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SUMMARY 9

SUMMARY

The regulation of enzyme activity by post-translational modifications enables a fast
acclimation at the metabolic level under changing environmental conditions. The amino acid
cysteine is very susceptible to redox modifications such as S-glutathionylation, a reversible
mixed disulfide between a cysteine thiol group and the tripeptide glutathione (GSH, y-Glu-Cys-
Gly). Class | glutaredoxins (GRXs) facilitate the transfer of electrons from glutathione to target
proteins and can (de)glutathionylate proteins. For their efficient reduction GRXs require GSH.
A high concentration of reduced GSH is maintained by the glutathione reductase (GR), which
reduces oxidized glutathione (GSSG) to two GSH using NADPH as electron donor. The absence
of GR leads to a less reducing glutathione redox potential (Egst). Under oxidative stress
conditions, increased levels of S-glutathionylation are observed, potentially resulting from an
altered GSH:GSSG ratio and Egsn. To what extend GRX function, the GSH:GSSG ratio or changes
in Egsn contribute to increasing levels of protein S-glutathionylation is largely unknown.

To explore the evolutionary conservation of the glutathione-dependent redox network
including GRX and GR in plastids, | conducted a phylogenetic analysis showing evolutionary
conservation of GR and GRX clades from streptophyte algae to flowering plants. | provide an
overview of known plastidial glutathionylation target proteins and the respective S-
glutathionylation sites based on available literature.

To investigate the influence of Egsn and GSH:GSSG on protein S-glutathionylation, |
used redox-sensitive GFP (roGFP2) as glutathionylation target and exposed it to various
GSH:GSSG ratios at constant EgsH. GRX-mediated roGFP2 oxidation kinetics increased with
higher ratios of GSH:GSSG, indicating an important function of the GSH:GSSG ratio on the
glutathionylation rate. To test the in vivo influence of Egsy on protein glutathionylation, the
cytosolic glutathionylation target GAPC1-YFP (glyceraldehyde-3-phosphate dehydrogenase
C1) was introduced into the Arabidopsis GR mutant gri-1, displaying a less reducing Egsh. |
observed higher expression of GAPC1-YFP in grl-1, suggesting that changes in Egsy affect
GAPC1 promotor activity. However, aggregate formation triggered by S-glutathionylation of
GAPC1 was not observed.

While class | GRX have been well characterized in vitro, in vivo studies provided only
limited information due to functional redundancy. To elucidate the in planta role of class |

GRX, | generated viable knock-outs of the single plastid class | GRX present in Physcomitrium
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patens (Agrxc5). To date, stress treatments did not reveal phenotypic differences between
Agrxc5 and WT, in contrast to null mutants of glutathione reductase (Agrl). | conclude that
stromal GRX malfunction is not the cause for the dwarfed and stress-sensitive Agrl
phenotype.

PpGRXC5 showed a high oxidoreductase activity in vitro. Plastid-targeted roGFP2 in
Agrxc5 revealed a complete loss of this activity observed by slower roGFP2 reduction kinetics
after oxidative stress in vivo. | performed Western blot analyses on protein extracts of wild-
type (WT) and Agrxc5 before and after oxidative stress and observed increased total protein
S-glutathionylation levels in both, suggesting that PpGRXC5 is not necessary for S-

glutathionylation under these conditions.
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1. Introduction

The rise of oxygen levels in the world's atmosphere to modern levels of 21% took place
between 2.4 and 2.1 billion years ago, resulting in the need for anaerobic life forms to adopt
more and more to the increasing oxidizing environment (Lyons et al. 2014). Although O, was
toxic to the anaerobic organisms, evolution took its turn and resulted in the beneficial use of
02 as electron acceptor in form of respiration. Enzymatically and non-enzymatically reactive
oxygen species (ROS) detoxification mechanisms helped to maintain a reduced cellular
environment. However, organisms not able to adopt to the changing oxidizing conditions went
extinct or were forced to inhabit anaerobic niches (Halliwell 1999; Sessions et al. 2009). A side
effect of an oxygen metabolizing system is the unavoidable production of ROS such as 'O,
(singlet oxygen), 02~ (superoxide), H,0. (hydrogen peroxide) and OH" (hydroxyl radical)
(Mittler et al. 2004, 2022). Maintaining a reduced environment on cellular level in the
presence of ROS requires a tightly controlled redox and antioxidant defense system protecting
proteins, lipids and other macromolecules like DNA from damage (Mgller et al. 2007; Meyer
2008). ROS formation can occur when molecular oxygen acts as an electron acceptor. In
addition to being generated in mitochondria within the respiratory electron transport (ETC),
ROS is as well a byproduct of photosynthesis within the photosynthetic electron transport
(PET). The highest amount of ROS in form of superoxide is generated at the site of
photosystem | (PSI) via the Mehler reaction (Mehler 1951), whereas under stress conditions
10, can be produced at the site of photosystem Il (PSll) via the interaction of 3Chl ( excited
chlorophyllinits triplet state) with O, (Dietz et al. 2016). Superoxide dismutase (SOD) converts
02"~ to H20zand O without the input of additional electrons. Peroxides can then be detoxified
by a set of enzymes such as ascorbate peroxidases (Foyer & Noctor 2011), glutathione S-
transferases (Ugalde, Lamig, et al. 2021) and peroxiredoxins (Liebthal et al. 2018). However,
the importance of ROS as signaling molecule gained momentum (reviewed in Mittler et al.
2022) and its role as electron sink was further labeled as ‘essential’ for survival (Meyer et al.

2021).
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1.1. Glutathione — a cellular electron reservoir

Reactive oxygen species are produced under physiological conditions and fulfill functions in
redox signal transmission. An increased ROS formation occurs as response to abiotic and biotic
stresses for example in response to drought stress (abiotic) and pathogen attack (biotic) (Apel
& Hirt 2004; Mittler et al. 2004; Meyer 2008). Glutathione, a highly abundant tripeptide, with
a cysteine thiol group, is an important electron donor involved in ROS detoxification and
oxidative damage repair. It further performs a variety of functions, including detoxification of
xenobiotics and heavy metals (Dixon et al. 1998; Jozefczak et al. 2012), participation in cellular
processes such as cell division (Vernoux et al. 2000) and flowering (Ogawa et al. 2001), and

acting as a cofactor in the coordination of iron-sulfur cluster (Berndt et al. 2007).

The low molecular weight thiol consists of the three amino acids glutamate, cysteine and
glycine, with a specific y-glutamyl peptide bond preventing its degradation by most peptidases
(Deponte 2022). Glutathione synthesis occurs in two sequential steps and is catalyzed by the
glutamate-cysteine ligase (GSH1) and glutathione synthetase (GSH2). Glutathione synthesis in
plants is compartmentalized and takes place in the chloroplast and in the cytosol (Hell &
Bergmann 1988; Wachter et al. 2004). GSH1 was shown to localize only to plastids, and GSH2
to both compartments, necessitating a transport of glutathione and y-glutamyl cysteine (y-EC)

between the compartments (Pasternak et al. 2007).

Complete loss of GSH1 results in embryo lethality, further demonstrating the fundamental
role of glutathione in the plant metabolism (Cairns et al. 2006). Mutations in the GSH1 gene
led to a massive decrease of glutathione concentration with only 5-50% of the WT glutathione
level. Lower GSH levels observed in GSH1 mutants, have an impact on the regulation of genes
involved in oxidative defense and heavy metal detoxification such as cadmium (Howden et al.
1995; Cobbett et al. 1998; Ball et al. 2004). The mutation with the biggest impact on
glutathione concentration with only 40-200 uM left occurred due to a point mutation (D to N)
in GSH1, root meristemless 1 (rml/1), resulting in a diminished root growth and arrests in
growth after germination (Vernoux et al. 2000). While mutations leading to a ~50% (rax1, Ball
et al. 2004) or ~30% (cad2; Howden et al. 1995) reduction of the glutathione pool compared
to WT level showed no growth phenotype under steady-state conditions, they showed

significant differences under stress. Under non-stressed conditions, phenotypic analysis of
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Arabidopsis mutants from a GSH-deficient allelic series determined the threshold for growth

impairments to 25% GSH of WT-level (Bangash et al. 2019).

1.1.1 Glutathione homeostasis

The function of glutathione is based on thiol exchange reactions in which two molecules of
reduced glutathione (GSH) are oxidized to form a glutathione disulfide (GSSG) providing two
electrons (and two protons) to the respective coupled reaction partners. To maintain a
reduced glutathione pool, oxidized glutathione is reduced back to two molecules of GSH by
the glutathione reductase (GR) requiring NADPH. Glutathione reductase isoforms are localized
to the cytosol and peroxisomes (Arabidopsis thaliana (At) AtGR1, Physcomitrium patens (Pp)
PpGR?2) as well as to plastids and mitochondria (AtGR2, PpGR1) and help to maintain the redox

potential of the compartments (Marty et al. 2009; Kataya & Reumann 2010).

The glutathione redox potential (Egst) is dependent on the concentration and oxidation
degree of the glutathione redox couple and determined via the Nernst equation with R=8.315
JK*mol?, T=298.15K, z =2, F = 96.485 C mol*and E¥=-240 mV at pH 7 (Schafer & Buettner
2001; Meyer & Hell 2005; Meyer et al. 2007).

o o 2303RT  [GSH]?
=B @esm 2F 910765567

The total cellular concentration of glutathione was determined by fluorescent labeling in root
tips of Arabidopsis to be around 2-3 mM (Fricker et al. 2000). Measurements with a GFP-based
redox sensitive biosensor (roGFP) suggested only 0.002% of the glutathione pool to be
oxidized under steady state conditions, leaving only nanomolar concentrations of GSSG.
Already small changes in GSSG concentration or total glutathione levels can induce a severe

shift in redox potential (Meyer et al. 2007; Schwarzlander et al. 2008).

The cytosolic glutathione pool of Arabidopsis is maintained at a glutathione redox potential of
-320 mV at pH 7 (Meyer et al. 2007) with a potential GSH:GSSG ratio of 50000:1
(Schwarzlander et al. 2016). AtGR2 contributes approximately 35% of total GR activity, with
cytosolic activity accounting for the remaining 65% (Marty et al. 2009). The loss of the
cytosolic glutathione reductase leads to a less reducing redox potential of -270 mV induced by
higher GSSG levels in the cytosol and is partially compensated by the cytosolic thioredoxin

system (Marty et al. 2009). In contrast, the loss of the dual targeted organellar isoform results
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in embryo lethality in Arabidopsis and cannot be compensated by the plastidial thioredoxin
system (Marty et al. 2019). Complementation studies of the AtGR2 knock-out mutant with
GR2 under the endogenous promotor either targeted to the plastids or to mitochondria pin-
pointed the essential GR activity to the plastids (Marty et al. 2019). A point mutation in an
AtGR2 exon (miao) resulted in a decrease of total GR activity of “50% and showed a strong
root growth phenotype (Yu et al. 2013). In the model moss plant Physcomitrium patens the
GR knock-out of the plastidial and mitochondrial isoform resulted in a viable mutant,
displaying a dwarfed phenotype altered in photosynthetic performance like non-
photochemical quenching (NPQ). The plastidial glutathione redox potential (Ecsn) in P. patens
was determined to be -311 mV, less than values measured in Arabidopsis thaliana epidermal
plastids of -361 mV (Schwarzlander et al. 2008; Miller-Schiissele et al. 2020). In the organellar
GR knock-out of P. patens (Agrl) the plastidial Essh showed a 33 mV shift to a less reducing
Egsn of -278 mV. During characterization of plastidial targeted roGFP2, a dynamically behaving
plastidial Egsn was observed upon light-dark changes. The function of this dynamic change is

unknown so far (Muller-Schiissele et al. 2020).

Enzymes using glutathione as electron donor such as methionine sulfoxide reductase Bl
(MSRB1), peroxiredoxin Il E (PRXIIE), glutaredoxins (GRX) and dehydroascorbate reductase
(DHAR) are key players in ROS scavenging and oxidative damage repair for example DHAR via
the ascorbate-glutathione cycle (Noctor et al. 2012). Within the ascorbate-glutathione cycle
H,0, is reduced to H,0 by ascorbate. This reaction is catalyzed by ascorbate peroxidase,
releasing monodehydroascorbate (MDH). MDH can either be directly reduced back to
ascorbate by NADH—dependent monodehydroascorbate reductase (MDHAR) or two MDH
molecules can disproportionate to ascorbate and dehydroascorbate (DHA). GSH provides
electrons to reduce DHA via DHAR, regenerating reduced ascorbate. The produced GSSG is
reduced back to two GSH molecules catalyzed by GR using NADPH as electron source (Foyer
& Noctor 2011).

GRXs can further use glutathione to glutathionylate or deglutathionylate other proteins (see
1.2.1) resulting in the post-translational modification of protein thiol groups

(S-glutathionylation; Meyer & Hell 2005; Couturier, Jacquot, et al. 2013).



INTRODUCTION 15

1.2. Post-translational cysteine-based redox modifications

The proteinogenic amino acid cysteine is very susceptible to oxidation and post translational
modification, due to its sulfhydryl residue (-SH). While the protonated form of the thiol group
is relatively unreactive, the deprotonated form (thiolate anion; S°) is very nucleophilic. The
acid dissociation constant (pKa) can be used to determine a thiol's reactivity, which is highly
specific to each cysteine (Alvarez 2022). A thiol's pKa shows the pH level at which it is 50%
deprotonated and 50% protonated. Therefore, under physiological conditions with pH values
ranging from pH 7.2 in the cytosol to 8 in plastid stroma (Schwarzlander et al. 2008) cysteines
with lower pKa’s rather exist in their thiolate, reactive form, while higher pKa values indicate
a high amount of the protonated, unreactive thiol. While free cysteine shows a pKa of ~8.3
(Alvarez & Salinas 2022), the cysteine residue of glutathione shows a pKa of 8.7-8.9 due to the
influence of the amino acid environment (Deponte 2022). An example for a plastidial protein,
its pKa and its influence on activity is the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, catalytic Cys 154), which shows a pKa ~6. The thiol state of GAPDH is influenced by
pH changes in the plastid stroma upon light-dark induced pH changes (pH 7, dark — pH 8, light)
shifting to slightly more deprotonated GAPDH in the light (Zaffagnini, Fermani, et al. 2019).

Protein thiolates are very susceptible to the oxidation with H,O; resulting in the formation of
sulfenic acid (-SOH). Shown by reaction rates in the amplitude of 10° - 102 M? s measured
for peroxidases reacting with H,O; (Baker & Poole 2003; Poole et al. 2004; Manta et al. 2009;
Gupta & Carroll 2014) which are faster than the uncatalyzed reaction of GSH and H,0: (see
Table 1). Further oxidation of the sulfenic acid with H20; leads to sulfinic (-SO2H) and sulfonic
(-SOs3H) acid (Figure 1) with reaction rates between 0.1-102 M s (Zaffagnini, Fermani, et al.
2019). While sulfonic acid formation is irreversible and potentially leads to protein
dysfunction, in specific cases like the 2-Cys peroxiredoxins, sulfinic acid can be reduced by

sulfiredoxins in the presence of ATP (Rey et al. 2007; Couturier, Chibani, et al. 2013; Figure 1).
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Table 1: Reaction rates of thiols with H,0;

Reaction Reaction rate Reference

2 GSH + H202 = GSSG +2 H,0 0.9 Mist Gupta & Carroll 2014

HSA(SOH) + GSH = HSA(SSG) + H,0 2.9 Mis? Deponte 2017, Turell et al.
2008

GAPDH eq + H202 > GAPDHox + H20 2-11x10%2 M1s1 Deponte 2017, Little & O’brien
1969

PRXred + H202 = PRXox+ H20 108 M1st Deponte 2017, Manta et al.
2009

Sulfenic acids are energetically less stable, due to the oxidation state of the sulfur atom and
rather display an intermediate oxidation state of the thiol prior to further modification or
formation of a disulfide (Reddie & Carroll 2008). In a recent study of Huang et al. (2019) 1,394
proteins in Arabidopsis protein extracts were identified as target of S-sulfenylation. Protein S-
sulfenylation occurred at positions involved in metal binding or catalytic sites of the protein.
Due to the instability of the sulfhydryl group, proteins identified as S-sulfenylated might occur
as S-glutathionylated (see 1.2.1) in vivo in the presence of GSH (Zaffagnini, Bedhomme,
Marchand, Morisse, et al. 2012; Couturier, Chibani, et al. 2013). For example oxidized human
serum albumin (HSA(SOH)) showed a reaction rate of 2.9 M's! when reacting with GSH to

glutathionylated HSA (HSA(SSG)) and H,O (Little & O’brien 1969, see Table 1).

Redox modifications can contribute to protein activity regulation, protection from
overoxidation, or signaling via a thiol switching mechanism (Buchanan & Balmer 2005). This
redox regulation of thiols is catalyzed by a large set of enzymes belonging to the thioredoxin
(TRX) superfamily, which includes thioredoxins (TRX; Gelhaye et al. 2005; Buchanan & Balmer
2005), peroxiredoxins (PRX; Dietz 2003) protein disulfide isomerases (PDI; Frand et al. 2000)
and glutaredoxins (GRX; Li 2014).
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Figure 1: Post-translational thiol modifications of cysteines

Simplified schematic overview of cysteine modifications and cysteine oxidation with H:0:2
resulting in the formation of sulfenic, -sulfinic or -sulfonic acid. For specific proteins, oxidation
o sulfenic acid to sulfinic acid is partially reversible e.g. via sulfiredoxins (Srx) for example for
the 2-Cys peroxiredoxin Tsal (Biteau et al. 2003) The sulfenic acid group can be further oxidized
to sulfinic or sulfonic acid or lead to the formation of S-glutathionylation in the presence of
glutathione. Oxidation of the thiolate with GSSG or GSNO results as well the formation of PTM’s
like S-nitrosylation or S-glutathionylation (Modified from Couturier, Chibani, et al. 2013 and
Alvarez & Salinas 2022)

1.2.1 Reversible protein S-glutathionylation

The formation of a disulfide between a protein cysteine residue and glutathione is termed
S-glutathionylation. The reduction of such a mixed disulfide is catalyzed by oxidoreductases
belonging to class | of GRXs (see 1.3 Glutaredoxins). While S-glutathionylation has been
studied extensively in animals and humans where glutathionylation was indicated to play a
role in human diseases like cancer (Mieyal et al. 2008; Dalle-Donne et al. 2009; Zaffagnini,
Bedhomme, Marchand, Morisse, et al. 2012), less is known about the importance and function
of protein S-glutathionylation in plants. However, it is hypothesized to fulfill a function in
protection of proteins from overoxidation and is involved in regulation of protein activity

(zaffagnini, Bedhomme, Marchand, Morisse, et al. 2012).

