obtained in the course of this study would require further intensive experimental
support. (i) Pncl catalyzes the production of nicotinic acid (NA) from nicotinamide (NAM)
and is part of the NA/NAM salvage pathway. This pathway is the major source of NAD*
under common growth conditions. The expression of PNC1 is regulated by the stress-
responsive transcriptional factors Msn2 and Msn4, connecting the NAD™ biosynthesis to the
cellular stress response (Medvedik et al., 2007). Moreover, Msn2/4 regulate 66% of all yeast
genes, making concrete predictions about the consequences for the metabolism of NAD
and NADP almost impossible (Causton et al., 2001). (ii) The Stb5 transcription factor
regulates the expression of genes involved in the production of NADPH but its exact
regulation mechanism is unknown (Larochelle et al., 2006; Ouyang et al., 2018). (iii) The
activity of the Yap1l transcription factor is highly likely upregulated in all of the tested deletion
strains, resulting in increased NADPH and GSH production, upregulation of catalases, Trxs,
and Prxs (Lee et al., 1999). (iv) The Skn7 transcription factor cooperates partially with Yapl
for transcriptional regulation, but both are partly differentially regulated. Interestingly, the
expression of TDH2, but not that of TDH3, is upregulated in a Yapl- and Skn7-dependent
manner (Venters et al., 2011). This suggests, that the ‘oxidant-robust’ Tdh2 is required to
maintain a high glycolytic rate during oxidative stress. Thus, the differential regulation of
TDH2, TDH3, and potentially TDH1, in the various deletion strains discussed above,

possibly influences the carbon flux regulation and with this, NAD(P)H generation.

According to most of the literature, NADPH and NAD* are often reduced to their
roles as final electron donor and acceptor at the end of cellular redox reactions. The
presented study demonstrates that this thinking is an oversimplification caused by the high

metabolic flexibility and the lack of suitable measurement techniques. The invention of novel
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tools for the quantification of NAD(P) metabolites will surely change our understanding of
NAD and NADP as redox coenzymes, which should additionally be considered as central
hubs between redox and metabolic processes.

3.4 NAD(P) during the yeast metabolic cycle

During the yeast metabolic cycle (YMC), different GFIs were expressed in the
S. cerevisiae cytosol and the respective fluorescence signals were monitored using a flow
cell. The heterologous expression was achieved by the plasmid transformation of a
Cen.PK113-1A Ahis3 strain. Importantly, the fluorescence signals of plasmid-expressed
probes remained stable over time (data not shown). Surprisingly, the plasmid-expressed
HyPer7 fluorescence signal was much brighter than that of the genomically-integrated
roGFP2 probe, although HyPer7 was expressed under the control of a weaker promoter
(data not shown). In addition, elaborate genomic integration was circumvent by the usage
of a single, genomically modified strain enabling for easy and flexible plasmid
transformation. These results demonstrate the advantages of plasmid-expressed GFls for
the investigation of various parameters in the YMC setup. Interestingly, the YMC period of
the transformed Cen.PK113-1A Ahis3 culture was shortened. This was consistent between
the different experiments and most likely caused by the reduced growth rate of this strain.
The dilution rate, not being adapted to the prolonged doubling time, probably shortened the
LOC phase and with this, the overall period (Burnetti et al., 2016). Although the cycle time
altered slightly between different experimental runs, the unification of a full cycle to 360°
enabled the direct comparison between the various parameters which were determined by

GFIl measurements (Figure 3.2).

Remarkably, stable oscillations of the NAPstarC fluorescence ratio were detected
throughout the YMC. Preliminary in vitro analyses demonstrated the NAPstarC ratio being
sensitive to ATP and to pH in the range of 6 to 7 (Section 2.3.1). With a decrease in ATP,
or an increase in pH, the cpTS/mC ratio of NAPstarC rises. As the NAPstarC and pHluorin
fluorescence signals behaved rather inverse than in phase (Figure 2.33C and
Figure 2.34E), changes in cytosolic pH did not seem to be the cause of the NAPstarC
cycles. Hence, it was concluded that the variations in the NAPstarC signal most likely
derived from alterations in the cytosolic ATP concentration. Since the exact ATP
dependency of NAPstarC is unknown so far, a suitable control, such as the ATP-specific
ATeam sensor (Imamura et al., 2009; Papagiannakis et al., 2017), should be considered as
confirmation for future experiments. Nonetheless, the NAPstarC cycles were regarded to

detect the changes in ATP concentration and plotted as mC/cpTS ratio (Figure 3.2) to
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obtain a parameter that is directly proportional to the ATP concentration. Moreover, various
NAPstar oscillations were observed during the YMC, marginally differing between the
individual variants (Figure 2.34). Since the NAPstarC background oscillation partially
resembled the NAPstar readouts, unequivocal oscillations in NADPH/NADP* were not
identified. Yet, the distinct fluorescence pattern of NAPstar4.3, that partly behaved opposing
to that of NAPstarC, might indeed reflect oscillations in NADPH/NADP* (Figure 2.34C,E).
Thus, the NAPstar4.3 cpTS/mC ratio was regarded to discuss potential NADPH/NADP*
changes during the YMC (Figure 3.2).

d0,

ATP (NAPstarC)

pH (pHIluorin)

NADH/NAD* (Pdx-mC DS)

NADPH/NADP* (NAPstar4.3)

W Hz0; (HyPer7)

-180 0 180 360 540
time (°)

Figure 3.2: Overview over the cytosolic GFl-determined parameters during the YMC.

HOC and LOC phases were marked in grey and white, respectively. mC/cpTS of NAPstarC,
395/475 nm of pHIuorin, cpTS/mC of Pdx-mC DS and NAPstar4.3, as well as 490/400 nm of HyPer7
were plotted against the time in degree. Results for ATP and NADPH/NADP* are dotted due to
incomplete probe characterization and lack of appropriate controls.

In general, the GFI-determined and -assumed parameters during YMC support the
recently proposed model of TORCL1 regulation (O’Neill et al., 2020), as will be discussed in
the following (for supporting references, please refer to the original publication): The LOC
phase is supposed to start with the depletion of the carbohydrate and amino acid storages.
The low glucose availability decreases the glycolytic flux, and the respiratory rate, and with

this, the oxygen consumption rate and ATP availability. The low ATP level is insufficient to
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drive the activity of the plasma-localized H*-ATPase Pmal, leading to the acidification of
the cytosol. This is supported by the NAPstarC (ATP) and pHluorin (pH) measurements
(Figure 2.33C, Figure 2.34E and Figure 3.2). As the pH is marked by a sharp drop during
this phase while the ATP concentration seems to decrease rather continuously, an
additional regulation mechanism of Pmal is conceivable e.g., via glucose (Serrano, 1983).
At the start of LOC phase, TORCL1 is supposed to be inactivated by various mechanisms
resulting in the downregulation of protein synthesis and the stimulation of autophagic
processes (O’Neill et al., 2020). Thus, the LOC phase represents a quiescent, storage-filling

phase.

During the mid-LOC phase, Pmal was reported to be still inactive due to the low
ATP availability (O’Neill et al., 2020). The cytosolic pH is stabilized at pH 6.3. Although the
exact pH value cannot be specified using the pHIluorin probe, its fluorescence confirms a
stable low cytosolic pH (Figure 2.33C and Figure 3.2). Low pH is assumed to ease the
formation of biomolecular condensates, such as stress granules (O’'Neill et al., 2020).
Thereby, the glycolytic flux is further downregulated, whereas the stress resistance is
increased. The low glycolytic rate is reflected by the Pdx-mC fluorescence ratio reporting a
low cytosolic NADH/NAD* ratio (Figure 2.33A and Figure 3.2). This oxidized NAD state
persists to the end of LOC phase. As less glucose is consumed by glycolysis, more sugar
is available to fill up carbohydrate storages and to produce biosynthetic intermediates via
the PPP, the DNA, and the fatty acid synthesis (O’Neill et al., 2020). An increased flux
through PPP is expected to rise NADPH/NADP*, but NAPstar4.3 reported no alterations in
the NADP redox balance (Figure 2.34C and Figure 3.2). Most likely, the generated NADPH
is immediately consumed by the ongoing biosynthetic processes and thus not detected by
the GFI. Further, the vacuolar amino acid store is supposed to recharge during this phase
(O’Neill et al., 2020).

The entry into HOC is likely initiated by the filled carbohydrate stores, leading to
increased glycolytic flux, respiratory rate, and ATP generation (O’Neill et al., 2020). The
enhanced ATP availability stimulates the Pmal activity, increasing the cytosolic pH. This
hypothesis is confirmed by a sharp rise in pH, as detected by pHluorin (Figure 2.33C and
Figure 3.2). ATP (NAPstarC) peaks little later during early HOC phase, together with
NADH/NAD* (Pdx-mC) and HO. (HyPer7) (Figure 2.32A, Figure 2.33A and Figure 3.2).
The latter is most likely produced by the increased electron flux through the electron
transport chain (Ayer et al., 2014). A temporal connection between the glycolytic flux (or
NADH/NAD*, Pdx-mC) and the ATP production (NAPstarC) detected by the GFlIs is not
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obvious. Besides other mechanisms, the elevated energy charge in form of ATP is assumed
to abrogate the inhibition of TORC1 (O’Neill et al., 2020).

A feed forward mechanism was proposed during early HOC phase which further
increases the glycolytic flux and the cytosolic pH to pH 7 (O’Neill et al., 2020). The pH-
mediated activation of GTPase Gtrl/2 (Dechant et al., 2014; Saliba et al., 2018) and the
subsequent TORC1 activation inhibits autophagy and stimulates translation initiation. The
reported elevation in glycolytic flux is mirrored by a rise in NADH/NAD™ (Figure 2.33A and
Figure 3.2). During the late HOC phase, the carbohydrate storages are broken down to
keep the carbon flux through glycolysis, and the respiratory rate, high (O’Neill et al., 2020).
The amino acid storage becomes smaller due to the increased rate in protein synthesis.
The reasons, why the protein synthesis may decreases at HOC exit, are discussed in detalil
by O’Neill and colleagues (2020). The lowered synthetic rate decreases the ATP turnover
and thus the oxygen consumption rate. The decreased ATP turnover is accompanied by a
rise in ATP as detected by NAPstarC (Figure 2.34E and Figure 3.2).