Possible pathways of protein glutathionylation involve the interaction of GSSG with a protein
thiol, the reduction of a disulfide bond with GSH and the reaction of an activated thiol such as
a sulfenic acid (-SOH) with GSH (Dixon, Skipsey, et al. 2005; Gao et al. 2009; Zaffagnini,
Bedhomme, Marchand, Morisse, et al. 2012). The reaction rate of a GRX (mammalian GRX1)
with GSSG was determined to be 7.1 x 10° M1s? (Rabenstein & Millis 1995; Deponte 2017).
The reaction of a sulfenic acid group with GSH also results in the formation of

S-glutathionylation but showed a slower reaction rate of 2.9 Ms™! (Turell et al. 2008, Table 1).
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For a detailed review of protein S-glutathionylation and reaction constants of competing

pathways refer to Deponte 2017.

In vitro studies showed that glutathionylation increased in the presence of GSH and an oxidant
rather than GSSG alone (Michelet et al. 2005). The plastidial thioredoxin AtTRXf was efficiently
glutathionylated in the presence of H,0; and GSH and revealed a decrease in activity when
TRXf was glutathionylated (Michelet et al. 2005). Similar results were observed for AtGAPDH,
which was incubated with GSH and H;0.. Subsequently after glutathionylation the protein
formed insoluble aggregates, concomitant with a decrease in GAPDH-activity (Zaffagnini,
Marchand, et al. 2019). Although S-glutathionylation can happen spontaneously, it can also
be catalyzed by oxidoreductases including GRX. S-glutathionylation was detected for bovine
1-Cys-PRX extracted from rats catalyzed by a glutathione-S-transferase (nGST) (Manevich et
al. 2004). S-glutathionylation activity was proposed for serval GRXs including human GRX1 and
GRX2 (Gao et al. 2009). TRXs and PDIs were able to deglutathionylate proteins but showed
only minor glutathionylation activity compared to class | type GRXs (Peltoniemi et al. 2006;
Rouhier et al. 2008). Until today, the exact mechanism of in vivo protein S-glutathionylation
remains unresolved, while the deglutathionylation is known to be mainly catalyzed by GRX

and additional by TRX and PDIs (Peltoniemi et al. 2006; Rouhier et al. 2008).

1.2.1.1 In vivo target proteins of S-glutathionylation

Several methods were established for detection of S-glutathionylated proteins in animals and
plants. The radioactive labeling of the glutathione pool with the sulfur isotope 3°S requires the
short-time inhibition of protein biosynthesis and application of an oxidant like diamide or
H,0.. In the presence of diamide, this method allowed the identification of 25 target proteins
in Chlamydomonas reinhardtii (Michelet et al. 2008). However, the impact of protein
biosynthesis disruption and oxidative stress treatment in influencing the in vivo state of
protein S-glutathionylation as well as the specificity towards identifying only glutathionylated
groups is under discussion (Gao et al. 2009). Another approach uses biotin tagged glutathione
and offers serval detection methods such as immunodetection or affinity-based purification.
By using biotinylated glutathione, the method is very specific for glutathionylation and does
not require disruption of protein synthesis (Gao et al. 2009). In Dixon, Skipsey, et al. 2005
oxidized biotinylated glutathione was used to identify in vitro and in vivo targets of

glutathionylation following oxidative stress treatment in Arabidopsis. Additionally,
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glutathionylation targets in general can be identified via immunodetection with an anti-
glutathione antibody or via a GRX-mediated deglutathionylation and subsequent thiol labeling

with biotinylated NEM (N-ethylmaleimide) (Gao et al. 2009).

Depending on the position of the glutathionylated cysteine, protein S-glutathionylation can
influence the proteins activity in a positive or negative manner or show no impact on activity
at all. An inactivation upon S-glutathionylation of its cysteine residues was detected for the
protein tyrosine phosphatase (PTP) of soybean by Dixon et al. in 2005. Furthermore, S-
glutathionylation of enzymes involved in carbon fixation such as phosphoribulokinase (PRK)
decreased enzyme activity (Zaffagnini, Bedhomme, Groni, et al. 2012).The Isocitrate lyase (ICL)
of C. reinhardtii, an enzyme of the glyoxylate cycle, is reversibly inhibited upon its
glutathionylation and was shown to be deglutathionylated by poplar GRXS12 (Bedhomme et
al. 2009; Zaffagnini, Bedhomme, Marchand, Couturier, et al. 2012). However, S-
glutathionylation can also influence structural properties such as aggregation as seen for
cytosolic GAPDH (in vitro; Zaffagnini, Marchand, et al. 2019) or dissociation of poplar 1-Cys D-

PRX homodimers into monomers (Noguera-Mazon et al. 2006).
S-glutathionylation target: glyceraldehyde-3 phosphate dehydrogenase (GAPDH)

GAPDH is a very abundant glycolytic enzyme and highly conserved between species. The two
cytosolic isoforms of GAPDH in Arabidopsis thaliana (GAPC1, At3g04120; GAPC2, At1g13440)
are glutathionylated under oxidative stress induced by tert-butylhydroperoxide (BHP) (Dixon,
Skipsey, et al. 2005). The cysteine residue Cys 149 (referred to the sequence of GAPDH of
Bacillus stearothermophilus, Biesecker et al. 1977) with a pKa of 5.7 was identified as highly
susceptible to oxidation via H.0; and further post-translational modification (Hancock et al.
2005; Bedhomme et al. 2012). In the absence of GSH, H,0; treatment led to the irreversible
inactivation of GAPC1 in vitro. However, in the presence of GSH, GAPC1 activity could be
restored after reduction with DTT. This observation led to the conclusion that
glutathionylation of Cys 149 protects GAPC1 from irreversible inactivation of the protein by
overoxidation (Bedhomme et al. 2012). In animals, GAPDH fulfills functions outside of the
glycolytic pathway, such as (post)transcriptional gene regulation (reviewed in Sirover 2011).
Moonlighting functions were also proposed for plant isoforms of GAPDH under oxidative
stress conditions due to accumulation and nucleus translocation upon cadmium treatment

(Vescovi et al. 2013). Plastidial monomeric isoforms of GAPDH (A4s-GAPDH) are as well as the
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cytosolic GAPDH very susceptible to oxidation via H,0; and subsequent S-glutathionylation
(zaffagnini, Bedhomme, Groni, et al. 2012; Zaffagnini, Marchand, et al. 2019). Mixed disulfide
formation between As-GAPDH and GSH was shown by MALDI-TOF mass spectrometry.
Oxidation and glutathionylation of Cys 149 lead to the loss of enzyme activity, which was
reversible in the case of glutathionylation or in the presence of only low levels of H,0;
(Zaffagnini et al. 2007). Interestingly, heterooligomers of plastidial GAPDH consisting of A and
B subunits (AnB, -GAPDH) were less sensitive to glutathionylation most likely due to Cys 149
protection by subunit B (Zaffagnini et al. 2007; Marotta et al. 2022). This AB-isoform of GAPDH
is light-regulated by forming high molecular weight oligomers in the dark and low molecular
weight oligomers in the light. This process is directly regulated by the interaction of the
cysteines in the C-terminal extension of subunit B (Cys-349 and Cys-358 ) with TRXf (Sparla et
al. 2002). As mentioned above, TRXf has been identified as plastidial target protein of
glutathionylation, that impacts its activity. Thus the glutathionylation is further influencing

also the regulation of TRXf target proteins like GAPDH (Michelet et al. 2005).
S-glutathionylation target: thioredoxins

Thioredoxins are small thiol oxidoreductases with a molecular weight of ~12 kDa and a
canonical CxxC/CxxS active site motif. They are members of the TRX superfamily sharing a
similar tertiary structure termed TRX-fold. This TRX-fold is characterized by a four stranded 13-
sheet with three flanking a helices and an active site motif consisting of one or two cysteinyl
residues (Eklund et al. 1984; Martin 1995). While only two types of thioredoxins are present
in animals and bacteria, multiple ones are present in different compartments of plants
(Schiirmann & Jacquot 2000). With the N-terminal cysteine in their active site (WC(G/P)PC)
thioredoxins can perform a nucleophilic attack on a protein disulfide and serve as an electron
donor to their specific target proteins (Arnér & Holmgren 2000; Michelet et al. 2005). Target
proteins of the plastidial f- type thioredoxins are the name giving fructose 1.6 bisphosphatase
(Soulie et al. 1981; Geck et al. 1996) and other proteins of the Carbon Benson cycle such as
sedoheptulose 1,7-bisphosphatase (SBPase), phosphoribulokinase (PRK), NADP-dependent
malate dehydrogenase (NADP-MDH) and glucose 6-phosphate dehydrogenase (G6PDH)
(Schirmann & Jacquot 2000). Thioredoxins are reduced by thioredoxin reductases, which
obtain their reducing power either via NADPH (e.g. cytosolic NADPH-dependent thioredoxin
reductase, NTR) or via the photosynthetic electron transport to ferredoxin (ferredoxin

dependent thioredoxin reductase, FTR)(Gao et al. 2009). Noteworthy, when an additional
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cysteine outside of the active site (Cys 60) of TRXf in Arabidopsis thaliana is glutathionylated,
decreased activity of the target proteins such as GAPDH was observed. This was explained by
less efficient reduction of TRXf via the FTR system (Michelet et al. 2005). Thus,
glutathionylation and its role in CBC related protein regulation should be further investigated.
In vitro experiments of Bedhomme et al. 2012 showed that mitochondrial poplar h-type
thioredoxins were able to deglutathionylate and reactivate GAPDH only being ~two times

slower that the tested class | GRX.

1.3. Glutaredoxins

Glutaredoxins are ubiquitous proteins present in all kingdoms of life and are also members of
the TRX superfamily. Based on the primary structure and the amino acid sequence of the
active sites, GRXs were classified into four classes. Class | consist of GRXs with a CXXC or CXXS
motif, whereas class Il members share a highly conserved CGFS active site motif. Class Ill GRXs
are exclusively found in plants and harbor a CCXC/S type motif while class IV are found in
specific algae (Couturier, Jacquot, et al. 2009, 2013). Depending on their specific biochemical
features glutaredoxins are involved in iron sulfur cluster coordination (class Il) and are electron
transmitters via deglutathionylation and reduction of thiols (class 1) (Liedgens et al. 2020;
Trnka et al. 2020). Several putative GRX-interacting (poplar GRXC4-C30S) enzymes like
peroxiredoxin (e.g AtPRXIIE and AtPRXIIF) and ascorbate peroxidase have been identified
among 92 other proteins by Rouhier et al. 2005. Depending on the glutaredoxin, the
deglutathionylation occurs via a mono- or dithiol mechanism which is influence by the
presence of a second cysteine close to the active site of the GRX (Rouhier et al. 2008; Gao et
al. 2009, Figure 2). The mixed disulfide between the cysteine of the protein and glutathione is
resolved by a nucleophilic attack of the thiolate of the catalytic cysteine of GRX resulting in
the glutathionylation of the GRX (GRX-SSG) and the release of the reduced protein. In the
monothiol mechanism, a second GSH moiety reduces the GRX-SSG, which leads to the release
of a GSSG and the reduced GRX. GSSG will subsequently get reduced back to GSH via the
NADPH-dependent glutathione reductase. GRXs performing the dithiol mechanism are able to
form an intramolecular disulfide upon glutathionylation and can be reduced for example by
the thioredoxins system or two molecules of GSH (Couturier, Jacquot, et al. 2013). However,
also GRXs with a dithiol active site (such as WCSYC, AtGRXC5) are able to reduce disulfides via

the monothiol mechanism and concomitantly get reduced via GSH (Couturier et al. 2011,
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Zimmermann et al. 2020). Studies based on monocysteinic active site mutants pin-pointed the
important function in deglutathionylation to the N-terminal cysteine residue (Rouhier et al.
2002; Johansson et al. 2004; Gao et al. 2009). In addition, it was shown in yeast that a

monocysteinic variant can functionally replace dithiol GRXs (Zimmermann et al. 2020).

A

v

_ GSSG/GSH
-—SHs is : P -SSG

NADPH+H* 2 GSH---.
sa - Rl
. N GSSG— e
B
GSSG/GSH
SH S > —
Blsi= B | plsse
GSH~._
N\ J-SSG S~
S e —Emen
N /
reduction

Figure 2. Protein deglutathionylation catalyzed by GRX

Mechanism of the monothiol (A) or dithiol (B) deglutathionylation of a glutathionylated target
protein. The reaction starts with a nucleophilic attack of the N-terminal active site cysteine of
GRX on the mixed disulfide between the protein and glutathione. Subsequently the reduced,
deglutathionylated target protein is released, while GRX becomes glutathionylated. The
deglutathionylation of GRX depends on the type of GRX. In the monothiol mechanism, a free
GSH attacks the mixed disulfide between GRX and glutathione. GSSG and the reduced GRX are
released. The produced GSSG will get reduced by the glutathione reductase. In the dithiol
mechanism, glutathionylation of the GRX is released by forming an intramolecular disulfide
bridge between a second cysteine present near to the active site. Reduction of the formed
disulfide can be further reduced by e.g the thioredoxin system (FTR, NTR) (modified from
Zaffagnini, Bedhomme, Marchand, Morisse, et al. 2012).
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1.3.1 Class | GRX

Class | GRX are characterized by their C[P/G/S]Y[C/S] motif and their oxidoreductase activity.
The class | forms three clades, which can be further subdivided into 3 subclades: GRXC1 and
GRXC2, GRXC3 and GRXC4, and GRXC5 and GRXS12. AtGRXC1 and AtGRXC2 both showed
cytosolic localization (Riondet et al. 2012), while AtGRXC3 and AtGRXC4 are targeted to the
secretory pathway (Belin et al. 2015). AtGRXC5 and AtGRXS12 localize to the plastids
(Couturier et al. 2011). Phylogenetic analysis from streptophyte algae to seed plants revealed
conserved clades of the cytosolic, plastidial and secretory isoforms (Miller-Schiissele, Bohle,
et al. 2021; Figure 3). AtGRXC1, with an active site motif of the CGYC type and
deglutathionylation activity, has been found to form a homodimer containing an iron sulfur
cluster (Fe-S)(Riondet et al. 2012). The coordination of an Fe-S cluster was already previously
observed for another class | GRX in vitro: for AtGRXC5 with a WCSYC active site (Couturier et
al. 2011). For GRXC1 the function of coordination of a Fe-S cluster was pin-pointed to the
presence of a guanin (G) in the active site motif (Rouhier et al. 2007; Riondet et al. 2012).
Upon mutation of the guanin to a proline the ability of iron sulfur coordination was lost. This
observation was supported by GRXC2 (CPYC) only showing oxidoreductase activity and no Fe S

cluster coordination.

The single mutants of the cytosolic localized GRXs (GRXC1 and GRXC2) in Arabidopsis did not
reveal a phenotype (Riondet et al. 2012). However, the double knock-out grxclgrxc2 is
reported to be lethal, suggesting a redundant function of GRXC1 and GRXC2 rather pointing
towards an essential function of GRX reduction activity (Riondet et al. 2012). Potential knock-
outs of Arabidopsis grxc3 and grxc4 showed significant differences in the hypocotyl length
compared to WT grown in elevated temperatures (Dard et al. 2022). In other model organisms
like yeast, a double knock-out of both enzymatic active, cytosolic GRX isoforms GRX1 and
GRX2 was viable and only resulted in lethality when concomitantly knocking-out all cytosolic
TRX isoforms (Draculic et al. 2000). Yet, single and double mutants of yeast GRX1 and GRX2
revealed sensitivity to oxidants like H.O; (Luikenhuis et al. 1998). Regarding the plastidial
GRXC5 or GRXS12 no null mutants are described yet. Hence, in vivo data on the function of

class | GRX and their impact under physiological conditions in plants remains still scarce.
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Figure 3: Phylogenetic tree of class | GRX

Phylogenetic analysis of class | GRX from streptophyte algae to seed plants revealing defined
subclades of class | GRX. Gene identifiers referring to gene models for Chara braunii (CHBRA),
Anthoceros agrestis strain Bonn (AaBonn), Marchantia polymorpha (Mapoly), Physcomitrium
patens (Pp), Selaginella moellendorffii (Selmo), Salvinia cucullata (Sacu), Azolla filiculoides
(Azfi), Brachypodium distachyon (Bradi) and Arabidopsis thaliana (At) and are color-coded (right
corner). The class | GRX alignment for tree generation with 1Q web tree (Trifinopoulos et al.

2016) was retrieved from Miller-Schissele, Bohle, et al. 2021.
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1.3.1.1 Plastidial class | GRX

Many identified protein S-glutathionylation targets are found to be plastid localized
(zaffagnini, Bedhomme, Groni, et al. 2012). Therefore, plastidial isoforms of class | GRX are
very important to understand plastidial redox regulations via post translational modification.
The plastidial isoforms of class | GRX include GRXC5 and GRXS12. GRXC5 and GRXS12 share
70% of sequence identity, however they differ in their active site motif with GRXC5 showing
the typical dithiol motif ‘WCSYC’, whereas GRXS12 has a WCSYS active site motif. According
to Couturier et al. 2011 deglutathionylation with monomeric AtGRXCS is occurring over the
monothiol mechanism, followed by the reduction of GRX-SSG with a GSH molecule. In its
homo dimer form AtGRXCS is able to coordinate a [2Fe-2S] cluster with its crystal structure
being resolved (Couturier et al. 2011; 3RHC). Regarding AtGRXS12, a clear plastidial
localization was shown by a GFP-fusion construct expressed in tobacco leaves. In Couturier,
Koh, et al. 2009 biochemical properties of poplar GRXS12 were determined revealing in vitro
reductase activities with HED, DHA and As-GAPDH as substrate. The involved catalytic cysteine
at positions 29 showed a low pKa with 2.8, sensitive to post translational modification
(Couturier, Koh, et al. 2009). Under physiological conditions, AtGRXS12 might as well catalyze
protein glutathionylation as seen for example for a cytosolic GRX2 of Chlamydomonas (Roret
et al. 2021; de Bont et al. 2022). Further sequence analysis revealed that the tryptophane (W)
in the active site motif is highly conserved in GRXC5 and GRXS12 isoforms, but not observed
for other GRX groups (Couturier, Koh, et al. 2009).

1.3.1.2 Determining GRX activity

Generally, class | GRXs show a thiol reduction activity which is classically tested with
bis(2-hydroxyethyl) disulfide (HED) deglutathionylation. GRX activity is determined indirectly
over GSSG reduction via GR, leading to a decrease in NADPH and its absorbance at 340 nm
(Begas et al. 2015). Activities of several class | GRXs were determined within the HED assay
such as 5.50 x 103 M~%s™! for AtGRXC1 and 0.06 x 10°> M~1s7* for AtGRXC5 (Couturier, Koh, et
al. 2009; Couturier et al. 2011; Riondet et al. 2012; Trnka et al. 2020). Another method to
detect the oxidoreductase activity of GRXs is the use of the artificial protein called roGFP2

(reduction-oxidation sensitive GFP).
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1.4. Redox-sensitive green fluorescent protein (GFP)

The green fluorescent protein (GFP) of the jelly fish Aequorea victoria was engineered to
obtain two redox sensitive cysteinyl residues (Cys 147, Cys 204) on the surface of two adjacent
R-strands (strand 7 and 10). Oxidation of the cysteines of the roGFP results in the formation
of a disulfide bridge between Cys 147 and 204. Oxidation-dependent structural changes
influence the protonation state of the chromophore, allowing a fluorescence-based
ratiometric read-out of the cysteine redox state (Figure 4). GRX activity can be assed with the
ratiometric biosensor roGFP2, which was developed from EGFP and a S65T mutation leading
to an excitation maximum at 480 nm (reduced state) and 405 nm (oxidized state) (Hanson et

al. 2004; Aller et al. 2013).
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Figure 4: Structural changes of reduced and oxidized roGFP2

The roGFP2 oxidation occurs via an intermediate step of S-glutathionylation catalyzed by GRX.
Structural changes upon oxidation or reduction are due to the formation of an intramolecular
disulfide formation of Cys 147 and Cys 204. Formation of the disulfide bridge leads to
conformational changes in the protein barrel further influencing the protonation state of the
GFP. The protonated form of roGFP2 shows an excitation maximum at 405 nm while the
deprotonated form shows an excitation maximum at 488 nm allowing a ratiometric sensor read-
out. Reduced and glutathionylated roGFP2 are indicated with a blue color, while oxidized
roGFP2 is depicted with a red color. Sulfur atoms are depicted as yellow. Modified from Morgan
& Schwarzlander 2016.

roGFP2 oxidation occurs via a glutathionylated intermediate of roGFP2 and is catalyzed by
GRX, therefore making roGFP2 a unique tool to test for GRX enzymatic properties with the

ability to determine the oxidation capacity of GRXs (Meyer et al. 2007). In addition to these
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bidirectional measurements, another advantage is also the direct readout of glutathionylation
or deglutathionylation based on the changes in fluorescence emission of reduced or oxidized
roGFP2, respectively. Examples of GRX activities measured with roGFP2 are AtGRXC1, human
Grx2 and Grx5 published in Trnka et al. 2020.

1.4.1 The in vivo use of the genetically encoded biosensor roGFP2

The application of genetically encoded redox sensors and their targeting to cellular
compartments allowed a deeper investigation of physiological redox dynamics (Aller et al.
2013; Nietzel et al. 2018; Elsasser et al. 2020; Miller-Schissele, Schwarzlander, et al. 2021;
Ugalde, Fuchs, et al. 2021; Ugalde, Schl6RBer, et al. 2021; Ugalde et al. 2022). In planta, in the
presence of GRX, roGFP2 equilibrates rapidly with the glutathione redox potential (Egsh),
therefore allowing the determination of compartment-specific Ecsh (Gutscher et al. 2008). In
contrast to other fluorescent proteins like YFP (a yellow fluorescent protein) GFP is insensitive

to changes in pH ranging from 5.5-8.5.

To overcome the problem of compartments lacking or showing less GRX activity, a fusion
construct of human GRX1 and roGFP2 was engineered (GRX1-roGFP2) which guarantees rapid
equilibration of roGFP2 with the respective Egsn independent of cellular GRX concentration
(Gutscher et al. 2008; Schwarzlander et al. 2016). Several roGFP variants exist displaying
differences in their midpoint potential for the optimal application in various compartments
(Meyer & Dick 2010). The fusion of other redox-sensitive enzymes to roGFP2 changes the
specificity of the sensor response. For example, the fusion of a yeast peroxidase oxidant
receptor peroxidase-1 (ORP1) to roGFP2 led to the development of a probe specific for
oxidation via H20; (roGFP2-ORP1), while the sensor is reduced via the glutathione redox

system (Nietzel et al. 2018).
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1.5. Arabidopsis thaliana, Physcomitrium patens, and Hordeum vulgare as

model species and their advantages

Arabidopsis thaliana belongs to the family of Brassicaceae with a short reproductive cycle of
6 - 8 weeks. Since 2000, the Arabidopsis genome is fully sequenced (The Arabidopsis Genome
Initiative 2000). Arabidopsis is genetically accessible e.g. via chemical mutagenesis or A.
tumefaciens mediated transformation and multiple knock-out lines are commercially
available. Up until today, Arabidopsis is one of the major model organisms in plant biology

(Koornneef & Meinke 2010).

Physcomitrium patens is a moss and belongs to the bryophytes and gained momentum in
evolutionary research based on its basal position between algae and higher land plants
(Rensing et al. 2008). The haploid gametophore is the dominant generation of P. patens. The
moss shows a high rate of homologous recombination, which is a DNA repair mechanism and
used in reverse genetic approaches to specifically target genes (Falz & Miller-Schissele 2019).

The genome of P. patens was fully sequenced in 2008 (Rensing et al. 2008).

Hordeum vulgare is a model crop plant belonging to the family of Poaceae. It is a self-
pollinating wheat with a fully sequenced genome (Mascher et al. 2017). Barley is genetically
accessible via embryo transformation (Amanda et al. 2022). It is often used as model organism

to study the effects of drought and climate change on yield of crops (Dawson et al. 2015).
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1.6. Objectives of this study

To analyze available data on S-glutathionylation targets and evolutionary conservation of

the plastidial GSH-dependent redox network

Many enzymes can be redox-regulated by post-translational modifications of cysteines via
thiol switching systems like the GSH-GRX or TRX system. This allows for a more rapid
adaptation of metabolism to environmental conditions through the regulation of enzyme
activity (Zaffagnini, Bedhomme, Marchand, Morisse, et al. 2012). However, the evolution of
the glutathione-dependent network in plastids of land plants as well as the conservation of
S-glutathionylated cysteines on the other hand, has not been studied, yet.

The publicly accessible genomes of Chara braunii , Anthoceros agrestis, Salvinia cucullata,
Azolla filiculoides, Physcomitrium patens, Marchantia polymorpha , Selaginella moellendorfii,
Brachypodium distachyon and Arabidopsis thaliana allow to study the evolutionary context of
enzymes belonging to the GSH-dependent plastidial redox network via phylogenetic analysis.
To gain information on the evolutionary conservation of S-glutathionylation sites, known
positions of S-glutathionylation in the different plant species will be identified and

summarized via literature screening and compared within the 9 plant species.
To elucidate the influence of Egsh and GSH:GSSG on protein S-glutathionylation

Protein S-glutathionylation has been shown to occur increasingly under oxidative stress
conditions (Michelet et al. 2005; Zaffagnini, Bedhomme, Marchand, Morisse, et al. 2012).
However, if S-glutathionylation was induced through a change in Ecsu or by the increase of

GSSG resulting in GSH:GSSG ratio changes remains unknown so far.
e To investigate the influence of changes in EgsH on target proteins of S-glutathionylation
Crossing GAPC-YFP into the gr1-1 background

To further investigate the influence of a less reducing Egsn on protein S-glutathionylation, the
cytosolic S-glutathionylation target GAPDH (Bedhomme et al. 2012; Zaffagnini, Marchand, et
al. 2019) fused to a YFP tag (Vescovi et al. 2013) is crossed into the cytosolic and peroxisomal
glutathione reductase mutant of Arabidopsis (gr1-1, (Marty et al. 2009)) which showed a less
reducing Egsy under control conditions. GAPDH was shown to accumulate upon

S-glutathionylation forming insoluble, inactive aggregates (Zaffagnini, Marchand, et al.
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2019).The GAPDH-YFP x gr1-1 lines will be analyzed regarding its GAPDH-YFP expression level

and localization under less reducing Egsh.
Tracking Egsx in the crop plant H. vulgare

With the goal of providing a first tool to assess the in vivo glutathione redox dynamics in crop
plants the genetically encoded biosensor roGFP2 is introduced in H. vulgare. First
measurements will be done providing information of the suitability of the redox sensor

GRX1-roGFP2 in barley.

e To investigate in vitro the influence of GSH:GSSG ratio on protein glutathionylation

under constant Egsh

The Egsn is determined by the Nernst equation and is dependent on the exact concentrations
of [GSH]? and [GSSG]. Different GSH:GSSG ratios can result in the same redox potential
depending on the assumed total glutathione concentration, and vice versa. In the oxidation
mechanism of roGFP2 with GSSG in the presence of GRX one molecule of GSH is bound to one
of the active site cysteines of roGFP2 (glutathionylation intermediate state). The second active
site cysteine resolves the glutathionylation leading to the formation of an intramolecular
disulfide bridge and the release of the other GSH molecule. Thus, roGFP2 equilibrates rapidly

with the Egsn in the presence of GRX.
Kinetic differences in roGFP2 oxidation with varying GSH:GSSG ratio

In cooperation with Paolo Trost, Mirko Zaffagnini and Jacopo Rossi (University of Bologna,
Italy) the hypothesis was formed that the glutathionylation of GRXC1 and roGFP2 is dependent
on the ratio of GSH:GSSG (1 molecule of GSSG consumed, 1 molecule GSH released), whereas
the endpoint of roGFP2 oxidation is dependent on the Egsn (1 molecule GSSG consumed, 2
molecules GSH released). Here | investigate the roGFP2 oxidation kinetics in buffer solutions

with a constant Egsy and varying GSH:GSSG ratios.
S-glutathionylation of monothiol vs. dithiol proteins upon GSH:GSSG ratio changes

Based on the assumption of roGFP2 oxidation levels rather depending on the Egsu than the
GSH:GSSG ratio, different S-glutathionylation states are expected for a monothiol protein,
without the ability to release the S-glutathionylation by disulfide formation. A cysteine mutant

of roGFP2 (roGFP2-C204S) will be used in oxidation assays with varying GSH:GSSG ratios and
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constant Egst. An SDS-PAGE-based size-shift assay will be established as read-out method to

analyze for differences in levels of S-glutathionylation in different GSH:GSSG ratios.
To explore in planta functions of plastidial class | GRX

Class | GRX catalyze the (de)glutathionylation of proteins (Couturier, Jacquot, et al. 2013). Two
plastidial class | GRX isoforms are known (GRXC5 and GRXS12) and have been studied in
A. thaliana (Couturier, Koh, et al. 2009; Couturier et al. 2011). However, in vivo knock-out
studies of class | GRX remain scarce, with only a few studies showing redundant functions of
other GRX within one compartment (Draculic et al. 2000; Riondet et al. 2012; Dard et al. 2022).
The precise function and impact of class | GRXs on plastid redox processes in vivo, remains

largely unknown.

To unravel the in vivo function of class | GRX and its active role in S-glutathionylation, a
P. patens knock-out of the single class | GRX in plastids (Agrxc5) will be generated and analyzed
regarding its phenotype and biochemical features. Within Agrxc5 we generate a mutant

completely lacking class | GRX activity in one compartment.
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2. Material & Methods

2.1. Consumables and laboratory equipment

2.1.1 Laboratory equipment

AKTA Prime Plus chromatography (GE Healthcare, Germany, Solingen)
Airstream LHG-F8 horizontal, 1,8 m Faust Lab Science GmbH
Airstream® Class Il Biological Safety (ESCO, Singapore)

Beckman Centrifuge Avanti® J-26-XP (Beckman Coulter GmbH, Germany, Krefeld)
Rotor JA-10 and JA-25.50 (Beckman Coulter GmbH, Germany, Krefeld)
Eppendorf BioPhotometer Plus (Eppendorf, Germany, Hamburg)
Eppendorf Centrifuge 5424 R (Eppendorf, Germany, Hamburg)
Eppendorf Centrifuge 5430 (Eppendorf, Germany, Hamburg)
Eppendorf Thermomixer™ Comfort (Eppendorf, Germany, Hamburg)
Incubators Ecotron Typ ET25-TA-RC (INFORS, Swiss, Bottmingen)
Incubators C Ecotron Typ ET25-TA-00 (INFORS, Swiss, Bottmingen)
ECL ChemoStar imaging system (INTAS, Germany, Gottingen)
Labculture® Vertical laminar flow cabinet (ESCO, Singapore)

M165FC stereomicroscope and DCF245C Camera (Leica, Germany, Wetzlar)
M205 FCA stereomicroscope (Leica, Germany, Wetzlar)

Mini Trans-Blot® cell (Bio-Rad, Germany, Feldkirchen)
Mini-PROTEAN® Tetra cell (Bio-Rad, Germany, Feldkirchen)

Nanodrop 2000 c (Thermo Scientific™, USA, Waltham)

Platereader CLARIOstar® (BMG Labtech, Germany, Ortenberg)
Tissuelyser Il (Qiagen, Germany, Hilden)

LSM 780 (Zeiss, Germany, Jena)

LSM 880 (Zeiss, Germany, Jena)
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2.1.2 Antibiotics

Table 2: Antibiotic working concentrations

Antibiotic concentration [ug/mL]
Ampicillin 100

Kanamycin 50

Hygromycin 12.5-25

Rifampicin 100

Spectinomycin 100

G418 (Neomycin) 12.5

2.1.3 Frequently used enzymes, kits and chemicals
Kits:

NucleoSpin® Plasmid (Macherey-Nagel, Germany, Diiren)

NucleoSpin® RNA (Macherey-Nagel, Germany, Diiren)

NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel, Germany, Diren)
RevertAid First Strand cDNA Synthesis (Thermo Scientific™, USA, Waltham)

Zeba™ Spin Desalting Columns (Thermo Scientific™, USA, Waltham)

Enzymes:
BspQ1 (New England Biolabs, USA, Ipswich)

BP clonase Il enzyme mix (Invitrogen™, USA, Waltham)

EcoRV (New England Biolabs, USA, Ipswich)

LR clonase Il enzyme mix (Invitrogen™, USA, Waltham)

Proteinase K Invitrogen™ (Invitrogen™, USA, Waltham)

Phusion® High-Fidelity DNA Polymerase (Thermo Scientific™, USA, Waltham)
T4 DNA Ligase (Thermo Scientific™, USA, Waltham)

Tag™ DNA Polymerase (New England Biolabs, USA, Ipswich)

Chemicals:

Dithiothreitol, DTT (Carl Roth GmbH, Deutschland, Karlsruhe)
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2,2-dithiopyridylsulfide, DPS (Sigma, Japan, Kawasaki)

Hydrogen peroxide 30%, H,0> (Carl Roth GmbH, Deutschland, Karlsruhe)
Glutathione, reduced, GSH (Carl Roth GmbH, Deutschland, Karlsruhe)
Glutathione disulfide, GSSG (Carl Roth GmbH, Deutschland, Karlsruhe)
N-etyhlmaleimide, NEM (Sigma, Japan, Kawasaki)

Methoxypolyethylene glycol maleimide, MPEG-Mal, (Sigma, Japan, Kawasaki)

2.2. Molecular Methods

2.2.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed to amplify specific DNA fragments. A
standard protocol using the Tag-Polymerase (NEB) is shown in Table 3 used for colony and
genotyping PCR. Annealing temperature was chosen depending on the oligonucleotide
combination. Elongation time was adjusted to the fragment length and dependent on the type
of polymerase. For cloning the high fidelity Phusion® polymerase was used (NEB). For colony
PCR, a bacteria colony was picked with a pipette tip and mixed into the PCR mix. Transgenic
lines of Arabidopsis and Physcomitrium were identified with genotyping PCR. Primers either
bound to the wild type allele or within the transformed construct. For genotyping 1 uL of
resuspended DNA was used as template. A standard PCR program and primers used in

standard PCR reactions are shown in Table 3 and Table 4.

Table 3: Polymerase chain reaction standard protocol.

[c] [u]
Primer f/r 10 uM 0.5 Initial denaturation 95°C 1 min
H20 19.875 Denaturation 95°C 30s
dNTPs 10 mM 0.5 Annealing XC 30s
Polymerase [NEB Taq] 05U 0.125 Elongation 68°C Xs
10x NEB reaction buffer 1x 2.5 Final elongation 68°C ~ 6 min

DNA template ~1ng ~1 Repetition of step 2 to 4 for 30 cycles
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Table 4: Primer sequences

Name Sequence Construct
PTA1_NosT_Seq_ R CGGCAACAGGATTCAATCTTAAG Screening PTA1/2 vector
Act5_seq_F TCCACATGGCTACAGCTG Screening Act5 promotor
pETG10-A_F GTGAGCGGATAACAATTCCCC Screening T7 promotor
M13_R CCAACGTCAAAGGGCGAAAA Screening M13 terminator
LBb1 GACCGCTTGCTGCAACTCTCTCAGG Left boarder T-DNA
GR1_F TCGTCTATGGAGCTACTTACGGTGG GR1 locus

GR1_R CGCAAAAATATCCAATCTACTGAGCAC  GR1 locus

EFla F CGACGCCCCTGGACATC Amplify EFla transcript
EF1aR CATGTTGTCACCCTCGAACC Amplify EF1la transcript
CROST2 R CCGAGGCTGTAGCCGAC CROST2 screening

355=F GCAAGTGGATTGATGTGATATC Screening 35 S promotor

2.2.2 cDNA synthesis and semiquantitative RT-PCR

For transcription of single stranded RNA to cDNA the reverse transcriptase kit of ThermoFisher
was used as described in the manufacturer’s protocol. For this, 1 ug previously extracted RNA
(see 2.2.6) was mixed with 1 uL of 100 uM oligo dT1g primer in a total volume of 12 pL. Samples
were handled on ice and buffer, RNAse inhibitor, dNTPs and RevertAid M-MulV reverse
transcriptase were added according to the manual. Negative controls were done by adding
water instead of MulV reverse transcriptase. After incubation for 1 h at 42°C the enzyme was
deactivated at 70°C for 5 min. cDNA was used for semiquantitative PCR analysing the gene
expression level of GRXC5 using gene specific primers. The Efla transcript was amplified as

RNA/cDNA control.

2.2.3 Agarose gel electrophoresis

Agarose gel electrophoresis was performed on PCR products and plasmid purifications to
analyze and separate DNA fragments. Loading buffer (0.05% (w/v) bromophenol blue, 0.05%
(w/v) xylene cyanole and 8% (v/v) glycerol) was added to the samples prior to gel loading. For
the agarose gel, 0.8-2% of agarose was dissolved in 1x TAE buffer (40 mM TRIS-HCL pH 7.6, 20
mM acetic acid, 1 mM Ethylenediaminetetraacetic acid (EDTA). The gel was supplemented
with 4 uL/100 mL of HDGreen Plus (Intas). The gene ruler mix (ThermoFisher) was used as size
standard. The gel was run at 80-120 V for 30 - 60 min depending on the size of the gel and
DNA fragment, respectively. Images were taken with the INTAS ECL ChemoStar imaging

system (Intas).
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2.2.4 Gateway® cloning

For Gateway® cloning, cloning DNA sequences (CDS) were amplified including the flanking
sites (attB1/attB2) via PCR. The ‘attB1_sequence of interest_attB2’ construct was cloned into
an entry vector via BP-reaction using the Gateway® BP clonase Il enzyme mix, following the
manufacturer’s instructions. E. coli DH5a were transformed with the reaction mix and positive
colonies were selected on LB plates (Lysogeny Broth: 1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl, pH 7 with NaOH, 2% (w/v) agar; Bertani 1951) supplemented with the
respective antibiotics. Colonies were verified via PCR and plasmids of positive colonies were
sent for sequencing. LR reaction was performed using the Gateway® LR clonase Il enzyme mix
to clone the gene of interest into the destination vector. The LR reaction was used for
transformation of E. coli DH5a. Plasmids of positive colonies were purified for transformation

of the destination organism (plant/bacteria).