Overall, the results obtained by NAPstarC for ATP, pHluorin for pH and Pdx-mC for
NADH/NAD* support the proposed model. In addition, a glucose-sensitive GFI, such as the
FLIIglu (Bermejo et al., 2010) or Glifon sensors (Mita et al., 2022, 2019), could reveal further
insights into the regulation of Pmal (Serrano, 1983), glucose-mediated TORCL1 regulation
and the (im)mobilization of carbohydrates.

Changes in NAD(P)H during YMC were so far usually determined by
autofluorescence measurements (Murray et al.,, 2014), but these measurements are
imprecise since they mix up different compartments and do not discriminate NADH from
NADPH or protein-bound from free coenzyme pools. Nevertheless, the described
autofluorescence signals overlap partially with those observed for cytosolic free
NADH/NAD* (Pdx-mC) and NADPH/NADP* (NAPstar4.3) (Figure 3.2). In contrast to the
GFI measurements, the reported major maximum of the NAD(P)H autofluorescence occurs
during the late HOC phase (Murray et al., 2014). This circumstance speaks in favor of the
shuttling of cytosolic NAD(P)H into the mitochondrial matrix, making it ‘invisible’ for the
probes residing in the cytosol. Indeed, this phase is marked by mitochondria biogenesis (Tu
et al., 2005). In how far the mitochondrial shuttle activities are upregulated during this phase
remains to be shown. The decrease in the cytosolic ATP concentration (NAPstarC) and the
oxygen consumption rate (Figure 3.2) during this phase clearly implicate a decreased
respiratory rate. Hence, the shuttled NAD(P)H equivalents are most likely required for

biosynthetic processes taking place inside the mitochondrial matrix instead of respiration.
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As already discussed, the oscillations detected by NAPstar4.3 may reflect the
cytosolic NADPH/NADP* ratio during the YMC (see above). Despite this probe being more
robust towards NADH (Section 2.3.1), its response pattern during the YMC strongly
resembled that of NADH/NAD* (Figure 3.2). This observation indicates the generally
increased carbon flux during the HOC phase, which is partitioned between glycolysis,
probably causing the elevated NADH/NAD" ratio, and the PPP, that rises NADPH/NADP".
Interestingly, it seems that this flux is differentially regulated during early and late HOC
phases. During the early HOC phase, the glycolytic flux (NADH/NAD*) seems to be higher
than that during the late HOC phase, whereas the reverse pattern is observed for the
apparent carbon flux through the PPP (NADPH/NADP"). In this context, it would be
interesting to investigate the regulatory role of Tdh activity (Section 3.3.2). Overall, the
results obtained by GFI measurements during YMC could essentially contribute to the

refinement of metabolic models for flux determinations.

Moreover, the NADPH/NADP* ratio seems to be connected to the cytosolic H20-
concentration, that shows an inverse pattern (Figure 3.2). This connection is most likely
mediated via the activities of Trrl and GlIrl. The results for H>O2, obtained by the HyPer7
sensor, are in line with the reports from a genomically integrated roGFP2-Tsa2ACr probe
(Amponsah et al., 2021). H.O- peaks during HOC entry, and likely couples the YMC to the
CDC via a Prx-mediated mechanism (Amponsah et al., 2021). Recently, Tsal was shown
to regulate the redox modifications of Tpk1, a protein kinase A (PKA) subunit (Roger et al.,
2020). Potentially, the H.O- signals help to orchestrate the TORC1 and PKA activities by
the mediation of redox modifications, but further investigations are required to support this

hypothesis.
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3.5 Concluding remarks and outlook

The development of novel NAPstar sensors, together with our collaboration
partners, now enables the monitoring of the NADPH/NADP™ ratio in yeast, mammalian cells,
and plants with high signal intensity (Mai et al., in preparation). Hence, the established GFlI
toolbox is expected to deepen our comprehension of cellular (redox) metabolism to reveal
similarities and discrepancies between numerous organisms. To further elucidate the in vivo
electron fluxes in the future, it would be beneficial to develop probes that allow to quantify
actual turnover rates instead of ambient redox potentials or concentrations. Furthermore,
probes for absolute quantifications are highly desired for accurate kinetic calculations and
metabolic models. Ideally, these probes will not overlap in their (spectral) output to allow for

simultaneous measurements.

Additionally, this study demonstrated the high potential of NAD(P)-specific GFIs to
investigate the cellular metabolism in S. cerevisiae during the YMC. The parallel monitoring
of various cytosolic parameters gave deep insights into their temporal compartmentation
and enabled to draw parallels to an existing model. In combination with metabolic modelling
and further Omic approaches, the obtained data will undoubtedly contribute to the
understanding of metabolic fluxes during the YMC. This knowledge is of high interest for
the fields of biotechnology and cell physiology.

Finally, the investigation of mitochondrial NAD(P) homeostasis was not addressed
in this study. Nonetheless, it is of major interest for the comprehensive understanding of
cellular metabolism. GFI targeting to the mitochondrial matrix, or the mitochondrial
intermembrane space, would essentially help to understand the compartmentalization of

NAD(P) metabolites and NAD(P)-dependent redox processes.
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4 Material and Methods

4.1 Key resources

Important chemicals, material, and laboratory equipment used to perform the

described experiments are listed in Table 4.1.

Table 4.1: Key resources used in this study.

Chemicals
Product Supplier, Manufacturer Comment (Identifier)
Acetic acid Merck Sigma-Aldrich 99.8% (27225)

Calciumchloride hexahydrate

Carl Roth

> 97% (CP89)

Deoxyribonucleic acid, single

stranded from salmon testes Merck Sigma-Aldrich (D7656)
Diamide Merck Sigma-Aldrich (D3648)
Digitonin Merck Millipore Calbiochem, high purity

(300410)

DTT BioChemica

ITW Reagents

PanReac AppliChem (A1101)

Ethylenediamine tetraacetic

acid disodium salt dihydrate Carl Roth = 99% (X986.2)
(EDTA)
Glycerol Grussing 99%, anhydrous

Hydrogen peroxide solution
(H202)

Merck Sigma-Aldrich

30% (w/w) in H20, contains
stabilizer (H1009)

Lithium acetate

Merck Sigma-Aldrich

99.95% (517992)

Luperox TBH70X, tert-
Butylhydroperoxide solution
(TBHP)

Merck Sigma-Aldrich

70% (W/v) in H20 (458139)

MES

Carl Roth

2 99% (4259)

MOPS

Merck Sigma-Aldrich

> 99.5% (M3183)

NADH disodium salt

Carl Roth

> 84% (AE12.1)

NADPH tetrasodium salt

ITW Reagents

PanReac AppliChem (A1395)

Polyethylene glycol (PEG)

Merck Sigma-Aldrich

average Mn 3,350, powder
(202444)

Sodium pyruvate

Merck Sigma-Aldrich

ReagentPlus = 99% (P2256)

Trizma base (TRIS)

Merck Sigma-Aldrich

> 99.9% (T1503)
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Molecular biology

Product

Supplier, Manufacturer

Comment (Identifier)

Biozym dNTP Mix

Biozym Scientific

10 mM each (331520)

Biozym LE Agarose

Biozym Scientific

(840001)

Fast-Link DNA Ligation Kit

Lucigen

epicentre (LK6201H)

LightRun Tube

Eurofins Genomics

Barcodes, Sanger sequencing
service

Midori Green Advance

Nippon Genetics Europe

DNA Stain (MG04)

NucleoSpin Plasmid EasyPure

Macherey-Nagel

Plasmid DNA purifictaion kit
(740727)

NucleoSpin Gel and PCR
Clean-up

Macherey-Nagel

DNA fragment purification kit
(740609)

One Shot TOP10

Thermo Fisher Scientific

Chemically compentent cells,
Invitrogen (C404003)

Owl EasyCast B1A

Thermo Fisher Scientific

Mini gel electrophoresis
system

PowerPac Basic Power
Supply

Bio-Rad Laboratories

Electrophoresis power supply

Purple 1 kb DNA Ladder

New England Biolabs

Quick-Load (N0552)

Restriction enzymes

New England Biolabs

Endonucleases with 100%
activity in Cutsmart Buffer

S7 Fusion Polymerase

Biozym Scientific

High-fidelity (MD-S7)

SpectraMax QuickDrop

Molecular Devices

DNA quantification,
Spectrophotometer

PTC-200 Thermal Cycler Dual
48

MJ Research

PCR and ligation reactions

ChemiDoc XRS

Bio-Rad Laboratories

Agarose gel imaging

2011 MACROVUE
Transilluminator

LKB Bromma

lllumination for gel cutting
(2011-002)

Media preparation

Product

Supplier, Manufacturer

Comment (Identifier)

Adenine hemisulfate salt

Merck Sigma-Aldrich

BioReagent (A3159)

Ampicillin sodium salt

Carl Roth

= 97%, BioScience grade
(K029)

Bottle top filter

VWR, Avantor

500 mL, 0.2 pm PES
(514-0340)

D(+)-Glucose monohydrate

Carl Roth

> 99.5% (6780)

D(+)-Raffinose pentahydrate

Merck Sigma-Aldrich

> 98.0% (R050)

Difco LB Broth

BD Difco

Miller (Luria-Bertani) (244610)
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Difco Yeast Nitrogen Base

(YNB) BD Difco without amino acids (291920)
. . . . 50 mg/mL in H20O, sterile

G418 disulfate salt solution Merck Sigma-Aldrich filtered (G8168)

Hygromycin B solution Carl Roth 50 mg/mL, BioScience grade,

sterile (1287)

L-Arginine

Merck Sigma-Aldrich

98.5 - 101.0% (A8094)

L-Aspartic acid

Merck Sigma-Aldrich

98.5 - 101.0% (A7219)

L-Glutamic acid

Merck Sigma-Aldrich

98.5 - 100.5% (G8415)

L-Histidine monohydrochloride
monohydrate

Merck Sigma-Aldrich

98.5 - 101.0% (H5659)

L-Isoleucine

Merck

SAFC 2 98.0% (15281)