Table 5: Gateway vectors

Plasmid Selection marker Target organism Usage
(on plasmid)

pDONR207 Kan E. coli entry vector
pETG-10A Amp E. coli protein expression
pSS02 Kan A. thaliana plant expression
PTA2_Act5 NosT GW Amp P. patens plant expression

Table 6: Gateway constructs generated or analyzed in this study

Construct Destination vector Target Usage
organism
TKTP-roGFP2 PTA2_Act5 NosT_GW P. patens roGFP2 in plastids of
Agrxc5 + WT
AA120-GRXC5 PETG10-A E. coli protein
characterization
CROST2 PTA2_Act5 NosT _GW P. patens thioredoxin sensor in

plastids
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Table 7: Gateway primer sequences

Name Sequence Construct

attB1-TKTP f GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCGTCTTCTTCTTCTCT  TKTP-roGFP2

TKTP-roGFP2 r CCTCGCCCTTGCTCACCAGCGCAGTCTCAGTT TKTP-roGFP2

TKTP-roGFP2 f ACTGAGACTGCGCTGGTGAGCAAGGGCGAGGAG TKTP-roGFP2

roGFP2-attB2 r GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTTGTACAGCTCGTCC  TKTP-roGFP2
ATG

F N_CROST attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGATTCACAGCTAGTC  CROST?2

TTGT

R_N_CROST_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTTCATTCGATATTATGACGA CROST2
_stop ATCTTA

PPGRXC5_A120F GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGCAGCAGGTTCGGGG AA120-Grxc5

GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAACTCCTGTTTGCACCA  AA120-Grxc5
G

PPGRXC5_r

2241 A120A_GRXC5

P. patens WT cDNA was used as PCR template to amplify GRXC5 lacking the first 120 amino
acids (cDNA synthesis see 2.2.2). 5 and 3’ primer sequences (PpGRXC5_A120 F and
PpGRXC5 _r, Table 7) contained Gateway recombination sites B (attB). The PCR product was
verified via its size of 361 bp on an agarose gel and cut out for gel elution. The gel eluted
product was further used for cloning into the pDNOR207 entry vector via BP reaction and
further recombined into the pETG-10A expression vector via LR reaction (see Table 5). The
final A120_GRXC5_pETG-10A construct was sequenced and used for transformation of the
E. coli expression strain Rosetta2 and its correct transformation verified by colony PCR. This

construct was generated in a cooperation with Jacopo Rossi (University of Bologna, Italy).

2242 TKTP-roGFP2

The construct of plastidial targeted roGFP2 was generated by overlap PCR. For this, two DNA
templates were generated in separate PCR reactions. First, the plastidial target sequence of
N. tabacum was amplified using TKTP forward (attB1-TKTP f) and TKTP-roGFP2 reverse (TKTP-
roGFP2 r) primers using the plasmid of TKTP-cpcpYFP as template (Stefanie Miller-Schiissele,
University of Kaiserslautern, Germany). The forward primer contained the Gateway
recombination site B in its 5’ end, while the reverse primer created an overlap to the 5’ roGFP2
sequence. Similarly, roGFP2 was amplified with TKTP-roGFP2 f and roGFP2-attB2 r to create a

5’ TKTP sequence overlap and an attached gateway recombination site at the 3’ end (primers
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see Table 7). The construct was cloned via the Gateway system into the pDONR207 entry
vector and verified via colony PCR and send for sequencing. The plasmid preparation of BP-
clone (#4) was used for LR reaction into the PTA2_Act5_GW destination vector. The construct
TKTP-roGFP2_PTA2_Act5_GW was transformed into DH5a and concomitant verified by
sequencing. For transformation into P. patens protoplasts, the construct of LR clone #1 was

digested with BspQ1l.

2243 CROST2

CROST2 was cloned into the PTA2_Act5_GW Gateway destination vector for further
transformation into P. patens protoplasts. The CROST2_pRI201_AN template was obtained
from Prof. Tori Hisabori (Sugiura et al. 2019). Primers adding 5’ and 3’ Gateway recombination
sites (F_N_CROST _attB1, R_N_CROST_attB2_stop, Table 7) were used. The PCR product was
analyzed over an agarose gel and used for BP cloning into pDONR207 and transformation into
DH5a. Clones were verified via sequencing and clone #1 further used for LR reaction into
PTA2-Act5_GW. After transformation of the LR-construct into DH5a, the product was

sequenced and used for further transformation of P. patens digested with BspQl1.

2.2.5 DNA extraction from plant material

Plant material (not frozen, 10-30 mg) was pulverized using the TissuelLyser Il (Qiagen) with two
metal beads or via plastic pestles. 400 pL of Edwards buffer (200 mM Tris-HCL pH 7.5, 250 mM
NaCl, 25 mM EDTA, 0.5% SDS (w/v)(Edwards et al. 1991) were added. Samples were vortexed
and centrifuged for 5 min at 20,000 g. 300 pL of the supernatant was transferred into a new
1.5 mL Eppendorf tube and 300 pL isopropanol was added. Tubes were inverted carefully and
centrifuged for 10 min at 20,000 g rpm. Resulting pellets were washed with 700 pL 70% (v/v)
EtOH and centrifuged again for 3 min at 20,000 g rom. EtOH was discarded and the pellet was
air dried for 30 min before resuspension in 50 uL H;0O. Concentrations were measured

photometrically with the Nanodrop 2000 c (Thermo Scientific™, see 2.2.7).

2.2.6 RNA extraction from plant material

Plant material was frozen in liquid nitrogen and pulverized using the Tissuelyser Il (Quiagen)

at 30 Hz for 1.5 min. This step was repeated until all samples were pulverized. RNA was
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extracted using the NucleoSpin RNA isolation kit (Macherey-Nagel) following the

manufacturer’s instructions. Resuspension was done in 20 uL RNAse free H0.

2.2.7 Quantification of nucleic acid concentrations

Concentrations of DNA and RNA samples were measured using the Nanodrop 2000c

spectrophotometer.

2.3. Protein methods

2.3.1 Recombinant protein extraction and affinity-based purification

Recombinant proteins containing an N-terminal Hise-tag were expressed in E. coli BL21 (DE3),
Rosetta2 or Origami. 2 x 500 mL LB media with the respective antibiotics were inoculated with
1 mL over-night culture of E. coli and grown at 37°C. At ODego = 0.6-0.8, isopropyl-D-1-
thiogalactopyranoside (IPTG) was added to a concentration of 0.5 -1 mM and the bacteria
were further grown for 24 h at 21°C. Cells were centrifuged at 8000 g for 10 min. The cell
pellet was resuspended in 50 mL buffer A (20 mM Tris, 150 mM NaCl, 20 mM Imidazole pH
7.4) containing protease inhibitors (100 pL Phenylmethylsulfonylfluoride (PMSF), cOmplete™
Protease Inhibitor Cocktail (Merck, Germany)). After complete resuspension, 100 uL 1 mg/mL
lysozyme was added. The solution was sonicated 5 x for 1 min at 50% power, while the falcon
was cooled in ice. Sonicated cells were centrifuged at 25.000 g for 20 min at 4 °C. The
supernatant was filtered (0.45 um) and loaded onto a HisTrap (Ni-NTA, GE Healthcare) column
using a peristaltic pump. The column was equilibrated with binding buffer A prior to column
loading. Protein purification was done using the Akta Prime. The protein was eluted by
increasing the concentration of imidazole by adding buffer B (20 mM Tris-HCL, 150 mM Nacl,
500 mM Imidazole, pH 7.4) while collection 1 mL samples. Fractions were collected and loaded
on an SDS-PAGE. Pure fractions were combined to one sample and re-buffered in 100 mM
Tris-HCL pH 7 using PD-10 desalting columns packed with Sephadex G25 resin (Cytiva, GE17-
0851-01). Protein concentrations were determined (see 2.2.7). Fractions were further

concentrated if needed using Vivaspin centrifugal concentrators (Sartorius ST-2717).
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2.3.2 Methanol-chloroform based extraction of plant protein for immunodetection of

protein bound glutathione

Frozen plant material was pulverized using the Tissuelyserll (Qiagen). Protein thiol groups
were blocked by addition of a final concentration of freshly balanced 20 mM N-ethylmaleimide
(NEM, Sigma 128-53-0) directly added to the lysis buffer. 100 uL lysis buffer (7.5 M urea, 2.5
M thiourea, 12.5% (v/v) glycerol, 62.5 mM Tris-HCL pH 8, 0.1% (v/v) Sigma plant protease
inhibitor cocktail (P9599)) was added per 10 mg plant material. Samples were vortexed and
incubated for 10 min at room temperature (RT, 22°-25°C). Subsequently, samples were
centrifuged at 20000 g for 1 h. Supernatant was transferred into a new tube and three
volumes methanol (RT) and one volume chloroform was added. Samples were vortexed
before and after addition of four volumes H,0 and centrifuged again for 15 min at 20000 g at
0°C. The upper phase of the sample was discarded. The proteins accumulated at the interface.
Four volumes of cold methanol were added to the remaining sample (interface and lower
phase) and mixed gently. Samples were incubated for >1 h at -20 °C. For pelleting the protein,
the samples were centrifuged for 15 min at 20000 g at 0°C. The supernatant was discarded
and the protein pellet left to airdry for around 15 min. Protein pellets were dissolved in 50-
100 pL protein resuspension buffer (50 mM Tris-HCL, 8 M urea, pH 7.5-8) unless stated

otherwise. Protein concentration was determined using Bradford solution (see 2.3.2).

2.3.3 Determination of protein concentration

For measuring protein concentration, bovine serum albumin (BSA) was set as standard (0.1-
0.7 mg/mL or 10-100 pg/mL). Protein samples were diluted to fit in the range of the standard
curve. 10 pL of diluted sample was added to 1:5 diluted Roti®Quant (Carl Roth GmbH, K015.1)
solution in a total volume of 220 pL in a 96-well plate and incubated for 5 min before
monitoring the absorbance at 595 nm in 96 well plate using a plate reader (CLARIOstar, BMG
Labtech). For proteins used in immunoblot analysis in section 4.1.5.4 quantification was done

following Roti®Quant (Roth, K015.1) instructions.

2.3.4 SDS-PAGE and staining

For a reducing, denaturing SDS-PAGE samples were prepared by mixing the sample with 1x
Laemmli buffer (2% (w/v) SDS, 50 mM Tris-HCl pH 6.8, 0.002% (w/v) bromophenol blue, 5%

(v/v) R-mercaptoethanol, 10% (v/v) glycerol) and heated for 15 min at 60°C. Samples for a
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non-reducing, non-denaturing SDS-PAGE were prepared without reductants in the Laemmli
buffer and not heated prior to loading (except when especially mentioned otherwise). Mini-
PROTEAN® precast gels (Bio-Rad) were purchased for gel electrophoresis in different gel
percentages (4-20%, 10%). Gel electrophoretic separation of proteins was performed in SDS-
running buffer (25 mM Tris-HCL pH 8.3, 192 mM glycine, 0.1% (w/v) SDS) at 80-200 V for 30 -
90 min until the running front reached the end of the gel. PageRuler™ Prestained Protein
Ladder (ThermoFisher, 26616, 5 uL) was loaded as molecular size standard. Gels were stained
for >1 h in PageBlue ™ protein staining solution (ThermoFisher). Protein gels were destained
in H20 for serval hours until the gel background appeared clear. Gels loaded with roGPF2 and
roGFP2-C204S were imaged under UV-light with the INTAS ECL ChemoStar imaging system

(Intas) without further staining unless stated otherwise.

2.3.5 Labelling of reduced thiol groups of roGFP2 and roGFP2-C204S

2.5 uM roGFP2 or roGFP2-C204S was treated with 1 mM DTT for 30 min to obtain a fully
reduced control. For a fully oxidized control, 1 mM H,O; was incubated with 2.5 uM of roGFP2
or roGFP2-C20S. GSH:GSSG ratios were calculated for a constant Ecsh (see 2.4.2.1, Table 16)
and GSH and GSSG concentrations were pipetted accordingly to the respective wells of a 96
well plate. 1 uM of GRXC1 was added to the wells of varying GSH:GSSG concentrations. As
additional control, 40 uM GSSG together with 1 uM GRXC1 was added into a well. roGFP2 or
roGFP2-C204S were added last to prevent oxidation of roGFP2 prior to plate reader
measurements. Fluorescence intensity of roGFP2 was followed until an oxidation plateau was
reached (see oxidation assay 2.4.2.1, GSH:GSSG ratios). Subsequently after assay stop, 2.5 uM
of roGFP2 or roGFP2-C204S (1.4 ug) were treated with either 50 mM N-ethylmaleimide
(Sigma, 128-53-0) or 5 mM of methoxy-polyethylene glycol M, 5000 (MPEG-Mal, Sigma:
63187; PEG average M, 5,000) dissolved in 0.1 M potassium phosphate buffer pH 7.4 and
1 mM EDTA and left shaking in the dark at 25°C for 2 h. Samples were mixed with 1x non-
reducing Laemmli buffer and run on an SDS-PAGE (see 2.3.4). A more detailed protocol can be

found in Bohle et al. 2023 (see Appendix).
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Figure 5: roGFP2 size shift assay

Example of roGFP2 gel- after oxidation assay. A Left: roGFP2 was pre-reduced with 10 mM DTT
before oxidation with 40 uM GSSG +1 uM GRXC1 (40 uM GSSG) or 6.6 mM GSH + 40 uM GSSG +
1 uM GRXC1 (glutathione buffer with Egsn ~ -280 mV at pH 7.4). Reduced cysteines were blocked
with 20 mM NEM before the gel run to avoid reoxidation. 2.1 ug roGFP2 (Mw =28 kDa) (5 uL of
3 UM roGFP2) were loaded on a 10% SDS-PAGE. Right panel: schematic overview of redox states
in A. B Left panel: Free cysteines were labelled with 5 mM MPEG-Mal (adding c. 5 kDa for each
reduced cysteine). 2.1 pug roGFP2 were loaded on a 10% SDS-PAGE. Right panel: schematic
overview of redox states in B (Figure and legend of Bohle et al. 2023).

2.3.6 Immunoblot analysis

Unstained SDS-PAGEs were transferred to a PVDF membrane (Immobilon-P, Millipore
Corporation, Billerica, MA, USA) via semi-dry Western blotting. The membrane containing the
proteins was blocked in 5% (w/v) milk powder (dissolved in TBS-T (20 mM Tris pH 7.6, 137 mM
NaCl, 0.1% (v/v) Tween20)) for 1 h at 25°C or overnight at 4°C before labelling with primary
antibodies in 2.5% (w/v) milk powder (dissolved in TBS-T). Membranes were washed with
TBS-T after the primary antibody but washed with TBS (20 mM Tris pH 7.6, 137 mM NaCl) after
the secondary antibody incubation. For immunodetection the Agrisera ECL kit (Super Bright,
AS16 ECL-SN) was used according to the recommendations of the supplier. Western blots

were imaged using the INTAS ECL ChemoStar imaging system (Intas).
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Table 8: Antibodies

Name Against Supplier

Glutathione Monoclonal Glutathione www.ThermoFisher.de
Antibody (D8) from MA1-7620

mouse

Goat anti-Mouse 1gG  Mouse www.Agrisera.com
(H&L) AS111772

2.3.7 Glutaredoxin activity assay (HED)

Prior to the HED assay, the concentration of the respective GRX was determined via a Bradford
assay. To ensure a correct concentration of NADPH, a 20 mM stock was prepared and
concentration was verified via absorption measurements using the NADPH extinction
coefficient of 6.23 L/mmol/cm. To test for the GRX concentration in which the GRX shows a
linear activity, HED assays were performed as described below using 1 mM GSH and 0.7 mM
HED (see Table 9), varying the concentration of the GRX from 10-50 nM. The HED assay, with
GSH as tested substrate, was performed by preparing a 1 mL cuvette containing 0.5-4 mM
GSH and 0.7 mM hydroxyethyl disulfide (HED). With HED as tested substrate, GSH
concentration was kept constant at 1 mM, while HED concentrations varied from 0.3 mM to
1.5 mM. To the HED and GSH mixture 200 uM NADPH and 100 mM Tris-HCL, 1 mM EDTA pH
7.9 were added (volumes are displayed in Table 9). After exactly 3 min of incubation, GR (final
concentration of 6 ug/mL) and GRXCS5 (final concentration 30 nM) were added to the cuvette
adding up to a final volume of 1 mL. For each concentration of varying GSH or HED, a
background activity was determined. A background activity measurement was performed by
adding the same volume of buffer instead of GRX. The absorbance decrease at 340 nm was
followed for 1 min using the Nanodrop 2000c spectrophotometer. For a detailed protocol

refer to appendix section 7.1)
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Table 9: Example of the HED-assay mix

Stock Final concentration Volume [pL]
10 mM NADPH 0.2 mM 20

100 mM Tris 1 mM EDTA pH 7.9 100 mM Tris 926

60 mM GSH 1mM 16.6

100 mM HED 0.7 mM 7

3 min incubation before adding

0.3 mg/mLGR 6 pug/mL 20

3 uM GRXC5 30 nM 10

2.4. Plate reader-based fluorimetry

Plate reader assays were done using the CLARIOstar® plate reader (BMG) plate reader. 96-

well plates (flat base, transparent) were purchased from Sarstedt.

2.4.1 Excitation scans

Excitation and emission scans were done on plants expressing biosensors and on recombinant

proteins using the CLARIOstar® plate reader. 96-well plates were filled up with 100 -200 uL

imaging buffer (10 mM MES, 5 mM KCL, 10 mM CaCl;, 10 mM MgCl, pH 5.8). Plant material

was transferred to the wells with soft tweezers. Control wells were supplemented with 10

mM H20,, 5 mM DPS or 10 mM DTT to obtain total reduction and oxidation of the sensors.

Recombinant proteins were imaged in potassium phosphate buffer and 1 mM EDTA pH 7.4.