L-Leucine

Merck Sigma-Aldrich

98.5 - 101.0% (L8912)

L-Lysine monohydrochloride

Merck Sigma-Aldrich

98.5 - 101.0% (L8662)

L-Methionine

Merck Sigma-Aldrich

98.5 - 101.0% (M5308)

L-Phenylalanine

Merck Sigma-Aldrich

98.5 - 101.0% (P5482)

L-Serine

Merck Sigma-Aldrich

98.5 - 101.0% (S4311)

L-Threonine

Merck Sigma-Aldrich

99.0 - 101.0% (T8441)

L-Tryptophan

Merck Sigma-Aldrich

99.0 - 101.0% (L8941)

L-Tyrosine

Merck Sigma-Aldrich

> 99.0% (T8566)

L-Valine

Merck Sigma-Aldrich

98.5 - 101.0% (V0513)

Nourseothricin solution (NTC,
cloNAT)

Jena Bioscience

100 mg/mL, sterile (AB-101)

Tryptone

Carl Roth

enzymatic digest from casein
(95039)

Uracil

Merck Sigma-Aldrich

BioReagent (U1128)

Continuous culturing in bioreactor

Product

Supplier, Manufacturer

Comment (Identifier)

Ammonium sulfate

Merck Sigma-Aldrich

> 99.0% (A4418)

Antifoam 204

Merck Sigma-Aldrich

(A8311)

Biostat A bioreactor

Sartorius Stedim Systems

UniVessel Glass, 1 L

Calcium chloride dihydrate

Merck Supelco

Emsure (102382)

Cary Eclipse Fluorescence
Spectrophotometer

Agilent Technolgies

Copper(ll) sulfate
pentahydrate

Merck Supelco

Emsure (102790)

Flow cell

Starna

71-FIQ/10
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tetrahydrate

Iron(ll) sulfate heptahydrate Omnilab Honeywell Fluka (31236)
Magnesium sulfate Merck Sigma-Aldrich 97% (434183)
monohydrate

Manganese(ll) chloride Merck Sigma-Aldrich meets USP testing

specifications (M8054)

Potassium dihydrogen
phosphate

Merck Supelco

Emsure (104873)

Sodium metabisulfite

Merck Sigma-Aldrich

(71932)

Sulfuric acid

Bernd Kraft

95-97% (07060)

Yeast extract SERVIBACTER | SERVA Electrophoresis (24540)

Zinc sulfate heptahydrate Merck Sigma-Aldrich BioReagent (Z0251)

4.2  Molecular biological methods

4.2.1 Oligonucleotides

DNA oligonucleotides were obtained from Eurofins Genomics Germany (Table 4.2).

Salt-free, lyophilized products were solved and stored as 100 uM stock solutions at -20°C.

Table 4.2: Oligonucleotides used in this study.

Molecular cloning

Primer Sequence 5' -> 3 Comment

GGTGGTTCTAGAACCATGGGATCCGTGAG

mScarlet_Xbal_fw CAAGGGCGAGGCAGT

ACCACCACTAGTCTTGTACAGCTCGTCCAT
GC

N-terminal fusion of mSl
to SoNar/ iNap via Spel

GGTGGTACTAGTGGTGGTTCAGGTGGTGG | cutling site to generate
TGGTTCAGGTGGTGGTGGTTCAGGTGGAG | MSI-SoNar and -iNap

mScarlet_Spel_rv

INap_Spel_fw GAGGATCAGGAGGAAACAGAAAGTGGGGT | constructs
TTGTG
iNap_Xhol_rv ACCACCCTCGAGTTAACCCATCATTTC

QC_Peredox_D117S | GAATTGAGAGGTTTCTTTTCCGTTGATCCA
fw GGCATGGTTGGTAGACC

QC_Peredox_D117S | GGTCTACCAACCATGCCTGGATCAACGGA
_r AAAGAAACCTCTCAATTC

Mutagenesis of Pdx-mC

QC_Peredox_D574S | CATTTGAATTAAGAGGTTTCTTTTCCGTTGA | [0 generate Pdx-mC DS
fw TCCAGGCATGGTCGG

QC_Peredox_D574S | CCGACCATGCCTGGATCAACGGAAAAGAA
_r ACCTCTTAATTCAAATG
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QC_iNap3b_L366P
fwv

CATAAATTGGAATACAACGGTCCAGCAGGT
TTGACAAGATTATCC

QC _iNap3b_L366P
v

GGATAATCTTGTCAAACCTGCTGGACCGTT
GTATTCCAATTTATG

Mutagenesis of iNap3b
linker region to generate
iNap3c

Sequencing

Primer Sequence 5' -> 3' Comment
Seq_TEF_fw TTTCTCTTTCGATGACCTC binds in TEF1 promoter
Seq_TEF_rv ACTTCAGGTTGTCTAACTC binds in CYC1 terminator
Seq_GAL_fw ACCTCTATACTTTAACGTC binds in GAL1 promoter
Seq_GPD_fw GACGGTAGGTATTGATTG binds in GPD promoter
Seq_promoter_fw CCGGCTCCTATGTTGTG Promoter sequencing
Seq_mSI-Spel_fw GCTGTACAAGACTAGTGG binds in mSI region
Seq_cpTS_fw ACATGGTCAGCTGCAGG binds in cpTS region
Seq_mC_rv CCATGTTATCTTCTTCACC binds in mC region
Homologous recombination

Primer Sequence 5' -> 3 Comment
Conf_glrl_fw GATAGTTTAATTCATTTGCACGGCG Confirmation of GLR1
Conf_glrl_rv CTTCTTTGAAGGCTTAAAGTTAGAAAGCAG | deletion

Conf_trx1_fw AACAAGCTAAGTTGACTGCTG Confirmation of TRX1
Conf_trx1_rv TCTCTAAAATTGTGCGTTGC deletion

Conf_trx2_fw CGGAACCAACGTATTTAGAG Confirmation of TRX2
Conf_trx2_rv AATGTTCCAGTTGAAGCAAG deletion

Conf_tsal fw CCTATGTGAAGGAGAAGCTG Confirmation of TSA1
Conf_tsal rv CAATAAGTAGCCCGAAACAG deletion

Conf_tsa2_fw TTAGTAAGCGCTACGACGAC Confirmation of TSA2
Conf_tsa2_rv GACTATGCCAATTGAGATGC deletion

AGTAAATCCAATAGAATAGAAAACCACATA

S1_zwil AGGCAAGATGCGTACGCTGCAGGTCGAC
Deletion of ZWF1

- AGTGACTTAGCCGATAAATGAATGTGCTTG

~ CATTTTTCTAATCGATGAATTCGAGCTCG
Conf_zwfl_fw GTCTTACGCGGAGATACAAG Confirmation of ZWFL
Conf_zwf1_rv AGTGGATAAGACGCATAACG deletion
Conf_ald6_rv TCCACGTTAGTTTTCTTTGG Confirmation of ALDS
Conf_ald6_fw AAAGAAAAACGACCGAAAAG deletion
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Conf_natNT2_fw GCGCTCTACATGAGCATGCC Confirmation of genomic

Conf_natNT2_rv CATCCAGTGCCTCGATG natNT2 integration

Conf_kanMX4_fw TGATTTTGATGACGAGCGTAAT Confirmation of genomic

Conf_kanMx4_frv CTGCAGCGAGGAGCCGTAAT kanMX4 integration

4.2.2 Plasmids

All plasmids used in this study are listed in Table 4.3. All genes were codon-
optimized for expression in S. cerevisiae. Indicated plasmids were constructed by either
direct subcloning via restriction and ligation or polymerase chain reaction (PCR) was
performed for targeted mutagenesis. Newly synthesized products were provided by
GenScript Biotech (Netherlands). Open reading frames were usually flanked by the unique
restriction sites Xbal (TCT AGA) at 5’, and Xhol (CTC GAG) at 3’ terminus. The start codon
(ATG) was embedded in an ACC ATG GGA TCC sequence right after the Xbal cutting site.
The generated BamHI cutting site (GGA TCC) can be optionally used for the insertion of
the Su9 mitochondrial targeting sequence (Westermann and Neupert, 2000).

Table 4.3: Plasmids used in this study.

All plasmids harbor an ampicillin resistance cassette for selection of transformed E. coli. p413 and
p415 plasmids encode for His3 and Leu2 selection markers, respectively, to enable for selection of
transformed S. cerevisiae. Plasmids were generated by molecular cloning via # PCR-based
modification, and/ or B restriction digest and ligation. The mSI gene sequence was kindly provided
by Prof. Dr. Maya Schuldiner (Department of Molecular Genetics, Weizmann Institute of Science,
Rehovot, Israel). The DNA sequences encoding for SoNar, iNap, Pdx-mC (DS) and NAPstar probes
are listed in the appendix.

GFIl expression

Plasmid Source Reference

p413 TEF empty -

p413 GPD empty Mumberg et al., 1995
Molecular cloning B

p415 GAL empty

p413 TEF SoNar Genscript Biotech Zhao et al., 2015

p413 TEF iNap1l

p413 TEF iNap2

p413 TEF iNap3 Genscript Biotech Tao et al., 2017

p413 TEF iNap4

p413 TEF iNapc
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p413 GPD mScarlet-I1-SoNar

p413 GPD mScarlet-1-iNapl

p413 GPD mScarlet-1-iNap2

p413 GPD mScarlet-I-iNap3

p413 GPD mScarlet-1-iNap4

p413 GPD mScarlet-1-iNapc

Molecular cloning A8

This study

p413 TEF Peredox-mCherry

Genscript Biotech

Hung et al., 2011

p413 TEF Peredox-mCherry DS

Molecular cloning A8

p415 GAL Peredox-mCherry DS

Molecular cloning B

Steinbeck et al., 2020

p413 TEF NAPstarl

p413 TEF NAPstar2

p413 TEF NAPstar3

p413 TEF NAPstar4

p413 TEF NAPstarC

Genscript Biotech

This study

p413 TEF NAPstarl.4

p413 TEF NAPstar2.4

p413 TEF NAPstar3.4

p413 TEF NAPstar4.1

p413 TEF NAPstar4.2

p413 TEF NAPstar4.3

Molecular cloning B

This study

p413 TEF NAPstar5

Genscript Biotech

p413 TEF NAPstar6

Genscript Biotech

p413 TEF NAPstar7

Genscript Biotech

This study

p413 TEF roGFP2-Tsa2ACr

Molecular cloning B

Morgan et al., 2016

p413 TEF roGFP2-Grx1

Molecular cloning B

Gutscher et al., 2008

p413 TEF pHluorin

Molecular cloning B

Miesenbdck et al., 1998

p413 TEF SypHer

Molecular cloning B

Poburko et al., 2011

Resistance cassette amplification

Plasmid

Source

Reference

pFAGa natNT2

Janke et al., 2004

pFA6a hphNT1

Janke et al., 2004

pFAGa kanMX4

Goldstein and McCusker, 1999
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4.2.3 DNA quantification

The DNA concentration of purified DNA was determined using a micro-volume
spectrophotometer measuring the absorption at 260 nm. DNA purity was controlled by

calculation of the 260/280 nm ratio.

4.2.4 DNA sequencing

Plasmid sequences were confirmed with appropriate sequencing primers
(Table 4.2) using the LightRun Tube Sanger sequencing service offered by Eurofins

Genomics Germany.

4.2.5 Agarose gel electrophoresis

For separation of DNA fragments, samples were supplemented with 6X Purple
Loading Dye (New England Biolabs). Gel electrophoresis was performed in TAE buffer
(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) using 1% (w/v) agarose gels supplemented
with 40 pL/L DNA stain. The length of fragments was estimated by comparison to a 1 kb

ladder which was loaded next to the samples.

4.2.6 Restriction and ligation

Plasmids were subcloning by restriction and ligation. Restriction endonucleases
were applied for enzymatic DNA digest according to the manufacturer’s protocol in a total
volume of 50 pL for 1 h at 37°C. Fragments were separated by agarose gel electrophoresis
and subsequently purified using a gel clean-up kit. A ligation kit was used according to
manufacturer information. The ligation reaction was performed in a thermo cycler
(Table 4.4) with a molar insert:vector ratio of 3:1 to 5:1. After transformation of 7 pL ligation
mix in E. coli and selection on LBamp plates, single colonies were picked for plasmid DNA
preparation. Correct ligation was confirmed by test digest (20 uL total volume) and agarose

gel electrophoreses prior to sequencing.

4.2.7 Polymerase chain reaction

For all PCR methods, S7 Fusion polymerase was used according to the

manufacturer’s instructions for 50 pL reactions.

122



Material and Methods

Table 4.4: Ligation reaction program.

Step | Command | Time
1 16°C 15 min
2 20°C 15 min
3 |70°C 15 min
4 4°C for ever
5 End

DNA modification for subcloning

To modify the 5 and/ or 3’ regions of a target gene e.g., to add or exchange
restriction sites, PCR was performed with respectively designed primer pairs. Next to
terminal restriction sites, 3 to 6 base pairs overhangs were created to ensure high restriction
efficiency. The PCR program was adapted according to the manufacturer information and
primer annealing temperatures. Successful amplification was confirmed by separation of
2 UL reaction utilizing agarose gel electrophoresis. PCR products were purified from the
reaction mix using a PCR clean-up kit according to the manufacturer’s protocol prior to

further subcloning.

Site-directed mutagenesis

Mutagenesis primers were designed, and PCR program was adapted according to
the QuickChange site-directed mutagenesis protocol (Agilent Technologies). After PCR
(Table 4.5), the mix was incubated with 1 uL Dpnl at 37°C for at least 1 h to digest template
DNA. Subsequently, E. coli cells were transformed with 1 to 10 pL digested reaction mix
and selected on LBamp plates. Single colonies were picked for plasmid DNA isolation.
Plasmid integrity was verified by restriction digest and agarose gel electrophoresis.

Successful mutagenesis was confirmed by sequencing.

Resistance cassette amplification

For targeted gene deletion, the selected resistance cassette was PCR amplified
from a pFAGa plasmid (Table 4.3 and Table 4.6). Primer pairs were designed to generate
40 base pairs overhangs being homologue to the 5" and 3’ untranslated regions of the target
gene (Janke et al., 2004). Successful cassette amplification was confirmed by separation

of 2 pL reaction mix via agarose gel electrophoresis prior to homologous recombination.
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Table 4.5: PCR program for site-directed mutagenesis.

Step | Command | Time

1 98°C 30s

2 | 98°C 30s

3 | 55°C 1 min

4 68°C 1 min/kb of plasmid length
5 Goto 2; 12 to 18 times

6 72°C 10 min

7 4°C for ever

8 End

Confirmation PCR

To confirm the correct resistance cassette integration site after homologous
recombination, genomic DNA was extracted. To this end, S. cerevisiae cells from selected
colonies were dissolved in 30 pL 0.2% SDS, boiled at 95°C for 10 min and thoroughly
mixed. Cell debris was pelleted at maximum speed for 1 min and 1 pL of the supernatant
was employed as template for PCR. For confirmation PCR of genomically integrated
kanMX4 and hphNTI cassettes, HF buffer was preferred, whereas for amplification of
natNT2 cassette, GC buffer was used. The PCR program is described in Table 4.6. The
target region was PCR amplified using primers binding in the 5’ and 3’ regions of the deleted
gene (~100 base pairs up- and downstream). A control containing genomic WT DNA was
carried as control in parallel. To identify correct PCR product sizes, 20 pL to 50 uL PCR mix

was subjected to agarose gel electrophoresis.

Table 4.6: PCR program for resistance cassette confirmation.

Step | Command | Time

1 97°C 3 min

2 | 97°C 30s

3 | 60°C 1 min

4 72°C 2min40s
5 Go to 2; 30 times

6 72°C 10 min

7 4°C for ever

8 End

124



Material and Methods

4.3 Bacteriological methods

4.3.1 Bacteria handling

Plasmid DNA was amplified using transformed TOP10 E. coli cultures. Cultivation
was performed in liquid Luria-Bertani (LB) medium at 37°C and 140 RPM. For short-term
storage, E. coli cultures were grown on agar plates (2% [w/v] agar) at 37°C overnight and
kept at 4°C up to four weeks. Plasmid-transformed cells were selected in liquid LB medium
or on plates supplemented with 100 ug/mL ampicillin (amp). For long-time storage, a
glycerol stock was prepared by addition of 0.6 mL 80% (w/v) glycerol to 1 mL of E. coli
culture. Glycerol stocks were kept at -80°C. Stocked cultures were recovered on LB plates.

4.3.2 Preparation of chemically competent E. coli cells

An E. coli preculture was grown in a test tube to density. The main culture was
inoculated 1:100 in 200 mL fresh LB medium in a 2 L chicane flask. When the culture had
grown at 220 RPM, 37°C to an optical density (ODsoo) of 0.4, it was cooled down on ice for
10 min. Cells were harvested at 4°C, 3200 RCF, 10 min and taken up in 100 mL ice cold,
sterile 0.1 M CaCl; solution. Cells were chilled further 30 min on ice and regularly mixed.
After final cell harvest (4°C, 3200 RCF, 10 min), competent cells were taken up in 3 mL ice
cold storage buffer (0.1 M CaCl,, 15% [w/v] glycerol), aliquoted to 100 uL, shock frozen and
stored at -80°C.

4.3.3 Heat-shock transformation

Chemically competent E. coli were thawed on ice and incubated with 0.5 ng plasmid
DNA for 30 min on ice. After heat shock at 45°C for 1 min, the cells were chilled on ice for
1 min. Recovery was performed by addition of 1 mL fresh LB and incubation at 37°C for
1 h. Cells were plated in different dilutions on LBamp plates to enable for single colony

picking.

4.3.4 Plasmid DNA isolation

For plasmid preparation, a single transformed E. coli colony was picked from a LBamp
plate and inoculated in 5 mL liquid LBamp medium. After growth at 37°C, shaking, overnight,
the plasmid was purified using a DNA purification kit according to the manufacturer’s

instructions.
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4.4 Yeast methods

4.4.1 Yeast strains

The S. cerevisiae strains used in this study are listed in Table 4.7.

Table 4.7: S. cerevisiae strains used in this study.

Strain Genotype Source

BY4742 WT MATa his3A1 leu2A0 ura3A0 Euroscarf

Aglrl BY4742 glr1A::kanMx4 Morgan et al., 2012
Atrx1Atrx2 BY4742 trxlA:kanMX4 trx2A::natNT2 Morgan et al., 2016

BY4742 tsalA::kanMX4

AtsalAtsa2 tsa2A:natNT?2 Morgan et al., 2016
Azwfl BY4742 zwflA::natNT2 This study
Aald6 BY4742 ald6A::kanMX4 Euroscarf

BY4742 tdh3A::kanMX4
Atdh1Atdh2Atdh3 tdhlA::natNT2 tdh2A::hphNT1 Peralta et al., 2015
p415 TEF Tdh3 WT (C149S/ C153S)

Cen.PK113-1A Ahis3 | Cen.PK113-1A his3A::hphNT1 Amponsah, 2020

4.4.2 Yeast culture handling

Liquid yeast cultures were grown in 100 ml Erlenmeyer flasks at 30°C, 140 RPM, in
either yeast peptone dextrose (YPD) or Hartwell’'s Complete (HC) medium. For short-term
storage, yeast cultures were grown at 30°C on agar plates (2% [w/v] agar) and kept at 4°C
up to four weeks. Long-time storage was performed at -80°C in glycerol stocks. Glycerol
stocks were prepared by supplementation of 0.6 mL 80% (w/v) glycerol to 1 mL of dense

YPD culture. Stocked cultures were recovered on YPD plates.

Yeast peptone dextrose medium and antibiotics

For preparation of YPD medium, a yeast peptone (YP) stock solution was prepared
by solving 1% (w/v) yeast extract, 2% (w/v) peptone, and subsequent pH adjustment by HCI
titration to pH 5.5. To sterilize the stock solutions, YP was autoclaved, and 40% [w/V]
glucose was sterile filtered prior to medium preparation. YPD medium was produced by the
supplementation of 2% (w/v) glucose to the YP solution. To select for genetically integrated
resistance cassettes natNT2, kanMX4 and hphNT1, YPD plates were supplemented with

either 100 pg/mL nourseothricin, 150 pg/mL G418 or 200 pg/mL hygromycin B.
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Hartwell’s complete medium

Plasmid-transformed yeast cultures were grown on HC medium lacking histidine
(p413) or leucine (p415) for plasmid selection (Table 4.8 and Table 4.9). The individual
stock solutions were prepared separately and sterile filtered before usage.