Table 10: Excitation or emission scan settings

Fluorophore Excitation Emission

TKTP-roGFP2 386 to 495 nm 535+16 nm
hGrx1-roGFP2 386 to 495 nm 530-40 nm
CROST2 365 to 466 nm 494116 nm

430-10 nm

459 to 542 nm
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2.4.2 Fluorescence assays

Ratiometric time-course measurements for roGFP2 were done using a filter-based excitation
of 400-10 nm and 482-16 nm while emission was detected at 520-10 nm. Degree of oxidation
of roGFP2 was calculated as described in Aller et al. 2013. Excitation of the CP12-based
thioredoxin sensor CROST2 was kept at 430-10 nm, while emission was read out at 530-20 nm

and 480-10 nm.

24.2.1 Oxidation assay of roGFP2 and roGFP2-C204S

100 pL of 10-20 uM roGFP2 was initially reduced with 10 mM DTT for 30 min before removing
the DTT by spin-desalting columns (Zeba™Spin Desalting Columns, ThermoFisher) and
exchanging the solution to 100 uL 0.1 M phosphate buffer pH 7.4, 1 mM EDTA. The pre-
reduced roGFP2 was added to a well of a 96-well plate in concentrations ranging from 1-10
MM depending on the experiment. To determine the maximum and minimum fluorescence
intensity of roGFP2 1 mM H;0; or 1 mM DTT were added to the respective roGFP2 (1-10 uM)
in control wells. The assay was conducted in 0.1 M potassium phosphate buffer pH 7.4
containing 1 mM EDTA. A final concentration of 1 uM GRX was added manually from a stock
of 10 uM GRX (diluted in 0.1 M phosphate buffer pH 7.4). Fluorescence was followed in the
plate reader. Specifically for GRXC5 oxidation assay measurements, a final concentration of
40 uM GSSG, and for GRXC5 reduction 2 mM GSH, were added via the injection pump after 5

min of initial measurements.

When performing oxidation assays with a specific GSH:GSSG ratio, the mixed glutathione
solution was added first to the well and the assay was started after manual addition of 1-10
UM of roGFP2 and 1 uM GRXC1. Stock solutions of GSH and GSSG exceeding 0.1 M were
dissolved in 0.2 M potassium phosphate buffer pH 7.4. Examples of GSH:GSSG ratios at a
specific Egsy are shown in Table 16 section 4.1, To obtain a specific redox potential, the Nernst
equation was applied with R =8.315J K1 mol?, T=298.15K, z =2, F = 96.485 C mol* (= 96485
JVimol?!) and E¢’ =-251.8 mV at pH 7.4.

o' 2.303RT [GSH]?
Egsn = Egsy — Tlogw m

The Nernst equation is adapted to the wanted Egsn (e.g. -280.5 mV) and solved for the

concentration of GSH (unit: Molar)
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2.303RT [GSH]?

—280.5mV = =251 mV — F logqo [GSSG]

2805 ml = —251mY — 29.5 m¥ X logo, \oHL
SmV = m 5Sm OgIO[GSSG]
29.5 mV = —29.5 mV x log. - LobL
my-= My = 2091076556]
. LGSH]?
%910 765561 =
[GSH]?
10 =
[GSSG]

[GSH] = /10 * [GSSG]
(see Bohle et al. 2023)

Limiting factors in feasible GSH:GSSG ratios were stock concentrations of GSH: 100 g/L (= 320

mM) (Roth) and GSSG: ~100 mM (Abcam), as well as volumes (error prone below 1 pL).

2.4.2.2 Reduction assay of roGFP2

For roGFP2-based reduction assays, roGFP2 was used without prior treatment. Exceptions are
made for oxidized and reduced controls where 10 uM roGFP2 was treated with 10 mM DTT
and 10 mM H;02 30 min before the assay start. The reduced and oxidized controls were
diluted 1:10 (in 100 mM potassium phosphate buffer pH 7.4) to obtain a final concentration
of 1 uM in the wells. 1 uM of untreated roGFP2 was mixed with 1 uM of AtGRXC1 or PpGRXC5,
100 uM of NADPH and 1 U glutathione reductase (GR, Saccharomyces cerevisiae, Sigma) in
100 pL assay mix to keep the glutathione redox potential of the assay reduced. After
measuring for 10 cycles, a final concentration of 2 mM GSH was added automatically by the
injection needles of the plate reader into the respective wells. Fluorescence was followed until

roGFP2 ratio stabilized.

24.2.3 Recovery of roGFP2 in P. patens protonema culture after peroxide

treatment

The protonema culture of P. patens expressing TKTP-roGFP2 was mixed and transferred to
fresh KNOP-ME pH 5.8 media one week prior to measurements. 200 plL of protonema culture
was pipetted with a wide cut pipette tip into wells of a 96-well plate. Cultivation media was

taken up after the moss settled to the bottom of the plate and substituted by 200 pL of
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imaging buffer (10 mM MES, 5 mM KCL, 10 mM CaCl, 10 mM MgCl, pH 5.8). First roGFP2
measurements were done in the plate reader (CLARIOstar®; Ex. 400-10 nm, 482-16 nm; Em.
530-40 nm, LP504) to detect initial fluorescence values. After 10-15 min the 200 pL imaging
buffer was removed with a 100 pL tip and substituted with the same volume of imaging buffer
containing either 10 mM H;0; or 10 mM DTT as respective controls. For H,O; recovery
experiments, H.O; in concentrations ranging from 1-10 mM were added to the wells.
Measurements were continued until a plateau of roGFP2 oxidation was detected. This was the
case around 30 min after peroxide addition. Then, H,O; containing wells, except the oxidation
and reduction control wells, were buffer exchanged to imaging buffer without peroxide (by
taking up the liquid with a 1000 pL pipette) to follow roGFP2 reduction after H,0, treatment.
The plate was transferred back to the plate reader as fast as possible and measurements were

continued.

2.5. Bacteria methods

2.5.1 Bacteria strains

Table 11: Bacterial strains used in this study

Bacterial Strain genotype information

E. coliDB3.1
galK2 lacY1 proA2 rpsL20(SmR) xyl-5 A— leu mt/1 (Invitrogen)

F— gyrA462 endAl A(srl-recA) mcrB mrr hsdS20(rB—, mB-) supE44 ara-14

E. coli DH5a
supEd4 A—thi-1 gyrA96 relAl (Stratagene)

F— ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (rK—, mK+) phoA

F— mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recAl araD139

E. coli Top10 i
A(ara-leu)7697 galU galK rpsL (StrR) endA1l nupG (Invitrogen)

E. coli Rosetta2 DE3 F— ompT hsdSB(rB— mB-) gal dcm (DE3) pRARE2 (CamR) (Novagen)

E. coli BL21 DE3
con nin5]) [malB+]K-12(AS) (Invitrogen)

F—ompT gal decm lon hsdSB(rB—mB—) A(DE3 [lacl lacUV5 T7p07 ind1 sam7

A. tumefaciens AGL-1 AGL-0 (C58 pTiBo542) recA::bla, T-region deleted Mop(+) Cb(R) (Lazo et al.

1991)

2.5.2 Bacterial growth conditions

Bacteria were cultivated at 28°C (A. tumefaciens) or 37°C (E. coli) in liquid LB media (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl, pH 7) or on agar plates (LB media
supplemented with 2% (w/v) agar). The cultivation media was supplemented with the

respective antibiotics in the specific working concentrations.
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2.5.3 Plasmid isolation

For plasmid isolation, 5 mL E. coli culture was grown overnight at 120 rpm at 37°C. The cells
were harvested and plasmids isolated according to the manual of the NucleoSpin Plasmid kit

(Macherey-Nagel).

2.5.4 Bacteria transformation

2541 Agrobacterium tumefaciens transformation

Electro-competent A. tumefaciens were transformed applying electroporation. Aliquots of 40
pL of competent cells were thawed on ice and mixed with 1 uL of plasmid DNA. The mixture
was transferred into the electroporation cuvette and shocked with a pulse of 2500 V for 5 ms.
Immediately after electroporation 500 pL LB media was added to the cells and the suspension
further grown at 28°C 120 rpm for 1-2 h. Cells were spread onto agar plates containing the

respective antibiotics.

2.5.4.2 E. coli transformation

Chemically competent E. coli were transformed via heat-shock method. Hereby 100 uL of
competent cells were thawed on ice and 1 pL plasmid (~10 ng/ul) was added to the cells. After
further incubation on ice for 20 min, the cells were heat shocked at 42°C for 45 s and
subsequently put back on ice. 600 pL pre-heated LB was added after 2 min to the cells and
further grown at 37°C shaking at 120 rpm. After 1 h cells were pelleted at 2000 g for 1 min

and plated onto agar plates containing the selective antibiotic.
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2.6. Plant methods

2.6.1 Arabidopsis thaliana

Experiments were conducted using A. thaliana ecotype Columbia-0 (Col-0) referred to as wild-

type (WT). Other mutants and crosses used in this study are listed in Table 12 .

Table 12: A. thaliana lines used in this study

Name Function Reference
miao point mutation in At3g54660 (Yu et al. 2013)
gri-1 T-DNA insertion in At3g24170 SALK_ 105794 (Marty et al.
2009)
p35S-GAPDH-YFP overexpressing YFP tagged GAPDH Alex Costa
pgapC-GAPDH-YFP  YFP tagged GAPDH under endogenous | Alex Costa (Vescovi et al.
(gapC) promoter 2013)
p35S-GAPDH-YFP x overexpressing YFP tagged GAPDH in | Finja Bohle
gri-1 grl-1 background
pgapC-GAPDH-YFP  YFP  tagged GAPDH in grl-1 | Finja Bohle
xgri-1 background under endogenous (gapC)
promoter
CROST2 Plastid targeted thioredoxin sensor Construct of Toru Hisabori
(Sugiura et al. 2019), Finja
Bohle
CROST2 miao Plastid targeted thioredoxin sensor Construct of Toru Hisabori
(Sugiura et al. 2019), Finja
Bohle
2.6.1.1 Growth on agar plates

Prior to plating, seeds were surface-sterilized with incubation in 70% (v/v) ethanol for 3-5 min
and subsequently washed three times with sterile water. Seeds were plated onto half-strength
Murashige and Skoog medium (/2 MS basal salts including vitamins, 1 mM MES pH 5.8, 0.1%
(w/v) sucrose, 1% (w/v) agar) and sealed with parafilm. The sown seeds were stratificated for
2 days in the dark at 4°C before transferring to long-day growing conditions (8 h dark, 18°C,

16 h 100 pE, 22°C) placed vertically unless stated otherwise.
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2.6.1.2 Growth on soil

Plants were grown on a mixture of soil (Floradur B-seed, Oldenburg), quartz sand and perlite
peligran 0-6 in a ratio of 10:1:1. For fast growth and seed harvest plants were cultivated on
Jiffy-7°® pellets, grown for two weeks and replanted into the soil mixture. Young seedlings or
freshly sown seeds were covered with a plastic dome for one week to increase humidity.
Plants were grown under long day conditions for 16 h at 22°C at 100-120 umol photons m-2s?
and 8 h at 18°Cin darkness. The relative air humidity in the growth chamber was kept constant

at 50%.

2.6.1.3 Arabidopsis stable transformation by floral dip

Arabidopsis stable transformation via floral dip was based on the protocol of (Clough & Bent
1998).4—6-week-old plants with a high number of inflorescences were dipped upside down
for serval seconds in a solution of Agrobacterium tumefaciens AGL-1 containing the
designated construct. The Agrobacterium containing solution was prepared by inoculating a
400 mL bacteria culture and grown at 28°C for several hours until an ODego of 0.6-0.8 was
reached. Bacteria cells were harvested by centrifugation at 5000 g for 10 min and the pellet
was washed with water before it was resolved to an ODesoo of 1 in floral dip solution (5%
sucrose (w/v), 0.02% (v/v) Silwet L-77). After dipping, the plants were kept in the dark for 24 h
before placing them into standard growing conditions, using a plastic dorm to increase
humidity in the first days after transformation. Seeds were harvested and screened for
successful transformation by the selective marker (antibiotic, fluorescence) on % MS agarose

plates. Plants selected after screening were transferred to soil and grown until seed harvest.

26.14 Crossing of Arabidopsis lines

The mature but closed buds of flowering Arabidopsis plants were gently fixated under a
binocular. Using sharp forceps, the petals, sepals and anthers were removed carefully without
injuring the stigma. Taking an open flower of another genotype, the flower with the ripe
anthers is pressed upon the stigma of the first plant, covering the stigma with pollen. To
prevent Arabidopsis from self-pollinating, all other buts not pollinated in the crossings were
removed from the plant. When the siliques developed, they were harvested and stored at
room temperature for drying before selection on antibiotics, fluorescence or via genotyping

PCR.
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2.6.2 Physcomitrium patens

Physcomitrium patens cultures were grown axenically either in liquid media or on agar plates.
Experiments were conducted in the WT Xl background. Lines used in this study are listed in

Table 13.

Table 13: P. patens lines used in this study

name Function Source

Agrl knock-out of GR1 (Pp1s13_127) Stefanie Miller-Schiissele
(Miller-Schiissele et al. 2020)
Agrl #4

Agrxc5 knock-out of GRXC5 (Pp1s321_10) Stefanie Miiller-Schissele, Alexa

Brox, Finja Bohle

Agrxc5 #54 IMSC-Nr. 40954
Agrxc5 #64 IMSC-Nr. 40956
Agrxc5 #249 IMSC-Nr. 40955

TKTP-roGFP2 plastid targeted roGFP2 in WT Finja Bohle
WT #20, IMSC-Nr. 40959

TKTP-roGFP2 in plastid targeted roGFP2 in Agrxc5 Finja Bohle

Agrxc5 #54 Agrxc5 #17, IMSC-Nr. 40957
Agrxc5 #21, IMSC-Nr. 40958

CROST2 plastid targeted CROST2 in WT Stefanie Miiller-Schissele, Alexa
Brox, Finja Bohle

CROST2 in Agr1  plastid targeted CROST2 in Agrl Stefanie Miuller-Schissele, Alexa

Brox, Finja Bohle

Agrlin Agrxch double knock-out of plastidial GR Finja Bohle, Sadia S. Tamanna
(Pp1s13_127) and plastidial Stefanie Miller-Schiissele
glutaredoxin C5 (Pp1s321_10)

2.6.2.1 Growth on agar plates

Moss colonies were plated on KNOP-ME medium (250 mg/L KH2PO4, 250 mg/L KCl, 250 mg/L
MgS04 7 x H20, 1 g/ L1 Ca(NOs)2 x 4 H20, 12.5 mg/L FeSO4 x 7 H20, and microelements H3BOs,
MnSQas, ZnSO4, KI,NazMo0O4 x 2 H,0, CuSO4, Co(NOs3);) as described in (Reski & Abel 1985)

supplemented with 12 g/L purified agar (Oxoid™ agar, ThermoFisher). Moss plates were

sealed with /3 micropore 2/3 parafilm and grown horizontally under long day conditions for
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16 h at 22°Cin 100 uE/m?s and 8 h in the dark. For specific experimental set-ups like selection
after transformation, moss was cultivated on cellophane discs placed on KNOP-ME agar

plates.

2.6.2.2 Growth in liquid culture

Moss protonema cultures were grown in 250 mL Erlenmeyer flasks containing KNOP-ME
media. The moss was transferred to new medium at regular intervals (weekly) and
homogenised using a dispersion tool (Ultraturrax T25, IKA-Werke GmbH) to promote new
protonema growth. Sterile controls were taken regularly on TSAG plates (15 g/L casein
peptone, 5 g/L soya peptone, 5 g/L NaCl, 10 g/L glucose, 15 g/L agar, pH ~7.3). Liquid cultures
were grown on rotary shakers ~100 rpm under long day conditions (16 h, 22°C 100 pE/m?s /8

h dark) in growth cabinets.

2.6.2.3 Agrxc5 P. patens knock-out generation

Cloning steps and generation of the DNA construct were performed by Stefanie Miller-
Schissele (University of Kaiserslautern, Germany) and Alexa Brox (University of Bonn,
Germany). The construct for generating GRXC5 knock-outs in P. patens was generated by the
exchange of the complete GRXC5 coding sequence (Pp1s321_10V6.1, Pp3c3_7440_V1) with a
nptll resistance cassette under the Nos promotor and terminator. The resistance cassette was
amplified from the pBSNNN plasmid (Horstmann et al. 2004) with primers (GrxC5ko_npt_F
and R) creating a 5’ and 3’ overhang of homologous regions (HR) upstream and downstream
of the genomic GRXC5 sequence. Next, two PCRs were conducted on the P. patens genomic
DNA to amplify the 5 (PpGrxC5ko 5PHR P1+P2) or the 3’ (PpGrxC5ko 3PHR P3+P4)
homologous region 602 bp upstream or 621 bp downstream of GRXC5 with a respective
overhang of the npt/ sequence obtained from the pBSNNN plasmid. The flanking primers
(PPGRXC5ko_5PHR P1 and PpGrxC5ko_5PHR P4) contain an additional EcoRV restriction site.
For further information, primers used to design the DNA fragments are listed in Table 14. A
PCR was conducted with the three DNA templates obtained from the steps described above:
5" HR of GRXC5 (20 ng), 3’ HR of GRXC5 (20 ng) and the nptll cassette (50 ng) using the flanking
primers PpGrxC5ko_5PHR P1 and PpGrxC5ko_5PHR P4. The PCR was verified by an agarose
gel and the expected band was cut out and eluted in 30 pL H,O via the NucleoSpin® Gel and
PCR Clean-up kit (Macherey-Nagel). The obtained GRXC5 knock-out construct was further

cloned into the pJetl1.2 vector (Thermo Scientific) using a 1:1 ratio of insert and the with EcoRV
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linearized vector and the concomitant ligation with a T4 DNA ligase (Thermo Scientific). The

GRXC5ko_pjet was verified by sequencing and used for plasmid amplification via

transformation into E. coli. To proceed with the transformation of GRXC5ko into P. patens

protoplasts (see 2.6.2.4) the construct was digested with EcoRV and analyzed over an agarose

gel. Furthermore, the digest was precipitated by adding 0.1 volumes of 3 M sodium acetate

pH 5.2. After mixing, 2.5 volumes of 95% (v/v) EtOH were added and the mixture was

incubated for 2 h at -20°C. The sample was centrifuged at 20,000 g for 30 min and the

supernatant was discarded. The precipitated DNA was washed with 1 mL of 70% (v/v) EtOH

and centrifuged for 10 min at 20,000 g. To obtain a sterile DNA sample, the supernatant was

taken up under the sterile bench and the pellet was dried for 10 min before resuspension in

103 L of sterile H20.

Table 14: Primer sequences for generating P. patens knock-out

Primer

Sequence

construct

Triple template PCR

PpGrxC5ko_5PHR P1

ATCACAGGAAGCTATGGAAGGCA

Agrxc5, npt

PpGrxC5ko_5PHR P2

TTGACAGGATCCGATAATCCCCACTTAGCACCAGG

Agrxc5, npt

PpGrxC5ko_3PHR P3

ATCGGGCCTCCTGTCATGCCATCACATACGGAACT

Agrxc5, npt

PpGrxC5ko_3PHR P4

ATCTTCAGCTCCTCAGTTCCTCG

Agrxc5, npt

GrxC5ko_npt_F

TGCTAAGTGGGGATTATCGGATCCTGTCAAACACTG

Npt resistance

GrxC5ko_npt_R

CGTATGTGATGGCATGACAGGAGGCCCGATCTAGTA

Npt resistance

RT-PCR

PpGrxC5ko__ RT_F TTAATCGGCAGGTGTGTGGA cDNA Agrxc5
PpGrxC5ko__RT_R AAAAGCTTCTTCACGCGCAT cDNA Agrxc5
PpEFia_RT_F CGACGCCCCTGGACATC cDNA control
PpEF1a_RT_R CCTGCGAGGTTCCCGTAA cDNA control
PpGR1ko_scr_F GCCCGGGGATTTTGGTAGTA 5'HR GR1
PpGR1ko_scr R CAGTTGGGCCGCAATGAAAT 3'HR GR1

26.2.4 Physcomitrium patens transient and stable transformation

Physcomitrium patens

was transformed using homologous recombination. New

overexpression constructs like TKTP-roGFP2 were transformed into the PTA2 gene locus under
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the expression of the PpActin5 promoter (Miller et al. 2016). For generating knock-out

constructs see section 2.2.4.1.