Table 4.8: Composition of HC medium.
The 10X YNB stock solution was prepared according to the manufacturer’s information as 6.7% (w/v)
solution.

Compound Stock concentration | Final concentration
HC dropout mix | 10X 1X

YNB 10X 1X

Glucose 40% (w/v) 2% (wiv)

Uracil 1g/L 35 mg/L

Adenine 1g/L 20 mg/L

Lysine 10 g/L 120 mg/L
Tryptophan 10 g/L 80 mg/L

Leucine 20 g/L 80 mg/L

Histidine 10 g/L 20 mg/L

Table 4.9: Composition of 10X dropout mix.

Compound Concentration in 10X stock

Methionine 0.2g/L

Tyrosine 0.6 g/L

Isoleucine 0.8 g/L

Phenylalanine | 0.5 g/L

Glutamic acid | 1.0 g/L

Threonine 2.0g/L

Aspartic acid | 1.0 g/L

Valine 1.5¢9/L
Serine 4.0 g/L
Arginine 0.2 g/L
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4.4.3 Gene deletion via homologous recombination

Ayeastwas grown in YPD to log phase. After cell harvest of 1 mL culture at 900 RCF
for 3 min, cells were washed in 1 mL of sterile water. After centrifugation at 900 RCF for
3 min, the cell pellet was resuspended in 200 pL one-step transformation buffer (0.2 M
lithium acetate, 40% [w/v] PEG, 100 mM DTT) and kept on ice. 10 pL single stranded DNA
was boiled at 95°C for 5 min and cooled down on ice for 1 min prior to supplementation to
the transformation mix. Finally, 5 to 10 uL PCR mix containing the resistance cassette was
added to the transformation mix and thoroughly mixed. The transformation mix was
incubated at 45°C for 30 min at 750 RPM. After a short centrifugation step at 500 RCF for
30 s, the buffer was removed, and cells were transferred to and cultivated in 5 mL YPD
overnight. The whole culture, and a 1:10 dilution thereof, were plated on two separate
antibiotic YPD plates to select for recombined yeast. After incubation for 2 to 3 days at 30°C,
single colonies were picked and restreaked on a fresh selective plate. After another day of
incubation, the culture was restreaked and grown a third time on an antibiotic plate. Correct
cassette integration was validated by confirmation PCR prior to usage.

4.4.4 One-step transformation of plasmids

For plasmid transformation, a yeast culture was grown in YPD to late log or
stationary phase. 1 mL of culture was harvested at 900 RPM for 3 min and washed in 1 mL
sterile water. After centrifugation at 900 RCF for 3 min, the cell pellet was resuspended in
100 pL one-step transformation buffer (0.2 M lithium acetate, 40% [w/v] PEG, 100 mM DTT)
and kept on ice. 5 pL single stranded DNA was boiled at 95°C for 5 min and cooled down
on ice for 1 min before supplementation to the transformation mix. Finally, 500 ng of plasmid
DNA were added to the transformation mix and thoroughly mixed prior to incubation at 45°C
for 30 min, 750 RPM. Afterwards, the mix was plated on a selective HC plate and incubated
at 30°C for at least 40 h. To obtain more cell material for experiments, multiple colonies

were streaked together and grown on a fresh selective plate.

4.5  Multiwell plate reader-based fluorescence spectroscopy

Fluorometric analyzes were performed in 96 well imaging plates (Falcon, Corning
Life Science, Identifier 353219) using a multi-mode CLARIOstar plate reader (BMG
Labtech). GFI expression was achieved by plasmid transformation of respective yeast
strains. For blank correction, a culture transformed with an empty vector was always carried

in parallel. Transformed yeast strains were grown in a preculture in selective HC medium
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to density. After inoculation of the main culture, cells were grown for at least 16 h to an
ODegoo Of 3 to 5. After cell harvest at 900 RCF for 3 min, cells were resuspended in
measurement buffer and transferred to the designated wells of the measurement plate with
1.5 ODeoo units in 200 pL buffer per well. If not stated otherwise, 0.1 M MOPS/TRIS buffer,
pH 7, was used for measurements. After plate centrifugation at 15 RCF for 5 min,
fluorescence signals were analyzed in the plate reader using bottom optic, 10 to 20 flashes
per well and cycle and appropriate wavelength and gain settings (Table 4.10). Treatments
during kinetic measurements were performed by addition of 20 uL 10X stock solution using
a multichannel pipette. Treatment stock solutions were prepared in measurement buffer,
freshly the same day, except for NADH and NADPH dilutions, which were prepared in

advance, kept in dark and stored at -20°C up to eight weeks.

Table 4.10: Plate reader settings for fluorescence measurements.
Kinetic measurements were recorded with 60 s cycle time. Fluorescence spectra were determined
at 1 nm resolution.

Kinetic measurements
GFlI Excitation (nm) Emission (nm) Gain
SoNar, iNap, 420-10 520-10 2000
SypHer 480-10 520-10 2000
mSI-SoNar, 418-10 516-10 2000
mSI-iNap 560-10 610-10 2000
f0GFP2-Tsa2ACk, 400-15 520-20 60% full plate
roGFP2-Grx1 480-15 520-20 80% full plate
Pdx-mC (DS). 399-10 510-10 2000
NAPstar 578-15 619-15 2000
399-10 510-10 2000
pHIluorin
470-10 510-10 2000
Fluorescence spectra
GFlI Excitation (nm) Emission (nm) Gain
SoNar, iNap, 320-10 to 495-10 520-10 2000
SypHer 420-10 480-10 to 620-10 2000
320-10 to 450-10 510-10 1700
cpTS
Pdx-mC (DS), 399-10 480-10 to 620-10 1700
NAPstar 420-15 to 589-15 619-15 1700
mC
578-15 608-15 to 740-15 1700
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4.5.1 NAD(P)H titration and pH dependency experiments

Permeabilization of yeast cells for NAD(P)H titration experiments was achieved by
addition of 20 pL 1% digitonin per well prior to culture addition. Digitonin was solved at 60°C
in the respective buffer, shaking, and prepared freshly each day. For pH dependency
experiments, all remaining components were solved in buffer (0.1 M MES/TRIS pH 6.0 and
6.5; 0.1 M MOPS/TRIS pH 6.5 and 7.0; 0.1 M TRIS/HCI pH 7.0, 8.0, and 9.0) with a final
volume of 180 uL per well. All components were pipetted into the designated wells, which
were already prepared with digitonin, and the plate was incubated for 25 min at room

temperature to ensure for sensor equilibration before the spectra were recorded.

45.2 roGFP2 measurements

Calibration of roGFP2 probes was performed by addition of 20 pL 0.2 M diamide
and 1 M DTT to separate wells before GFI expressing culture was added to the plate. This
allowed for fluorescence measurement of fully oxidized and reduced sensor states (Morgan
et al., 2011).

4.5.3 Induction of Peredox-mCherry DS expression

To determine the maturation rate discrepancies between cpTS and mC fluorescent
proteins of the Pdx-mC DS sensor, BY4742 WT was transformed with either
p415 GAL empty (blank) or p415 GAL Pdx-mC DS. Resulting strains were precultured to
density in HC -Leu medium containing glucose. The main culture was inoculated
0.004 ODsoo/mL in HC -Leu supplemented with 2% raffinose and 0.1% total glucose and
grown for 18 h to ODego 1. For induction of gene expression, 2% galactose (from 40% [w/v]
stock) were added to the culture and 1.5 ODeoe were immediately harvested for
fluorescence measurements in the CLARIOstar plate reader (t = 0 min). The cultures were
instantly further incubated at 30°C to allow for optimal growth. Samples were rapidly taken
at the indicated time points for fluorescence intensity measurements. Plate reader
measurements were performed using 1.5 ODego cells in 200 pL buffer (0.1 M MES/TRIS,
pH 6.0) per well with gain settings of 1700 and 2300 for cpTS and mC channels,

respectively.
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45.4 Calculations

Unless otherwise stated, the obtained blank values were subtracted prior to further
calculations. All experiments were performed at least three times. For Figure generation,

the average was plotted together with the standard error.

Calculation of OxD value (roGFP2 sensors)

For calibration of roGFP2 probes, a diamide and a DTT treated sample was always
carried in parallel. These calibration samples were prepared separately for each sensor-
strain combination. The mean of fluorescence intensities of diamide- and DTT-treated
samples was calculated for the first five cycles and employed for computing the OxD of
roGFP2 (Equation 4.1) (Meyer and Dick, 2010; Morgan et al., 2013).

Equation 4.1: OxD calculation of roGFP2-based GFI.

(4005ample X 4'SODTT) - (400DTT X 4805ample)
(4005ample X 4'SODTT - 4'005ample X 4'80diamide) + (400diamide X 4805ample - 4'OODTT X 4'805ample)

OxDrogrpz =

Calculation of 420/480 nm (SypHer, SoNar, iNap) and 399/470 nm ratios (pHluorin)

The cpYFP-based sensors SypHer, SoNar and iNap, as well as the GFP-derived
pHIluorin sensor, possess intrinsically excitation-ratiometric fluorescence spectra. To detect
sensitively fluorescence ratio changes, the ratio of respective fluorescence intensities was

calculated separately for each time point of the measurement.

Calculation of (norm.) cpTS/mC (Pdx, NAPstar) and
420 nm/mSlI ratios (mSI-iNap, -SoNar)

The RFPs mC and mSI were partly quenched at high oxidant concentrations. Hence,
a mean red signal was calculated for mC and mSI for the measurement points prior to
compound addition. The cpTS signal was then divided by the mean for mC or mSl for each
time point. Normalization of cpTS/mC of Pdx-mC and NAPstar sensors was achieved by
division of the sensor ratios of individual experiments by the mean cpTS/mC obtained for
NAPstarC (Equation 4.2).