Moss was transformed via PEG4000 mediated DNA transfer in protoplasts isolated from
protonema cultures. Protonema cultures were mixed and transferred 1 week before
protoplastation to KNOP-ME medium at pH 4.5 and freshly transferred to new media two days
before moss transformation. Moss protoplasts were isolated using driselase in a 1% (w/v)
concentration for 2 h in the dark. The solution of cell debris and protoplast was filtered
through a 100 um sieve using a wide pipette and washed with 3 mL of 0.5 M medium (102.02
g mannitol/L ~ 560 mOSmol pH 5.6-5.8). The solution was filtered through a 50 um sieve. After
centrifugation (10 min, 45 g) the pelleted protoplasts were resuspended to a concentration of
1.2*10° protoplasts/mL in 3 M medium (15 mM MgCl> x 6H,0, 5 mM MES, 96.07 g mannitol/L
pH 5.6 ~580 mOsmol). 300,000 protoplasts were transformed with 10-30 ug DNA in 0.1 M
Ca(NOs); by the addition of 40% (w/v) PEG4000 in 3 M medium. Knock-in constructs, not
containing a selective marker, were co-transformed with a second plasmid containing an
antibiotic resistance (pBsNNNev,pJEThpt). Samples were carefully diluted in 3 M medium by
step-by-step addition of 1, 2, 3 and 4 mL of 3 M medium until a volume of 10.7 mL was
reached. Diluted samples were centrifugated, the supernatant was carefully discarded and the
protoplasts were resuspended in 3 mL of regeneration medium (50 g glucose/L, 44.1 g
mannitol/L in KNOP-ME pH5.8 ~540 mOsmol). Transformed protoplasts were incubated in the
dark for 2 days, if transiently transformed or transferred to standard growing conditions after
1 day. Selection of successful stable transformants was done via screening on KNOP-ME plates

containing the respective antibiotic.

2.6.2.5 Hydrogen peroxide treatment of gametophore or protonema culture

3 days after subculturing of protonema culture of WT, Agrxc5 #54, Agrl #4, 30 mL of each
culture was transferred into a fresh 50 mL falcon. 10 mL of each culture were harvested
directly using a vacuum pump. The first samples were labeled as To and directly frozen in liquid
nitrogen and transferred to -80°C until further processing. The remaining 20 mL of each
protonema culture were treated by the addition of 1 mL of 200 mM H,0; resulting in a final
concentration of 10 mM H;0,. The cultures were incubated for 30 min, shaking, under normal
growth conditions. After that, 10 mL of the treated culture were harvested (labeled Ti) via the

vacuum pump, flash frozen and stored at -80°C. The supernatant of the remaining 10 mL of
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the cultures were taken up with a 1 mL pipette tip and discarded. The moss was resuspended
in fresh KNOP-ME pH 5.8 media and incubated for 30 min shaking in standard growth
conditions. Afterwards samples were harvested (T3o) and frozen in liquid nitrogen. From these

samples, proteins were extracted using the methanol-chloroform precipitation (see 2.3.2).

Three colonies of WT, Agrxc5 #54, Agrxc5 #249 and Agrl #4 were grown on one agar plate for
4-6 weeks until gametophores had a size of min. @ 1 cm. 1/3 of the gametophores of each
genotype were gently transferred into separate 15 mL falcon tubes containing KNOP-ME
medium and 2/3 of the gametophores were transferred into the respective falcons with KNOP-
ME medium supplemented with 10 mM H,0,. After 30 min of incubation in the light (growth
chambers), half of the gametophores submerged in the H,0; solution were dried on a paper
towel and flash frozen in liquid nitrogen, marked as samples T1. The other half of the H,0;
treated gametophores were transferred into a new 15 mL falcon tube filled with KNOP-ME
medium and incubated for 30 min in the growth chambers. After 30 min the remaining
gametophores of the previously H,O; treated samples were harvested and labeled as Tso.
Simultaneously, the control gametophores only treated with KNOP-ME solution were
harvested as well as described above and labeled as To. From theses samples, proteins were

extracted using the methanol-chloroform precipitation (see 2.3.2).

2.6.2.6 Pulse-amplitude modulation (PAM) and gas exchange fluorescence (GFS)

measurements on moss gametophores and protonema tissue

PAM and GFS measurements were performed in the lab of Ekkehard Neuhaus with the help
of Frank Reinhardt at the University of Kaiserslautern, Germany. For PAM measurements 6-
week-old gametophores of P. patens grown on agar plates were dark adapted for 15 min prior
to measurements. Optimal time points for measurements of P. patens were determined prior
to the experiments and revealed a 5 h window after turning on the light. A photosynthetically
active radiation (PAR) value of 205 was set for the light curve measurements. Additionally, for
oxidative challenge, moss gametophores were flooded with 10 mM H,0, for 15 min
afterwards the excess liquid was taken up. The moss was given 30 min (including 15 min dark
adaption) to recover before light curve measurements. GFS measurements were performed
with the GFS-300 (Walz). For each measurement, 3-4 mL of WT, Agrxc5 #54, Agrxc5 #249 and
Agrl #4 protonema culture with a similar density (optically determined) were dropped on top

of a Whatman filter paper in the size of a mini petri dish (@ 4 mm). Excess liquid was taken off
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by a 1000 pL pipette tip. CO, uptake was measured for 7.5 min in the dark and subsequently
7.5 min in the light (125 pE/m? s). As blank (zero point) with KNOP-ME medium wetted
Whatman paper was used before every fourth measurement. Humidity was set to 98% at
22°C. After measurement a photo of each plate was taken, to normalize the measurements
over the amount of green material per area. This was done in software Imagel (Schneider et
al. 2012), transforming the image into an 8 bit image and calculating the pixel percentage of

green moss covered area.

Additional PAM measurements were performed by Stephanie Bethmann in the laboratory of
Prof. Peter Jahns (University of Diisseldorf). For these measurements, moss colonies of WT,
Agrxc5 #54, Agrxc5 #249 and Agrl #4, were grown on one agar plate in 60 uE (16 h/ 8 h) for 4
weeks. Plates were either 45 min dark incubated and measured within an IMAGING-PAM
(Maxi, Heinz Walz GmbH, Germany) or treated for 1 h and 4 h with high light (450 UE) and

subsequently dark incubated for 45 min before measurement.

2.7. Confocal laser scanning microscopy

Leaf disks or seedlings were imaged using a Zeiss LSM 780 confocal laser scanning microscope
(CLSM) connected to an Axio Observer Z1 (Carl Zeiss Microscopy, Jena, Germany) with a 20x
and 40x lens (C-Apochromat 20x/ 40x/1.2 W Korr). The respective settings are shown in Table
15.
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Table 15: CLSM laser and filter settings

Organism  Construct Excitation Relative Emission info
(nm) Laser output (nm)
H. vulgare hGrx1-roGFP2 405 3% 508-535 roGFP2
488 1.5% 508-535 roGFP2
405 3% 430-470 autofluorescence
H. vulgare WT 405 1.5% 449-613 MCB
543 24 614-704 Pl
P. patens TKTP-roGFP2 405 4% 430-470 autofluorescence
508-535 roGFP2
488 2% 508-535 roGFP2
680-735 chlorophyll
P. patens CROST2 405 2% 464-490 CFP
A. thaliana 517-544 YFP
488 2% 517-544 YFP (control)
624-673 Chlorophyll
A. thaliana p35s-GAPDH- 488 2% 511-541 YFP fluorescence
YFP
A. thaliana pgapc- 488 2% 511-541 YFP fluorescence
GAPDH-YFP

2.7.1 Ratiometric image analysis

Microscopic images (.Ism format) were analyzed with the ratiometric analysis software (RRA).
roGFP2 405/488 nm ratios were determined with the MATLAB-based software (MathWorks,

Natick, MA, USA) including background subtraction and noise correction (Fricker 2016).

2.7.11 Stromal redox sensing time laps at dark light transitions

Liquid (gametophore and protonema mix) cultures of P. patens WT #20, Agrxc5 #17 and
Agrxc5 #21 were incubated for at least 45 min in the dark with the avoidance of light and laser-
scanning stress (no prescreening). Steady state of roGFP2 fluorescence was imaged for 1 min
in the dark. After that an external light source was illuminating the sample with ~ 100 pE/m? s
from a 90° angle for 5 min while imaging, as seen in Miller-Schiissele et al. 2020. roGFP2 was
excited at 405 and 488 nm and emission was collected at 508-535 nm. Images were taken

every 30 s for 20 min.
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3. Plasticity in plastid redox networks: Evolution of glutathione-

dependent redox cascades and glutathionylation sites
Chapter three of this thesis is published in BMC Plant Biology:

Miiller-Schiissele, S. J., Bohle, F., Rossi, J., Trost, P., Meyer, A. J., & Zaffagnini, M. (2021).
Plasticity in plastid redox networks: evolution of glutathione-dependent redox cascades and

glutathionylation sites. BMC Plant Biology, 21(1), 1-20.
https://doi.org/10.1186/s12870-021-03087-2

Supplementary material is available at the BMC website including alignment files and

phylogenetic tree analyses: https://doi.org/10.1186/s12870-021-03087-2#Sec26

3.1. Summary and personal contribution

The recent availability of full genome sequences for streptophyte algae such as Chara braunii
(Nishiyama et al. 2018), hornworts such as Anthoceros agrestis (Li et al. 2020) and also ferns
including Salvinia cucullata or Azolla filiculoides (Li et al. 2018) complement the repertoire of
genome data for existing model species such as Physcomitrium patens (Rensing et al. 2008),
Marchantia polymorpha (Bowman et al. 2017), Selaginella moellendorfii (Banks et al. 2011),
Brachypodium distachyon (The International Brachypodium Initiative 2010) and Arabidopsis
thaliana (The Arabidopsis Genome Initiative 2000). Together, this enabled molecular studies

investigating protein evolution spanning streptophyte algae to flowering plants.

In this study, we focused on the phylogenetic analysis of proteins belonging to the glutathione
redox network. We selected a set of protein candidates involved in ROS scavenging and
damage repair which draw electrons from GSH and release GSSG. Additionally, due to the
focus of the study on the plastid redox network, the selected candidates had to show a plastid
localization, which led us to choose proteins like dehydroascorbate reductase (DHAR),
glutathione S-transferases (GSTL, GSTI), atypical methionine sulfoxide reductase B1 (MSRB1),
peroxiredoxin 1IE (PRXIIE), glutaredoxins (GRXC5, GRXS12, GRXS14, GRXS16) and
plastidial/mitochondrial glutathione reductase (GR). While the enzymes involved in ROS

scavenging and damage repair were evolutionary less conserved, clades of plastidial isoforms
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of GR (dual targeted) and GRX were evolutionary conserved within the tested species,
underlining a potentially important function of these enzymes in early land plants, as well as
the algal sister clade. Phylogenetic analysis of GRX class | further supported the isoform GRXC5
as the more ancestral variant (Rouhier 2010; Couturier et al. 2011). Relevant for this thesis is
the identification of GRXCS in Physcomitrium patens as the only member of class | found within
the plastids, making it a highly interesting candidate to study the function of class | GRXs via

knock-out experiments.

Furthermore, the study focused on reversible post-translational thiol modification by
glutathione, termed S-glutathionylation. Class | GRX are oxidoreductases, able to
(de)glutathionylate proteins (Rouhier 2010; Couturier et al. 2011; Couturier, Jacquot, et al.
2013). S-glutathionylated proteins have been identified via proteomic studies for example in
cyanobacteria (Synechocystis spec.; Chardonnet et al. 2015) and green algae (such as
Chlamydomonas reinhardtii, Michelet et al. 2008; Zaffagnini, Bedhomme, Groni, et al. 2012).
This study provides an overview of 151 plastidial S-glutathionylation target sites which were
identified by literature screening, but only in 26 proteins exact cysteine positions have been
determined. We compared the proteins with the known glutathionylated cysteine position on
the basis of multiple sequence alighment in species from cyanobacteria to angiosperms and
found that 38% of those cysteine sites were completely conserved with 22% accounting for
non-catalytic cysteine sites. We further focused on non-catalytic, non-conserved cysteines of
e.g alpha-amylase (AMY3), thiamine thiazole synthase (THI1), apoferredoxin (FDX) and
3’phosphoadenosine 5’ phosphate phosphatase (SAL1). Here, we observed evolutionary gains
and losses of putative protein S-glutathionylation sites e.g in phosphoribulokinase (PRK), FDX
and SAL1. This study provides a first insight into the conservation and occurrence of
glutathionylation sites in an evolutionary context and underlines the important role of protein
S-glutathionylation in redox regulation and oxidative stress responses. In this work, one or two
representatives of lineages covering streptophyte algae, bryophytes, lycophytes,
monilophytes and angiosperms were analyzed to provide a first overview of the evolution of

plastidial redox networks for the selected model species.

| generated Maximume-Likelihood based trees using iQtree web (Trifinopoulos et al. 2016) as
additional method to the Bayesian inference via MrBayes (Ronquist & Huelsenbeck 2003)
generated by Stefanie Midller-Schiissele. For the proteins dehydroascorbate reductase

(DHAR), glutathione-S-transferases lota and lambda (GST-I/L), methionine sulfoxide reductase
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B1 (MSRB1), peroxiredoxin Il E (PRXIIE), glutaredoxin (GRX) class I, GRXS14/16 and glutathione
reductase (GR) (Additional File 13). | also visualized the data of S-glutathionylation sites based
on table S2 (Fig.3), by creating pie chart diagrams displaying the percentages of plastidial
glutathionylation targets depicting known and unknown glutathionylation site and
conservation status of the cysteine. | additionally contributed to the collection of data for table
1 to generate the overview of the 26 known glutathionylated plastidial proteins. Moreover, |
collected protein sequence data for our selected model species using Phytozome v12.1
(Goodstein et al. 2012), Fernbase (http://www.fernbase.org), TAIR10 (www.arabidopsis.org)
and Uniprot (https://www.uniprot.org) to align sequences according to the known
glutathionylated cysteine manually (Additional File 10, 11) with the Jalview alignment
software (www.jalview.org). Based on these data | created the graphical display of five
example proteins and their non-catalytic, non-conserved cysteines (Fig 4). Finally, |

contributed in writing of the first manuscript draft and was involved in the revision process.

3.2. Manuscript
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Abstract

Background: Flexibility of plant metabolism is supported by redox regulation of enzymes via posttranslational
modification of cysteine residues, especially in plastids. Here, the redox states of cysteine residues are partly coupled
to the thioredoxin system and partly to the glutathione pool for reduction. Moreover, several plastid enzymes
involved in reactive oxygen species (ROS) scavenging and damage repair draw electrons from glutathione. In
addition, cysteine residues can be post-translationally modified by forming a mixed disulfide with glutathione (S-
glutathionylation), which protects thiol groups from further oxidation and can influence protein activity. However,
the evolution of the plastid glutathione-dependent redox network in land plants and the conservation of cysteine
residues undergoing S-glutathionylation is largely unclear.

Results: We analysed the genomes of nine representative model species from streptophyte algae to angiosperms
and found that the antioxidant enzymes and redox proteins belonging to the plastid glutathione-dependent redox
network are largely conserved, except for lambda- and the closely related iota-glutathione S-transferases. Focussing
on glutathione-dependent redox modifications, we screened the literature for target thiols of S-glutathionylation,
and found that 157 plastid proteins have been identified as glutathionylation targets, while the exact cysteine
residue is only known for 17% (26 proteins), with one or multiple sites per protein, resulting in 37 known S-
glutathionylation sites for plastids. However, 38% (14) of the known sites were completely conserved in model
species from green algae to flowering plants, with 22% (8) on non-catalytic cysteines. Variable conservation of the
remaining sites indicates independent gains and losses of cysteines at the same position during land plant
evolution.

Conclusions: We conclude that the glutathione-dependent redox network in plastids is highly conserved in
streptophytes with some variability in scavenging and damage repair enzymes. Our analysis of cysteine
conservation suggests that S-glutathionylation in plastids plays an important and yet under-investigated role in
redox regulation and stress response.

Keywords: Protein S-glutathionylation, Redox regulation, Land plant evolution, Plastid, Cysteine, Glutathione,
Glutaredoxin

* Correspondence: stefanie.mueller@uni-bonn.de

'Institute of Crop Science and Resource Conservation (INRES), University of
Bonn, Friedrich-Ebert-Allee 144, 53113 Bonn, Germany

“Present Address: Department of Biology, Technische Universitit
Kaiserslautern, 67663 Kaiserslautern, Germany

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-03087-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-03087-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-03087-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-021-03087-2&domain=pdf
http://orcid.org/0000-0003-4061-1175
http://orcid.org/0000-0003-4061-1175
http://orcid.org/0000-0003-4061-1175
http://orcid.org/0000-0003-4061-1175
https://orcid.org/0000-0002-6347-8701
https://orcid.org/0000-0002-6347-8701
https://orcid.org/0000-0002-6347-8701
https://orcid.org/0000-0002-6347-8701
https://orcid.org/0000-0001-8144-4364
https://orcid.org/0000-0001-8144-4364
https://orcid.org/0000-0001-8144-4364
https://orcid.org/0000-0001-8144-4364
https://orcid.org/0000-0001-5115-0859
https://orcid.org/0000-0001-5115-0859
https://orcid.org/0000-0001-5115-0859
https://orcid.org/0000-0001-5115-0859
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:stefanie.mueller@uni-bonn.de
mailto:stefanie.mueller@uni-bonn.de
mailto:stefanie.mueller@uni-bonn.de
mailto:stefanie.mueller@uni-bonn.de

64

Midiller-Schiissele et al. BVIC Plant Biology (2021) 21:322
Background

Importance of redox regulation in photosynthetic
eukaryotes

Plant evolution has its roots in two major endosymbiotic
events, the first leading to the formation of the first
eukaryotic cell and the second generating photosynthetic
eukaryotes [1]. In the green lineage (Chloroplastida),
land plants evolved from streptophyte algae [2]. In chlo-
roplasts, the photosynthetic electron transport (PET)
chain allows the generation of reducing equivalents (e.g.
NADPH) and ATP that fuel sugar biosynthesis by the
Calvin-Benson cycle (CBC). In order to balance the
photosynthetic process, a tight regulation of electron
flux is required to harmonise light capture with meta-
bolic activities, as well as to prevent extensive energy or
electron transfer to oxygen, generating reactive oxygen
species (ROS) that can damage DNA, lipids or proteins
[3, 4]. Nascent ROS and damaged molecules are ad-
dressed by high capacity scavenging and repair systems
that draw electrons from either NADPH or PET coupled
to stromal redox proteins [5-8].

In order to balance energy demand for metabolic pro-
cesses, plant cells have a highly flexible metabolism that
quickly switches between photosynthetic and non-
photosynthetic modes. Moreover, cell compartments can
contain metabolic enzymes with conditional or opposing
activities, and regulation in time and space may avoid fu-
tile cycling of metabolites [9]. These complex regulatory
processes are partly mediated by changes in the redox
status of cysteine thiol groups in proteins enabling re-
versible modulation of protein function and structure
that is influenced by the intracellular redox state.

Electron flux in redox cascades

Cysteine thiols influence protein structure and activity
as their redox state may have an impact on protein fold-
ing and oligomerization, reactivity towards ROS or on
substrate binding to active sites of redox-active enzymes
[6, 9]. In this regard, dithiol/disulfide exchange reactions
play a pivotal role in protein regulation. This redox
modification allows the reversible transfer of two elec-
trons, depending on the interaction of redox-sensitive
proteins and according to the midpoint potential of in-
volved thiol-switches. Many enzymes involved in scaven-
ging of ROS and lipid peroxides or protein repair
contain active site or regulatory cysteines that are
coupled to redox cascades. However, the reactivity of the
thiol group (especially the thiolate anion, -S7) can also
favour reactions with oxidant molecules such as hydro-
gen peroxide (H,O,) or the free radical nitric oxide
(¢NO) and NO-derived compounds (also referred to as
reactive nitrogen species, RNS). This results in the oxi-
dation of the thiol moiety by reversible (S-sulfenylation,
S-sulthydration, S-nitrosylation or S-glutathionylation)
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or even irreversible modifications (S-sulfonylation), that
can modulate or block protein function [3].

The redox network in plants comprises several specific
reductases that transfer electrons to either the cysteine-
containing tripeptide glutathione (GSH) or thioredoxins
(TRX). In plastids, glutathione reductase (GR) safeguards
a highly reduced glutathione pool relying on NADPH as
electron source, whereas ferredoxin TRX reductase
(FTR) draws electrons from photosynthetic light reac-
tions to reduce TRX. Plastids also contain a special type
of TRX, namely NTRC that can be reduced by NADPH
through an NTR domain fused to the TRX module [10,
11]. Thiol switches downstream of TRXs are relatively
well characterised with direct evidence for 36 TRX-
regulated proteins in plastids [5] whereas proteomics
studies suggested a number of approximately 100 puta-
tive TRX-regulated proteins in plastids [12, 13]. In chlo-
roplasts, redox control via TRX-dependent dithiol/
disulfide exchanges allows enzyme activation under light
conditions via the reduction of regulatory protein disul-
fides on target proteins such as CBC enzymes [6, 14].
TRXs can also transfer electrons to peroxide scavenging
enzymes such as 2-Cys peroxiredoxins (PRX) [15] and
glutathione peroxidase-like proteins (GPXLs) [16]. Thus,
plastidial 2-Cys PRX can serve as a link between H,O,
scavenging and the oxidation of thiol switches on several
target proteins such as m- and f-type TRXs [17-19] and
glucose-6-phosphate dehydrogenase [20]. This redox
interaction supports deactivation of CBC enzymes and
activation of the first step of the oxidative pentose phos-
phate pathway, respectively, facilitating the tight regula-
tion of plastid carbon metabolism in light to dark
transitions to avoid futile cycling.

The glutathione pool in cell compartments containing
a GR is highly reduced (=50,000:1 GSH:GSSG), leaving
only nM concentrations of glutathione disulfide (GSSG).
This results in a highly negative glutathione redox po-
tential (Egsy) ranging from - 310 to - 360 mV [21-23].
Glutathione acts as reductant during the detoxification
of potentially toxic organic electrophiles, as well as dur-
ing ascorbate regeneration via the ascorbate-glutathione-
cycle [24]. In addition, some enzymes involved in ROS
scavenging and damage repair, such as single cysteine
(atypical) methionine sulfoxide reductase B (AtMSRB1),
are fully dependent on GSH for reduction [25], whereas
others, such as type II peroxiredoxin E (PRXIIE), can be
regenerated via GSH/glutaredoxins (GRXs) with a higher
efficiency than via TRX [15, 26]. The role of GSH in
MSRB1 and PRXIIE activities relies on its nucleophilic
attack on sulfenylated active site cysteines formed during
the catalytic cycle. This spontaneous reaction leads to
the formation of a mixed disulfide (i.e. S-glutathionyla-
tion) that is specifically controlled by GRXs, enzymes be-
longing to the TRX superfamily [27]. GRXs catalyse the
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removal of the glutathione moiety (i.e. deglutathionyla-
tion) allowing the regeneration to reduced and active en-
zymes in a mechanism involving GSH as electron donor.
Thus, there is an interrelation with yet unknown bio-
logical significance between the local ROS levels, the
local detoxification systems, the glutathione redox po-
tential and protein S-glutathionylation.

Cross-talk between TRX and the GSH/GRX system
has been evidenced in Arabidopsis thaliana mutants
lacking the cytosolic GR1 or GR2 in mitochondria,
where the TRX system can serve as a back-up system for
local control of GSSG accumulation in the respective
compartment [28, 29]. Vice versa, TRX redox state can
be linked to the GSH/GRX system, as cytosolic TRX
redox status can be rescued via the glutathione system
[30], and as some TRXs such as f-type TRXs are S-glu-
tathionylation targets [31]. However, studies in A. thali-
ana and Physcomitrium (formerly Physcomitrella [32])
patens have evidenced that the TRX system cannot com-
pensate for a disturbed GSH/GRX system in plastids [29,
33], raising the question of redox cascade organisation
and cross-talk in the stroma.

Evolution shapes redox regulation
In photosynthesis, light-dependent regulation of several
enzymes of the CBC has evolved to coordinate active
light reactions with carbon fixation in the metabolic
phase. Some redox-responsive thiol-switches relying on
dithiol/disulfide interchanges were already established in
the cyanobacterial cell that became the endosymbiont,
whereas others emerged during algal evolution [9, 34,
35]. The set of redox-regulated proteins acquired via
endosymbiosis was expanded by gain of cysteines via
amino acid changes or the insertion of entire cysteine-
containing flexible regulatory loops [9, 34]. During plant
evolution, streptophyte algae were able to colonise fresh-
water habitats and surrounding land, as they exhibited a
set of advantageous morphological features such as ap-
ical cell growth, biplastidy and branching [2]. Early land
plants possessed simple body plans but were facing a
habitat with rapidly fluctuating environmental condi-
tions such as flooding, dehydration, rapid temperature
changes and high light exposure [36]. This lifestyle is
mirrored in extant non-vascular land plant lineages such
as mosses that are tolerant to extended submergence
and contain several protection mechanisms against light
stress [37, 38]. Light and temperature fluctuations as
well as photoinhibitory conditions are especially challen-
ging for metabolic regulation and ROS scavenging in
chloroplasts due to large changes in electron transport
rate, as well as the necessary fast adaptations in enzym-
atic activities to sustain growth and promote survival.
However, the evolutionary adaptations that occurred
in redox cascades during land plant evolution are largely
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unknown. To date, genomes of streptophyte algae
(Chara braunii), hornworts (Anthoceros agrestis and
Anthoceros punctatus) and ferns (Salvinia cucullata,
Azolla filiculoides) have become available [39-42], com-
plementing the existing genomic information from liver-
worts (Marchantia polymorpha), mosses (P. patens) and
lycophytes (Selaginella moellendorffii) model species.
This unprecedented coverage of land plant lineages and
their algal sister group enables the comparative investi-
gation of redox cascade evolution in the green lineage
on several levels, namely regarding the distinct reduc-
tases, redox transmitters, as well as target thiol-switches
on metabolic enzymes. Based on the importance of
glutathione as redox buffer and source of reducing
equivalents for antioxidant enzymes, this study investi-
gates the components of glutathione-related redox net-
works in plastids of streptophyte model species.

Notably, during plant evolution, several redox-relevant
protein families, such as the TRX superfamily compris-
ing both TRXs and GRXs [9, 35], have largely expanded
supporting functional diversification. Moreover, in seed
plants, ROS/RNS are tightly linked to biotic defence re-
sponses, e.g. via the NADPH oxidase-mediated ROS
bursts at the plasma membrane or via the salicylic acid
signalling pathway involving NPR1 [43]. In contrast, the
organisation and significance of redox networks for
metabolic regulation, ROS scavenging and development
in non-seed plants are only starting to emerge [33, 44].
However, understanding the evolution of redox net-
works may help to reveal ancestral mechanisms in stress
resilience. Studies in model organisms allowing reverse
genetics show that phenotypes of mutants with defects
in plastid glutathione homeostasis are diverse, suggesting
modification of redox networks during plant evolution.
Thus, the absence of plastid GR is embryo-lethal in A.
thaliana, whereas P. patens can partially compensate
this loss but becomes light-sensitive [29, 33].

In order to assess the evolution of both, the effectors
and putative target cysteines of glutathione-related redox
networks in plastids, we additionally investigate protein
S-glutathionylation by creating an updated list of known
target cysteines of S-glutathionylation and their evolu-
tionary conservation.

Results

Phylogenetic analysis of glutathione-dependent redox-
relevant plastid proteins from streptophyte algae to land
plants

On the one hand, many protein families of redox cas-
cade components have expanded during land plant evo-
lution and underwent functional diversification [9]. On
the other hand, several proteins are persistently con-
served as only one isoform in a compartment, suggesting
a potential essential biological function and tight
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regulation of gene copy number. In order to identify
plastidial glutathione-related redox components with in-
teresting phylogenetic patterns, we first did an explora-
tive phylogenetic analysis taking advantage of the
available sequence coverage of streptophyte algae and
non-seed plant lineages. We included all known scaven-
ging and damage repair enzyme families with members
that were reported to (1) localise to plastids and (2) use
GSH and produce GSSG: dehydroascorbate reductase
(DHAR), glutathione S-transferases lambda and iota
(GSTL, GSTI), atypical methionine sulfoxide reductase
Bl (MSRB1), peroxiredoxin IIE (PRXIIE), glutaredoxins
(GRXs), as well as glutathione reductase (GR), which is
responsible for reduction of GSSG. All used protein se-
quences and gene accessions are listed in Table S1
(Additional file 1).

Dehydroascorbate reductases

DHARSs belong to the GST superfamily and catalyse the
reduction of dehydroascorbate to ascorbate using GSH
as electron donor. By maintaining a reduced ascorbate
pool, DHARs indirectly assist in the detoxification of
H,0, catalysed by ascorbate peroxidases (APXs). The
phylogenetic tree of plant DHARs (Additional file 2)
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shows several independent gene duplications resulting in
a number of one to three paralogs per species. Targeting
predictions (TargetP [45, 46], LOCALIZER [47] and Pre-
dAlgo [48], Additional file 1 Table S1) as well as the
presence or absence of N-terminal sequence extensions
suggest a high variability in subcellular targeting. Not-
ably, only a single DHAR gene is present in C. brau-
nii and two bryophyte species (M. polymorpha, A.
agrestis) (Fig. 1, Additional file 2). Whereas the C.
braunii ortholog is putatively cytosolic, both M. poly-
morpha and A. agrestis orthologs possess an N-
terminal extension and are predicted to be targeted to
plastids. This indicates that a stromal DHAR occurred
early in land plant evolution. DHARI1 from P. patens
(Pp3c22_5470V3) [49] is predicted to be targeted to
plastids but proteomic evidence also indicates its
presence in mitochondria [49], which may suggest
dual-targeting to plastids and mitochondria. All land
plant model species except S. moellendorffii have at
least one DHAR isoform with N-terminal extension
and/or a plastid targeting prediction (Fig. 2 and Add-
itional file 2). In S. moellendorffii, the situation re-
mains unclear, as at least one gene model is
incomplete at the N-terminus.

endosymbiosis

cyanobacterium  land colonisation

charophytes bryophytes lycophytes monil

hornworts

liverworts mosses

DHAR 1 1 1 3
GSTL - - - 1
GSTI = 1 1 1
MSRB1 1 1 2 1
PrxIIE 1 1 1 3
GRXC5 1 1 1 1
GRXS12 = = = o
GRXS14 1 1 1 2
GRXS16 1 1 1 1
GR 2 3 2 2
extant
species Cb Aa Mp Pp

Fig. 1 Evolution of protein families related to plastid GSH-dependent redox balance. Numbers indicate the number of isoforms present in the
genome. DHAR, dehydroascorbate reductase; GST, glutathione S-transferase, L: Lambda, I: lota; MSRB1, methionine sulfoxide reductase B1 (1 Cys);
PRX, peroxiredoxin; GRX, glutatredoxin; GR, glutathione reductase. Model species names are abbreviated: Cb = Chara braunii; Aa = Anthoceros
agrestis; Mp = Marchantia polymorpha; Pp = Physcomitrium patens; Sm = Selaginella moellendorffii; Sc = Salvinia cucullata; Af = Azolla filiculoides; Bd =

Brachypodium distachyon; At = Arabidopsis thaliana
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Fig. 2 Overview of evolution of plastid glutathione-related redox networks in land plants and streptophyte algae. Schematic overview of the
plastid GSH-dependent redox network in land plant model species and the streptophyte alga C. braunii. Electrons from photosynthetic electron
transport (PET) contribute to ROS generation and at the same time to ROS scavenging, damage repair and redox homeostasis. H,O, leads to lipid
peroxidation (L-O-O-H) as well as oxidation of protein methionine (Met-R-SO), of ascorbic acid (AsA) to dehydroascorbate (DHA) or protein thiol
oxidation to the respective sulfenic acid (RS-OH) that can react with GSH to form an S-glutathionylated adduct (RS-SG). Glutaredoxins (GRX) can
(de) glutathionylate proteins. The balance between the reduced tripeptide glutathione (GSH) and glutathione disulfide (GSSG) is influenced by
GSSG generation via enzymes involved in ROS/RNS scavenging or protein as well as lipid repair, such as dehydroascorbate reductase (DHAR),
atypical (1 Cys) methionine sulfoxide reductases B1 (MSRB1), lambda and iota-type (?, function not confirmed in vitro) glutathione S-transferases
and type Il peroxiredoxins (PRX). Glutathione reductase (GR, NADPH-dependent) safeguards a highly reduced GSH-pool. The presence of at least
one plastid-targeted isoform of a protein in a model species (assessed by presence of an N-terminal extension and targeting predictions, see
Additional files 1, 2, 3, 4, 5, 6, 7, 8) is represented by a coloured box in the species legend next to the protein. A coloured box with question mark
means the potential presence of an isoform as targeting prediction is unclear, but N-terminal extension indicating a targeting peptide is present
(see Additional files 1, 2, 3, 4, 5, 6, 7, 8). Absence of a box can either mean absence of homologs from that species (see Fig. 1), or that all
homologs do not have N-terminal extensions or that gene models are fragmentary (see Additional files 1, 2, 3,4, 5, 6, 7, 8). Species legend: Chara
braunii (Cb), Anthoceros agrestis (Aa), Marchantia polymorpha (Mp), Physcomitrium patens (Pp), Selaginella moellendorffii (Sm), Salvinia cucullata (Sc),

Azolla filiculoides (Af), Brachypodium distachyon (Bd) and Arabidopsis thaliana (At)

lota (I)- and lambda (L)-type glutathione S-transferases

In addition to DHARs, plastid-targeting has also been
reported within the lambda-subclass of GSTs (GSTL)
[50]. While canonical GSTs conjugate GSH with electro-
philic compounds, the subclasses theta, phi and tau have
also been shown to act as GSH-dependent peroxidases
that release GSSG [50, 51]. Because a similar reductive
activity towards DHA or hydroperoxides has also been
reported for plastid-localised PpGSTL1, we investigated
isoforms of this subclass [50]. We did not identify any
GSTL homologs in C. braunii, A. agrestis, M. polymor-
pha and S. moellendorffii but several homologs with
variable N-terminal extensions and predicted targeting
to plastids are present in the seed plant models (Add-
itional file 3). On the contrary, the closely related sub-
family of iota-type GSTs (GSTI) contains homologs
from A. agrestis, M. polymorpha and S. moellendorffii,
but is absent in the fern and seed plant models (Fig. 1).
The function of GSTIs is yet unclear [50] while our ana-
lysis indicates that they may also be targeted to plastids

where they might fulfil similar functions to their sister
clade GSTL (Additional file 3, Fig. 2). We did not iden-
tify a C. braunii GSTI, but a C. reinhardtii GSTI has
been reported [50], suggesting that the GSTI subfamily
is present in chlorophytes.

Atypical methionine sulfoxide reductase B

Methionine sulfoxide reductases (MSR) catalyse the re-
duction of methionine sulfoxide (MetSO), repairing
ROS-induced damage to proteins (Fig. 2). Oxidation of
methionine can generate two diastereomeres that are re-
duced by two different non-related enzyme families,
namely MSRA (reducing methionine-S-sulfoxide) and
MSRB (reducing methionine-R-sulfoxide) [52]. MSRA
and MSRB proteins containing two cysteines are
dependent on TRX for regeneration, while atypical
MSRBs such  as  plastid-targeted =~ AtMSRBI1
(AT1G53670), depend on GSH/GRX for regeneration
[53]. In AtMSRBI, the second cysteine is replaced by a
threonine (Thr132). Investigating AtMSRB1 homologs



68

Muller-Schissele et al. BMC Plant Biology (2021) 21:322

(Additional file 4a, c, d), we find a complete conserva-
tion of the isoform containing one cysteine as the well-
supported MSRB1(1Cys) clade contains C. braunii, bryo-
phyte, lycophyte and fern isoforms. The conservation of
plastid targeting is unclear but likely variable, based on
TargetP [45, 46], LOCALIZER (L) [47] and PredAlgo (P)
[48] predictions (Additional file 1 Table S1) and the
presence and absence of N-terminal extensions (Add-
itional file 4b, Fig. 2). Notably, M. polymorpha does not
possess a MSRB2 homolog while the MSRB1 gene was
duplicated and the emerging two isoforms show differing
N-terminal extensions and targeting predictions (Add-
itional file 4).