Equation 4.2: Normalization of cpTS/mC ratio.

cpTS

TS (sensor)
norm. (sensor) = c ;%C
L= (NAPstarC)
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Calculation of sensor occupancy

To calculate relative sensor occupancies with NAD(P)H, calibration points for
completely NAD(P)H dissociated (ymin) and associated (ymax) sensors were determined.
These were assumed to be reached during NADPH titration experiments for iNap, NAPstar
sensors by buffer (Ymin) or 2 MM NADPH addition (ymax) at t = 15 min. For SoNar and Pdx-
mC (DS) probes, minimum (Ymin) and maximum (Ymax) fluorescence ratios were achieved
after pyruvate and NADH supplementation, respectively. To compute sensor occupancy at
steady state, the fluorescence ratio was averaged for the first 4 min of the measurement

(steady state), giving y. Sensor occupancy was calculated as displayed in Equation 4.3.

Equation 4.3: Determination of NAD(P)H sensor occupancy.

(y - Ymin)

occupancy = ——————
(ymax - ymin)

4.6 YMC in continuous culture

4.6.1 YMC establishment in the bioreactor

Continuous yeast culturing was performed in a Biostat A bioreactor as described by
Amponsah et al., 2021. For media preparation, 25 g ammonium sulfate, 10 g potassium
dihydrogen phosphate, 2.5 g magnesium sulfate monohydrate, 0.5 g calcium chloride
dihydrate and 5 g yeast extract were solved in 4.5 L distilled water and autoclaved
(Table 4.11). 2.5 mL 70% (w/v) sulfuric acid and 500 mL 10% (w/v) glucose were
autoclaved and added to the medium. 5 mL sterile filtered 1000X trace metal stock solution,
10 mL filtered iron(ll) sulfate solution and 2.5 mL antifoam were finally supplemented. The
media working volume was constantly kept at 800 mL and the temperature was fixed to
30°C. The media pH value was automatically adjusted to 3.4 by titration of 10% (w/v) NaOH.
The culture was permanently stirred at 530 RPM and constantly aerated with atmospheric
air at 1 L/min. The oxygen electrode was slope calibrated to the aerated and oxygen
saturated medium prior to culture injection. A plasmid transformed Cen.PK113-A1 Ahis3
starter culture was grown to density in selective HC medium in a shaking flask. 20 mL were
injected into the bioreactor. After the culture was grown to stationary phase, cells started
starving. After a starvation phase of 5 to 6 h, fresh culture medium was supplemented with

a constant dilution rate of 0.05 h2.
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Table 4.11: Fermenter medium for yeast continuous culture.

4.6.2

Compound Stock concentration | Final concentration
Glucose 10% (wiv) 10 g/L
(NH4)2S04 - 5g/L
KH2PO4 - 2 g/L
Yeast extract — 1lg/L
MgSQO4 - H20 | — 0.5g/L
H2S04 70% (w/v) 0.35¢g/L
CaClz-2H0 | — 0.1g/L
FeSO4 - 7H20 | 10 g/L 0.02 g/L
ZnS0O4 - 7 H20 | 1000X 0.01 g/L
CuSOg4 - 5 H20 | 1000X 0.005 g/L
MnClz - 4 H2O | 1000X 0.001 g/L
Antifoam 204 - 0.5 mL/L

Online fluorimetry during chemostat cultivation

Cen.PK113-A1 Ahis3 strain was transformed with a p413-based vector enabling for

GFI expression (Amponsah, 2020). During cultivation in the bioreactor, the culture was

permanently pumped through a flow cell

that was placed

in a fluorescence

spectrophotometer (Amponsah et al., 2021). The fluorescence signals were detected with

a photomultiplier voltage of 600 V and a simple collect timing every 10 s. Excitation and

emission wavelengths were adjusted as listed in Table 4.12 using a slit width of 10 nm

each. The ratio of fluorescence intensities was calculated based on the obtained raw data

for each time point of the measurement and plotted together with the dissolved oxygen

(p02).
Table 4.12: Spectrophotometer settings for fluorescence measurements during continuous
culture.
GFlI Excitation (nm) | Emission (hm)
Pdx-mC (DS), | 399 510
NAPstar 578 619
395 510
pHIluorin
475 510
400 520
HyPer7
490 520
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Figure S1: pH calibration of SypHer and pHluorin.

Sensor expressing WT cells were permeabilized in 0.1 M buffer solution (MES/TRIS pH 6.0, 6.5;
MOPS/TRIS, pH 6.5, 7.0; TRIS/HCI, pH 7.0, 8.0, 9.0) with 0.1 % (w/v) digitonin. Fluorescence intensities
of SypHer (A) and pHluorin (B) were measured with standard plate reader settings and the fluorescence
ratio was plotted against the pH value. The obtained fit was used to calculate the cytosolic pH under
different experimental conditions.
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Figure S2: NADH titration to permeabilized WT cells expressing (mSlI-) iNap.
iNap1-4 (A-D), iNapc (E), or respective mSI fusion constructs (F-J) were expressed in WT cells.
0.1 % (w/v) digitonin was added before plate reader measurement. At the indicated time point ('V), cells
were treated with different concentrations of NADH.
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Figure S3: H.0; treatment of WT cells expressing mSl-iNap or mSI-SoNar.
WT cells expressing mSl-iNap1-4 (A-D), mSl-iNapc (E) or mSI-SoNar (F) were treated at the indicated
time point (V) with different amounts of H202 during plate reader measurement.
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Figure S4: Raw cpTS/mC values of WT cells expressing Pdx-mC (DS), NAPstar1-4, or NAPstarC
during diamide treatment.

WT cells expressing either Pdx-mC (A), Pdx-mC DS (B), NAPstar probes (C-G) or pHluorin (H) were
treated at the indicated time point (¥) with different concentrations of diamide during plate reader
measurement.
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Figure S5: Diamide treatment of WT cells expressing mSl-iNap or mSI-SoNar.
WT cells expressing mSl-iNap sensors (A-E) or mSI-SoNar (F) were treated at indicated time point (V)
with different concentrations of diamide during plate reader measurement.

158



Appendix

Al D057 ) v [TBHP]
% 1.0 0.4 1 msl-iNap4
Eo9 03] v ——0.0mM
T O .
L o8 0.2 FHHSHE T = ——0.1mM
Q.
o 0.7 mSl-iNap1 0.1 1 1.0mM
0.6 + T T 0.0 T T )
0 10 20 30 0 10 20 30
time (min) fime (min)
Bo7
o 0.6
'“g 0.5 mSl-iNapc
E .
04 ) , v
203 mSI-HiNap2 0.1 ] "
a2 ——r—r—r—r—r—r—r—r—rrr—r 00 +r—r—TrrrrrrrTr
0 10 20 30 0 10 20 30
time (min) time (min)
C
o v
£
o
>
o mSI-SoNar
0.0 + T T 0.1 4 T T )
0 10 20 30 0 10 20 30
time (min) time (min)

Figure S6: TBHP treatment of WT cells expressing mSI-iNap or mSI-SoNar.
WT cells expressing mSl-iNap sensors (A-E) or mSI-SoNar (F) were treated at indicated time point (V)
with different concentrations of TBHP during plate reader measurement.
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Figure S7: NADH titration to permeabilized WT cells expressing novel NAPstar variants.

WT cells expressing NAPstar3 (A), NAPstarC (B), a ‘mixed’ NAPstar variant (C-H), NAPstar5, -6, or
NAPstar7 (I-K) were permeabilized with 0.1% (w/v) digitonin prior to plate reader measurement. At the
indicated time point ('¥), cells were treated with different concentrations of NADH. Gain values were set
to 1700.
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Figure S8: Regular YMC of p413 TEF empty-transformed CEN.PK113-1A Ahis3 culture.

CEN.PK113-1A Ahis3 strain transformed with p413 TEF empty control was used to establish YMC.
Average period was 2.04 h £ 0.12 h (+ standard error).
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Figure S9: Fluorescence ratio of cytosolic NAPstar2 and NAPstar7 during YMC.
NAPstar2 or NAPstar7 were expressed in CEN.PK113-1A Ahis3 during YMC (A,B).
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Figure S10: Fluorescence of mSI-iNap3 during YMC.

Fluorescence ratio of mSl-iNap3 expressing CEN.PK113-1A Ahis3 culture was recorded during
YMC (A). Single fluorescence intensities of mSI and cpYFP over time (B). Fl, fluorescence intensity in
arbitrary units (a.u.).
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Figure S11: NADH and NADPH titration to permeabilized Autrl and Aald6 cells

expressing Pdx-mC DS.

Pdx-mC DS expressing, permeabilized Autrl (A,B) and Aald6 (C,D) cells (0.1% [w/v] digitonin) were
treated at the indicated time point (V) with different concentrations of NADH (left) or NADPH (right)

during plate reader measurement.
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Figure S12: Oxidation of cytosolic NAD and NADP after H,O; treatment of strains expressing
either WT Tdh3 or H,O»-resistant variants.

A yeast strain deleted for the three Tdh isoforms, Atdh1Atdh2Atdh3 were transformed with a plasmid,
encoding for WT Tdh3 (A,D), Tdh3 C153A (B,E) or Tdh3 C153S (C,F) and a second plasmid for sensor
expression of Pdx-mC DS (left) or NAPstar3 (right). During plate reader measurement, cells were treated
at the indicated time point ( V) with different concentrations of H20-.
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Supplementary tables

Table S1: In vitro properties of different NAD(P)-specific GFls.

AXP = ATP+ADP+AMP; B-Rex, Rex protein from B. subtilis; G6PD, glucose-6-phosphate dehydrogenase; KPR, E. coli ketopantoate reductase; LigA, ‘bipartite
NAD*-binding domain’ modeled from Enterococcus faecalis ligase; N.D., not determined; R' = [NADH] x 1000 / [NAD*]; SPR, human sepiapterin reductase;
Aoriginally termed NAD* biosensor; B detailed information about improved mBFP Y157H variant is not available (Seo et al., 2019); € ratiometric readout of Frex

probes only possible under high fluorescence intensity conditions.

FrexH

Senfsor Sens_ed Affinity Sensc_)r Repor_ter Dynamic Readout type References
[variant] species domain domain range &
e . Ka ~14 uM NAD* (0 mM AXP), . cpYFP ] . . .
[mC-]FiNad NAD*/AXP ~1.3 mM NAD* (1 mM AXP) T-Rex [cpYFP, mC] 7-fold [N.D.] | intensiometric Zou et al., 2020
NAD-Snifit NAD* Kd ~63 uM NAD* SPR variable 8-fold Sallin et al., 2018
- NADPH/ synthetic ratiometric (FRET) i

NADP-Snifit NADP* KnappHNADP+ ~30 SPR labels 8.9-fold Sallin et al., 2018

. o n o : 9-fold intrinsically Tao etal., 2017,

iNap1-4 NADPH Kd ~2, ~6, ~25, ~120 pM NADPH T-Rex CcCpYFP (iNap1) ratiometric Zou et al. 2018

NADPsor NADP* Kd ~2 mM NADP* KPR CFP, YFP 1.3-fold ratiometric (FRET) Zhao et al., 2016

LigA-cpVenus A | NAD* Kd ~65 uM NAD* LigA cpVenus N.D. intensiometric Cambronne et al., 2016

Apollo-NADP* | NADP* Kq 0.1 to 20 uM NADP* G6PD variable 1.2-fold homoFRET Cameron et al., 2016

(anisotropy)
SoNar NADH/NAD* | Kr ~36 T-Rex CPYFP 15-fold intrinsically Zhao et al., 2015
ratiometric
+ | Ka~0.18 uM NADH, : . . . .

RexYFP NADH/NAD ~6.2 UM NADPH T-Rex CpYFP N.D. intensiometric Bilan et al., 2015
7.5-fold Hwang et al., 2012;

mBFP B NADPH Kd ~ 640 uM NADPH mBFP mBFP (0.5 mM autofluorescence Goldbeck et al., 2018
NADPH) Seo et al., 2019

Peredox-mC . o : 2.2- . . . Hung et al., 2011;

[DS] NADH/NAD Kr ~2 [63] T-Rex cpTS, mC 2.9 fold intensiometric Steinbeck et al., 2020

C3L194K, Frex, | \apH Kg ~50, ~3.7, ~0.04 pM NADH B-Rex CPYFP 4-,9-, 3-fold | intensiometric © Zhao et al,, 2011,

Wilkening et al., 2019
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Table S2: In vitro NADH binding affinities of Pdx-mC and NAPstar sensors.
The in vitro Ka (NADH) values were determined in the presence of 500 uM NAD*.

Sensor Kd (NADH) in ~uM Reference
Pdx-mC 1.2
Steinbeck et al., 2020
Pdx-mC DS 314
NAPstar3 98.2
NAPstar4.3 e0
Mai et al., in preparation
NAPstar6 353
NAPstar7 225

Gene sequences

All open reading frames were codon-optimized for expression in S. cerevisiae.

Legend: Restriction sites Start/ Stop codons

SoNar and iNap sequences

>SoNar
TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTAGATTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTGATGTTGATCCAGAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGTTAACTCGAG

>iNap1
TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTAGATTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTTCTAGGTCGGCTCAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGT TAACTCGAG
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>iNap2
TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTAGATTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTTCTAGGTCGGCTGAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATACAGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGT TCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGTTAACTCGAG

>iNap3
TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTAGATTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTTCGCGTAAGGCAGAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATTACGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGTTAACTCGAG

>iNap4
TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTGATTTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTTCTAGGTCGGCTCAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGTTAACTCGAG

>iNapc

TCTAGAACCATGGGATCCAACAGAAAGTGGGGTTTGTGTATCGTCGGTATGGGTGATTTAGGTTCCGCCTTAGCAGACT
ATCCTGGTTTTGGTGAAAGTTTTGAATTGAGAGGTTTCTTTTCAGTTTCGCCAGAAAAAGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGCACCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGA
TAAGCAAAAGAATGGTATTAAAGCAAACTTCAAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCAT
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TACCAACAAAACACACCAATTGGTGACGGTCCAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGT
CTAAAGATCCAAACGAAAAGAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGA
TGAATTATACAACGTTGATGGTGGTTCAGGTGGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATT
TTAGTTGAATTGGATGGTGACGTTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTA
AATTGACATTGAAATTGATCTGTACTACTGGTAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGG
TTTAAAGTGTTTTGCTAGATACCCAGATCATATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTT
CAAGAAAGAACAATTTTCTTTAAAGATGATGGTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGG
TTAACAGAATCGAATTAAAGGGTATTGGTTTTAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTT
GGCAGGTTTGACAAGATTATCCTTTGCTATATTGAATCCTAAGTGGAGAGAAGAAATGATGGGT TAACTCGAG

>mSI-iNapl (all other mSI fusion constructs were constructed in analogy)
TCTAGAACCATGGGATCCGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCT
CCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAA
GGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCATC
AAGCACCCCGCCGACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCG
AGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGG
CACCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCCC
GAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGA
CCACCTACAAGGCCAAGAAGCCCGTGCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACAA
CGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAG
ACTAGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGGAGGAGGATCAGGAGGAAACAGAAAGTGGG
GTTTGTGTATCGTCGGTATGGGTAGATTAGGTTCCGCCTTAGCAGACTATCCTGGTTTTGGTGAAAGTTTTGAATTGAG
AGGTTTCTTTTCTAGGTCGGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTATTGAACATGTTGATTTGTTGCCA
CAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCACAAAAAGCTGCAGATTTGTTAG
TTGCTGCAGGTATTAAAGGTATTTTGAACTTCGCACCAGTTGTTTTAGAAGTTCCAAAGGAAGTTGCTGTTGAAAACGT
TGATTTCTCAGCAGGTTACAACTCTGATAACGTTTACATCATGGCTGATAAGCAAAAGAATGGTATTAAAGCAAACTTC
AAGATCAGACATAATGTTGAAGATGGTTCAGTTCAATTGGCTGATCATTACCAACAAAACACACCAATTGGTGACGGTC
CAGTTTTGTTGCCAGATAACCATTACTTGTCTTTTCAATCAGTTTTGTCTAAAGATCCAAACGAAAAGAGAGATCATAT
GGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACATTGGGTATGGATGAATTATACAACGTTGATGGTGGTTCAGGT
GGTACTGGTTCTAAAGGTGAAGAATTGTTTACAGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAATTGATCTGTACTACTGG
TAAATTACCAGTTCCATGGCCAACTTTAGTTACTACATTGGGTTACGGTTTAAAGTGTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCTGCAATGCCAGAAGGTTACGTTCAAGAAAGAACAATTTTCTTTAAAGATGATG
GTAACTACAAGACTAGAGCTGAGGTTAAGTTCGAAGGTGACACATTGGTTAACAGAATCGAATTAAAGGGTATTGGTTT
TAAAGAAGATGGTAACATCTTGGGTCATAAATTAGAATACAATGGTTTGGCAGGTTTGACAAGATTATCCTTTGCTATA
TTGAATCCTAAGTGGAGAGAAGAAATGATGGGTTAACTCGAG

Pdx-mC and NAPstar sequences

>Pdx-mC

TCTAGAACCATGGGATCCGTTGCCTCCAAGGTCCCTGAAGCCGCCATTTCCAGATTGATTACTTATTTGAGAATTTTAG
AAGAATTAGAAGCACAAGGTGTCCACAGAACAGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACTGCATTCCAAGT
TGATAAGGATTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTG
AGACATATCTTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATT
GGCCAGGTTTTGGTGAATCATTTGAATTGAGAGGTTTCTTTGATGTTGATCCAGGCATGGTTGGTAGACCAGTTAGAGG
TGGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGT TCCAGGTAGAATTGAAATTGCTTTGTTAACAGTTCCAAGA
GAAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGG
AAGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATATCTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCC
AACATGGTCAGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATT
AAAGCTAACTTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAA
TTGGTGACGGTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAA
GAGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACACACGGTATGGACGAATTGTACAAAGGTGGT
ACAGGTGGTTCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACG
TTAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTG
TACTACTGGTAAATTACCAGTTCCATGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATAC
CCAGATCATATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTA
AAGATGATGGTAACTACAAGACAAGAGCTGAGGTTAAGT TCGAAGGTGACACTTTAGT TAACAGAATCGAATTGAAAGG
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TATCGATTTCAAGGAAGATGGTAACATCTTAGGTCATAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCAATTTCA
AGATTGATCACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTG
AATTAGCTCAAGTCACAGCTTTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACAGACGGTGTCGGTTA
TACTGTCCCTGTCTTAAAAAGAGAATTAAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGTATG
GGTAGATTGGGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGTGAATCATTTGAATTAAGAGGTTTCTTTGACGTTGATC
CAGGCATGGTCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTCGATTTGTTACCTCAAAGAGTCCCTGGTAGAAT
CGAAATCGCCTTATTGACTGTCCCAAGAGAAGCCGCTCAAAAGGCCGCTGATTTGTTAGTTGCCGCTGGTATTAAAGGT
ATTTTAAATTTCGCTCCTGTCGTTTTGGAAGTCCCTAAGGAAGTTGCAGTTGAAAACGTTGATTTCTTGGCTGGTTTAA
CAAGATTGTCTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGA
TGGTGGTGGTTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAATTCATGAGATTCAAA
GTTCATATGGAAGGTTCTGTTAACGGTCATGAATTCGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTC
AAACAGCTAAATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGG
TTCAAAAGCATATGTTAAGCATCCAGCAGATATCCCAGATTACTTGAAATTATCTTTTCCAGAAGGTTTTAAATGGGAA
AGAGTTATGAACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGTGAATTCATATATA
AAGTTAAATTGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTC
TGAAAGAATGTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTAC
GATGCTGAAGTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGG
ATATCACTTCTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACTGGTGGTAT
GGATGAATTGTATAAGTAAAAGCTTCTCGAG

>Pdx-mC DS
TCTAGACCATGGGATCCGTTGCCTCCAAGGTCCCTGAAGCCGCCATTTCCAGATTGATTACTTATTTGAGAATTTTAGA
AGAATTAGAAGCACAAGGTGTCCACAGAACAGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACTGCATTCCAAGTT
GATAAGGATTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGA
GACATATCTTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTG
GCCAGGTTTTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCCGTTGATCCAGGCATGGTTGGTAGACCAGTTAGAGGT
GGTGTTATTGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACAGTTCCAAGAG
AAGCTGCACAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGA
AGTTCCAAAGGAAGTTGCTGTTGAAAACGTTGATATCTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCA
ACATGGTCAGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTA
AAGCTAACTTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAAT
TGGTGACGGTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAG
AGAGATCATATGGTTTTGTTAGAATTCGTTACTGCTGCAGGTATCACACACGGTATGGACGAATTGTACAAAGGTGGTA
CAGGTGGTTCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGT
TAATGGTCATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGT
ACTACTGGTAAATTACCAGTTCCATGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACC
CAGATCATATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAA
AGATGATGGTAACTACAAGACAAGAGCTGAGGTTAAGT TCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGT
ATCGATTTCAAGGAAGATGGTAACATCTTAGGTCATAAATTGGAATATAATACAAAAGT TCCAGAAGCTGCAATTTCAA
GATTGATCACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGA
ATTAGCTCAAGTCACAGCTTTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACAGACGGTGTCGGTTAT
ACTGTCCCTGTCTTAAAAAGAGAATTAAGACACATTTTAGGT TTAAATAGAAAATGGGGTTTATGCATTGTCGGTATGG
GTAGATTGGGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGTGAATCATTTGAATTAAGAGGTTTCTTTTCCGTTGATCC
AGGCATGGTCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTCGATTTGTTACCTCAAAGAGTCCCTGGTAGAATC
GAAATCGCCTTATTGACTGTCCCAAGAGAAGCCGCTCAAAAGGCCGCTGATTTGTTAGTTGCCGCTGGTATTAAAGGTA
TTTTAAATTTCGCTCCTGTCGTTTTGGAAGTCCCTAAGGAAGT TGCAGTTGAAAACGTTGATTTCTTGGCTGGTTTAAC
AAGATTGTCTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGAT
GGTGGTGGTTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAATTCATGAGATTCAAAG
TTCATATGGAAGGTTCTGTTAACGGTCATGAATTCGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCA
AACAGCTAAATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGT
TCAAAAGCATATGTTAAGCATCCAGCAGATATCCCAGATTACTTGAAATTATCTTTTCCAGAAGGTTTTAAATGGGAAA
GAGTTATGAACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGTGAATTCATATATAA
AGTTAAATTGAGAGGTACAAATTTTCCATCAGATGGTCCAGT TATGCAAAAGAAAACTATGGGT TGGGAAGCATCTTCT
GAAAGAATGTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAAT TGAAGGATGGTGGTCATTACG
ATGCTGAAGTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGA
TATCACTTCTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACTGGTGGTATG
GATGAATTGTATAAGTAAAAGCTTCTCGAG
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>NAPstarl
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGT TCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar2

TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTGAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATACCGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
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AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGGAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACACCGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar3
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGAaagGCTgaaAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATtacGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGAaagGCGgaaAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACtacGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG
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>NAPstar4
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTgac TTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTgacTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGT TCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstarcC

TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTGATTTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAGTGTCACCGGAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGCGCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
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AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTGATTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAGTGTCACCGGAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGCGCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstarl.4
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTgacTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG
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>NAPstar2.4
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTGAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATACCGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTgacTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGT TCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar3.4

TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGAaagGCTgaaAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATtacGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
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AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTgacTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar4.1
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTEacTTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG
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>NAPstar4.2
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTgac TTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGGAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACACCGATTTGTTACCTCAGAGAGT TCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar4.3

TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTEacTTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
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AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGAaagGCGgaaAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACtacGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar5
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTttaTTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGATCAGCTCAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGTTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTttaTTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGATCAGCGCAAAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGTTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstareé
TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
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TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGAaagGCTgaaAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATEgttGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTGCTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGAaagGCGgaaAAGG
TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACEgttGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAGCTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG

>NAPstar?7

TCTAGAACCATGGGATCCAAAGTACCAGAAGCCGCTATTTCCAGATTGATAACATATTTGAGAATTTTAGAAGAATTAG
AAGCACAAGGTGTCCACAGAACCGCTTCTGAACAATTGGGTGAATTAGCTCAAGTTACAGCATTCCAAGTTGATAAAGA
TTTGTCATACTTTGGTTCTTACGGTACTGATGGTGTTGGTTACACAGTTCCAGTTTTGAAGAGAGAATTGAGACATATC
TTGGGTTTAAACAGAAAGTGGGGTTTATGTATCGTTGGTATGGGTAGATTAGGTTCTGCTTTGGCAGATTGGCCAGGTT
TTGGTGAATCATTTGAATTGAGAGGTTTCTTTTCAAGAAAGGCTGAAAAAGTTGGTAGACCAGTTAGAGGTGGTGTTAT
TGAACATGTTGATTTGTTGCCACAAAGAGTTCCAGGTAGAATTGAAATTGCTTTGTTAACTACTCCAAGAGAAGCTGCA
CAAAAAGCTGCAGATTTGTTAGTTGCTGCAGGTATTAAAGGTATTTTAAACTTCGCACCAGTTGTTTTGGAAGTTCCAA
AAGAAGTTGCTGTTGAAAACGTTGATATTTTGGCAGGTTTAACTAGATTGTCTTTTGCTATCTTGAATCCAACATGGTC
AGCTGCAGGTGGTCATGGTTTTACTGCTCATAACGTTTACATCATGGCAGATAAGCAAAAGAATGGTATTAAAGCTAAC
TTCAAGATCAGACATAATATTGAAGATGGTGGTGTTCAATTGGCAGATCATTACCAACAAAACACTCCAATTGGTGACG
GTCCAGTTTTGTTACCAGATAACCATTACTTATCTATCCAATCAAAATTGTCTAAAGATCCAAACGAAAAGAGAGATCA
TATGGTTTTGTTAGAATTTGTTACTGCTGCAGGTATCACACATGGTATGGATGAATTATACAAAGGTGGTACAGGTGGT
TCAATGGTTTCTAAAGGTGAAGAATTGTTTACTGGTGTTGTTCCAATTTTAGTTGAATTGGATGGTGACGTTAATGGTC
ATAAATTTTCTGTTTCAGGTGAAGGTGAAGGTGACGCTACTTACGGTAAATTGACATTGAAGTTTATTTGTACTACTGG
TAAATTACCAGTTCCTTGGCCAACATTGGTTACTACATTTTCTTACGGTGTTATGGTTTTTGCTAGATACCCAGATCAT
ATGAAGCAACATGATTTCTTTAAGTCAGCAATGCCAGAAGGTTACGTTCAAGAAAGAACTATTTTCTTTAAAGATGATG
GTAACTACAAGACAAGAGCTGAGGTTAAGTTCGAAGGTGACACTTTAGTTAACAGAATCGAATTGAAAGGTATCGATTT
CAAAGAAGATGGTAACATCTTAGGTCACAAATTGGAATATAATACAAAAGTTCCAGAAGCTGCTATTTCAAGATTGATC
ACTTACTTAAGAATTTTGGAAGAATTAGAAGCTCAAGGTGTTCATAGAACAGCATCAGAACAATTAGGTGAATTAGCTC
AAGTCACTGCATTCCAAGTTGATGAAGATTTGTCATACTTCGGTTCTTATGGTACTGACGGTGTCGGTTATACAGTTCC
AGTCTTAAAAAGAGAATTGAGACACATTTTAGGTTTAAATAGAAAATGGGGTTTATGCATTGTCGGCATGGGTAGATTA
GGTTCTGCTTTGGCAGACTGGCCTGGTTTCGGCGAATCATTTGAATTGCGTGGTTTCTTTTCAAGAAAGGCGGAAAAGG
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TCGGTAGACCAGTTAGAGGTGGTGTTATTGAGCACGTTGATTTGTTACCTCAGAGAGTTCCAGGCAGAATCGAAATCGC
TTTGTTAACAACTCCAAGAGAAGCCGCTCAAAAGGCCGCAGATTTGTTAGTTGCCGCTGGTATTAAAGGTATTTTAAAT
TTCGCTCCTGTCGTTTTGGAAGTTCCAAAAGAAGTTGCGGTTGAAAACGTTGATTTCTTGGCTGGTTTAACAAGATTGT
CTTTTGCAATCTTGAACCCAAAGTGGAGAGAAGAAATGATGGGTTCAGGTACTGGTGGTAATGCTTCAGATGGTGGTGG
TTCTGGTGGTATGGTTTCAAAGGGTGAAGAAGATAACATGGCAATTATTAAGGAGTTTATGAGATTCAAAGTTCATATG
GAAGGTTCTGTTAACGGTCATGAATTTGAAATCGAAGGTGAAGGTGAAGGTAGACCATATGAAGGTACTCAAACAGCTA
AATTGAAGGTTACTAAAGGTGGTCCATTACCATTTGCATGGGATATTTTGTCTCCACAATTCATGTACGGTTCAAAAGC
ATATGTTAAGCATCCAGCAGATATTCCAGATTACTTGAAATTATCTTTTCCTGAAGGTTTTAAATGGGAAAGAGTTATG
AACTTCGAAGATGGTGGTGTTGTTACTGTTACACAAGATTCTTCATTACAAGATGGCGAGTTTATATATAAGGTTAAAT
TGAGAGGTACAAATTTTCCATCAGATGGTCCAGTTATGCAAAAGAAAACTATGGGTTGGGAAGCATCTTCTGAAAGAAT
GTACCCAGAAGATGGTGCATTGAAGGGTGAAATTAAACAAAGATTGAAATTGAAGGATGGTGGTCATTACGATGCTGAA
GTTAAGACTACATACAAGGCTAAGAAACCAGTTCAATTACCAGGTGCTTACAACGTTAACATCAAATTGGATATTACTT
CTCATAACGAAGATTACACAATTGTTGAACAATATGAAAGAGCCGAAGGTAGACACTCAACAGGTGGTATGGATGAATT
GTATAAGTAACTCGAG
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