Peroxiredoxin Il E

PRXs are antioxidant enzymes that catalyze the reduc-
tion of hydroperoxides into alcohols using a strictly con-
served cysteine (i.e. peroxidatic cysteine). Plastids
contain canonical 2-Cys PRXs having two active site cys-
teines (peroxidatic and resolving cysteine), and an atyp-
ical 2-Cys PRX named PRXIIE (reviewed in [15]).
Whereas the regeneration of canonical 2-Cys PRX is
controlled by the plastidial TRX system via a dithiol/di-
sulfide exchange, the recycling of oxidised poplar
PRXIIE was demonstrated to be more efficiently cata-
lysed by GRXS12 in vitro [26]. GRXS12 can restore the
reduced PRXIIE as the peroxidatic cysteine undergoes
glutathionylation during the catalytic cycle, highlighting
the dependence of this PRXII subfamily on the GSH/
GRX system for functional recycling (Fig. 2).

PRXIIE homologs are evolutionary conserved [54] and
our analysis confirms a single highly supported clade of
PRXIIE homologs from charophytes to flowering plants
(Additional file 5). Most organisms investigated possess
a single PRXIIE isoform and all complete protein models
confirm an N-terminal extension that is largely predicted
to confer targeting to plastids (Fig. 2, Additional file 1
Table S1, Additional file 5). The S. moellendorffii homo-
log did not allow a targeting analysis as the N-terminus
of the protein model was fragmentary. We found gene
duplications in B. distachyon with two isoforms and P.
patens with three isoforms, all with conserved plastid
targeting. Based on the phylogenetic analysis (Additional
file 5), plastid GRX-dependent PRXIIE homologs are
likely present in all analysed organisms.

Glutaredoxins

GRXs are oxidoreductases belonging to the TRX family,
which is largely involved in the control of protein redox
state. In photosynthetic eukaryotes, the GRX family
comprises four classes that are localised in various sub-
cellular compartments and distinguished by their active
site signature and domain organization [3]. The nomen-
clature of the members of these GRX classes is based on
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the presence of a cysteine or a serine at the last position
of the active site signature (CXXC/S) with a limited
number of exceptions containing a residue differing
from cysteine or serine [3]. In the model plant A. thali-
ana, GRXs are represented by six class I, four class IJ,
and two class IV isoforms, while class III GRXs (also re-
ferred to as CC-type GRX or ROXY proteins) have
largely expanded and comprise 21 members with mul-
tiple functions. One example of class III GRX function is
the interaction with bZIP TGA transcription factors, in-
fluencing plant development and flowering [55, 56].
Plastids typically contain GRX members belonging to
class I and II, namely class I GRXS12 and the close para-
log GRXC5 (in A. thaliana) and class II GRXS14 and
GRXS16 [57-59].

Class | GRX

GRXC5 and GRXS12 contain a single GRX domain with
an active site signature (YCPYC and WCSYS, respect-
ively) that differs slightly from the typical YC [P/S/G][Y/
F] C motif of class I GRXs. Both GRX isoforms are
redox-active being involved in the control of protein glu-
tathionylation of plastidial proteins and in the recycling
of antioxidant enzymes such as MSRB1 and PRXIIE (see
above). The analysis of the phylogenetic tree for the
redox-active class I GRXs revealed several evolutionary
ancient clades corresponding to isoforms targeted to
plastids (C5/S12 clade), the cytosol (C1/C2 clade), and
the secretory pathway (C3/C4 clade) (Additional file 6).
We found that only in the two angiosperm model spe-
cies investigated, the second cysteine of the active site
was replaced by a serine, giving rise to the GRXS12 iso-
form. This substitution can increase protein activity be-
cause formation of an internal disulfide that would block
the active site can be avoided [58, 60]. The relevance of
this mutation is emphasized by the fact that GRXS12
homologs became predominant in several angiosperms
[61]. While the GRXC5 gene models from S. moellen-
dorffii and M. polymorpha may be fragmentary and thus
not contain the N-terminal targeting sequence, we did
not identify any C5/S12 isoform clustering with the
highly conserved GRXC5/S12 clade in the fern A. filicu-
loides (Additional file 6, Fig. 2).

Class Il GRX

Class II GRXS14 and S16 contain a CGEFS active site
motif that is typically conserved in all other class II GRX
members. As observed for plastidial class I GRXs,
GRXS14 is formed by a single GRX domain whereas
GRXS16 has a modular organization possessing an N-
terminal domain (GIY-YIG endonuclease fold) fused to
one GRX domain [3, 62, 63]. Class II GRXs are mainly
thought to be involved in the coordination and transfer
of iron-sulfur clusters [64, 65] (Fig. 2), but may also
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become redox-active after loss of iron-sulfur coordin-
ation in response to an oxidative signal [66]. Our phylo-
genetic analysis showed that GRXS14 and GRXS16
homologs are conserved in all investigated model spe-
cies, with only one duplicated isoform of GRXS14 in P.
patens (Additional file 7). As far as complete gene
models are available, N-terminal extensions and pre-
dicted plastid targeting confirm the very high conserva-
tion of a single plastid-targeted isoform in these class II
GRX subfamilies (Additional file 1 Table S1, Additional
file 7, Fig. 2).

Glutathione reductase

GRs perform the highly efficient NADPH-dependent re-
covery of GSH from enzymatically or non-enzymatically
generated GSSG (Fig. 2), keeping GSSG as low as nano-
molar amounts [21]. The resulting highly negative Egsy
in the plant cytosol, peroxisomes, plastids and mito-
chondria is based on the activity of two isoforms exhibit-
ing dual targeting to either cytosol and peroxisomes (e.g.
AtGR1, AT3G24170) or plastids and mitochondria (e.g.
AtGR2, AT3G54660) [28, 29]. These two isoforms were
already shown to be evolutionary conserved, including
the dual-targeting of one isoform to plastids and mito-
chondria in P. patens [67]. We inferred a phylogeny
using our set of model species and found the same con-
servation of two clades, representing the two GR iso-
forms, suggesting that these isoforms were established
before the emergence of land plants (Additional file 8,
Fig. 2). The S. moellendorffii gene model for the mito-
chondria/plastid GR clade was potentially fragmentary at
the N-terminus, not allowing for a targeting prediction.
We did not identify an isoform in the mitochondria/
plastid GR clade for S. cucullata nor for A. agrestis
(Bonn). A BLASTN search revealed a possible locus for
S. cucullata on scaffold s0092, however without a gene
model present. The presence of a plastidial/mitochon-
drial isoform in A. agrestis (Oxford) suggests that the re-
spective gene is present but not correctly predicted for
A. agrestis (Bonn). Except for B. distachyon, that pos-
sesses two plastidial/mitochondrial GR isoforms, each
investigated species has a single isoform in each clade.
Notably, one A. agrestis isoform (Sc2ySwM_228.5258.1)
did show higher sequence similarity to bacterial than
plant GRs. We identified similar isoforms in the other
sequenced Anthoceros species and strains, namely A.
agrestis (Oxford) and A. punctatus [40] (Additional
file 8), suggesting a horizontal gene transfer (HGT) that
occurred before the split of these species. Notably, these
isoforms possess N-terminal extensions compared to
bacterial sequences (Additional file 8b).
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Evolutionary conservation of putative glutathionylation
sites on plastid proteins

Many target thiol switches on cyanobacterial or plastidial
proteins were acquired early in evolution, while others
were reported to have evolved regulatory cysteines later.
For example, the C-terminal extension in the plastidial
glyceraldehyde-3-phosphate dehydrogenase isoform B
(GAPB) evolved in streptophytes and the N-terminal
cysteine pair of the plastidial NADPH-dependent malate
dehydrogenase in land plants [9, 14, 68].

The vast majority of these enzymes are regulated by
TRX through dithiol/disulfide interchanges that induce
conformational changes either negatively or positively
modulating protein activity [5 6]. Besides TRX-
dependent regulation, S-glutathionylation has recently
emerged as an important regulatory mechanism in
plants. It is involved in the recycling of antioxidant en-
zymes, but it can also protect protein cysteines from ir-
reversible oxidation and modulate protein function/
activity [3, 60, 69]. Many glutathionylation target pro-
teins and the exact Cys that undergo S-glutathionylation
remain unknown (Fig. 2). S-glutathionylation is not rou-
tinely detected in proteomics experiments in which cys-
teines are wusually reduced, removing reversible
modifications such as S-glutathionylation, and subse-
quently treated with Cys-blocking agents as a standard
modification for MS/MS. However, several proteomic
studies have developed specific protocols to detect S-glu-
tathionylation and identified hundreds of putative target
proteins highlighting the role of S-glutathionylation as
thiol switching regulatory mechanism in eukaryotic oxy-
genic phototrophs [3] (and references therein). A
BioGSSG-based (biotinylated glutathione disulfide)
proteomic study was carried out in the cyanobacterium
Synechocystis PCC 6803 and 383 proteins were identified
as putative S-glutathionylated targets [70]. This study
underpins the hypothesis that S-glutathionylation might
have a regulatory role in all oxygenic phototrophs. Due
to the importance of this post-translational redox modi-
fication, we decided to examine its relevance for plastid-
ial proteins by analysing data from proteomic studies
that used different methodologies, i.e. biotinylated GSH
(biotinylated GSH ethyl ester (BioGEE)) [71], biotinyl-
ated GSSG (BioGSSG) [72, 73], anti-GSH antibodies [74]
or radiolabelling of the glutathione pool using **S-cyst-
eine [75]. In order to obtain an exhaustive and complete
list of S-glutathionylated proteins, we also considered re-
search studies carried out on purified proteins in vitro
[71, 76-93] (see Additional file 9 Table S2). Combining
all these studies, we compiled a list of 364 proteins
known to undergo S-glutathionylation in green eukary-
otes (Additional file 9 Table S2, Fig. 3).

We determined the subcellular localisation of glu-
tathionylated proteins based on biological function and
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Fig. 3 Overview of glutathionylation target proteins. a Overview of all known glutathionylated proteins in green eukaryotes with the plastidial
glutathionylation target proteins highlighted. b Overview of all known plastidial glutathionylation target proteins with known glutathionylation
sites highlighted. ¢ Overview of all known plastidial glutathionylation sites with classification in evolutionary conserved and non—/partially
conserved cysteine sites and subdivision in catalytic and non-catalytic function (for accessions, annotation and references, see Additional file 9 Table S2)
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prediction tools such as TargetP [45, 46] and SUBA
(Subcellular Localisation Database for Arabidopsis thali-
ana [94]). Among the 364 proteins, 151 proteins are
localised to plastids (Additional file 9 Table S2, Fig. 3),
corresponding to c. 41% of the known plant glutathiony-
lome. Subsequently, we explored for which plastidial
proteins the exact site of S-glutathionylation was deter-
mined. One proteomic work in the chlorophyte C. rein-
hardtii combined the identification of glutathionylated
targets with streptavidin enrichment using biotinylated-
tagged peptides [73]. This approach allows establishing
the exact S-glutathionylation sites if the identified pep-
tide contains only one Cys residue. To further extent the
analysis, we also considered studies on recombinant
plastidial proteins in which the cysteine residues under-
going S-glutathionylation were identified by in vitro oxi-
dant treatments coupled to mass spectrometry analysis
[76-82]. Among 151 plastidial proteins, we found 37
glutathionylation sites with known target Cys within 26
different proteins (Table 1 and Additional file 9 Table
S2), representing c. 17% of the known plastidial glu-
tathionylome (Fig. 3).

The number of sites exceeds the number of proteins as
several glutathionylated proteins contain multiple S-glu-
tathionylation sites (Table 1 and Additional file 9 Table S2).
More precisely, seven proteins contain two glutathionylated
Cys and two proteins contain three glutathionylated Cys
(Table 1 and Additional file 9 Table S2). The proteins with
identified S-glutathionylation sites are putatively involved in
diverse cellular processes such as photosynthesis, carbo-
hydrate metabolism, biosynthetic pathways, redox regula-
tion, signalling and protein homeostasis (Table 1).

To assess the evolutionary conservation of Cys
undergoing glutathionylation, we constructed multiple

sequence alignments of the 26 plastidial proteins (Add-
itional file 10) from all analysed plant model species. We
found that among the 37 known S-glutathionylation sites
seven sites were involved in catalytic activity, of which
six sites were fully conserved from green algae to
flowering plants (Fig. 3, Additional file 9 Table S2,
Additional file 10). Thirty glutathionylation sites
were identified on non-catalytic cysteines (Fig. 3) of
which eight Cys were nevertheless fully conserved in
all investigated model species. The remaining 22 Cys
were not or only partially conserved (Add-
itional file 10), exhibiting different patterns of evolu-
tionary gains and losses (Fig. 3 and Additional file 9
Table S2).

Five examples of interesting gains and losses of puta-
tive S-glutathionylation sites are illustrated in Fig. 4. In
alpha-Amylase 3 (AMY3) and SAL1 (3'-phosphoadeno-
sine 5'-phosphate phosphatase) two S-glutathionylation
sites were identified in each of the A. thaliana homo-
logs. Cys499 in AMY3 is only present in the investigated
angiosperm models. An additional sequence alignment
incorporating basal angiosperm sequences (see Add-
itional file 11) revealed the presence of Cys 499 in
Amborella trichopoda and Ananas comosus AMY3 ho-
mologs. Cys119 of AtSALL is only conserved in about a
third of eudicots and few monocots [76] and we do not
identify any Cys at the homologous position in any non-
flowering model plant. These data suggest an origin of
cysteines at the Cys499 position in AMY3 and Cys119
position in SAL1 at the latest in early angiosperm evolu-
tion. In contrast, Cys106 of thiamine thiazole synthase
(THI1) is present in C. reinhardtii and all homologs of
investigated land plant models, except for A. thaliana,
suggesting a late loss in land plant evolution. Several of
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Table 1 Overview of glutathionylation sites on plastid proteins and evolutionary conservation
Protein name Cys Org. Cat. Ref.
Redox regulation 2-Cys peroxiredoxin 172 Ps yes Calderdn et al. 2017 [92]
Glutaredoxin S12 (GRXS12) 29 Pt yes Zaffagnini et al. 2012 [73]
Thioredoxin f (TRX-f) 60 At no Michelet et al. 2005 [31]
Photosynthesis Ferredoxin 1 48 Cr no Zaffagnini et al. 2012 [73]
69 Cr yes Zaffagnini et al. 2012 [73]
Fructose-1,6-bisphosphatase 109 Cr no Zaffagnini et al. 2012 [73]
Fructose-1,6-bisphosphate aldolase 58 Cr no Zaffagnini et al. 2012 [73]

Glyceraldehyde-3-phosphate dehydrogenase, A subunit (GAPA) 156 At yes Zaffagnini et al. 2007 [93]

Plastocyanin

Phosphoglycerate kinase

Phosphoribulokinase

Photosystem Il (PSIl) core phosphatase (PBCP)

Ribulose bisphosphate carboxylase large chain

Transketolase

Triose phosphate isomerase (chloro TPI)

Carbohydrate metabolism ~ ADP-glucose pyrophosphorylase large subunit

Alpha-amylase 3 (AMY3)

Beta-amylase 3 (BAM3)
Biosynthesis Acetohydroxy acid isomeroreductase
Full-length thiazole biosynthetic enzyme

Isopropylmalate dehydratase, large subunit

130 Cr yes Zaffagnini et al. 2012 [73]
159 Cr no Zaffagnini et al. 2012 [73]
412 Cr no Zaffagnini et al. 2012 [73]
47 Cr no Zaffagnini et al. 2012 [73]
274 Cr no Zaffagnini et al. 2012 [73]
168 Os no Liu et al. 2019 [79]

176 Os no Liu et al. 2019 [79]

195 Os no Liu et al. 2019 [79]

172 Cr no Zaffagnini et al. 2012 [73]
247 Cr no Zaffagnini et al. 2012 [73]
427 Cr no Zaffagnini et al. 2012 [73]
84 Cr no Zaffagnini et al. 2012 [73]
15 At no Lopez-Castillo et al. 2016 [80]
112 Cr no Zaffagnini et al. 2012 [73]
499 At yes Gurrieri et al. 2019 [77]
587 At yes Gurrieri et al. 2019 [77]
433 At no Storm et al. 2018 [78]
439 Cr no Zaffagnini et al. 2012 [73]
106 Cr no Zaffagnini et al. 2012 [73]
444 Cr no Zaffagnini et al. 2012 [73]

Magnesium-chelatase subunit chll 184 Cr no Zaffagnini et al. 2012 [73]
others 3"-phosphoadenosine 5-phosphate phosphatase SAL1 119 At no Chan et al. 2016 [76]
190 At no Chan et al. 2016 [76]
Chaperonin 60B2 249 Cr no Zaffagnini et al. 2012 [73]
537 Cr no Zaffagnini et al. 2012 [73]
Heat shock protein 70B (HSP70B) 349 Cr no Michelet et al. 2008 [75]
Phosphorylase 171 Cr no Zaffagnini et al. 2012 [73]
Protein tyrosine phosphatases (PTP) 78 At no Dixon et al. 2005 [72]
176 At no Dixon et al. 2005 [72]

Protein names and putative functions were partly assigned on sequence similarity and/or phylogenetic trees; please refer to the cited literature and references
therein. Cys position of identified cysteine, Org organism, Cat catalytic cysteine, Ref literature reference, At Arabidopsis thaliana, Cr Chlamydomonas reinhardtii, Os

Oryza sativa, Ps Pisum sativum, Pt Populus trichocarpa

the putative S-glutathionylation sites show variable con-
servation patterns that suggest several independent gains
and losses in land plant lineages, such as Cys190 of
SAL1, Cys159 and Cys412 in phosphoglycerate kinase
(PGK) and Cys48 in ferredoxin.

Discussion

The plastid glutathione-dependent redox network is
largely conserved

In a redox cascade, the steady-state redox status of an
individual protein cysteine is influenced by the input of
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(See figure on previous page.)

Fig. 4 Evolutionary conservation of known S-glutathionylation sites on non-catalytic cysteines. Schematic representation of five target proteins
with non-conserved and non-catalytic cysteines showing interesting patterns of evolutionary conservation regarding S-glutathionylation sites (see
Additional file 10 for alignments). To generate the alignments BlastP results were filtered manually by clades based on phylogenetic trees and
additionally length of the N-terminus and TargetP [45, 46] predictions to identify the organellar isoforms of phosphoglycerate kinase (a), alpha-
amylase (AMY3) (b), thiamine thiazole synthase (THI1) (c), apoferredoxin (FDX) (d) and 3'phosphoadenosine 5" phosphate phosphatase (SAL1) (e).
The bars indicate the total length of the proteins and are aligned with the position of the glutathionylated cysteine. In the case of two cysteine
positions, the proteins were aligned to the cysteine that is conserved in more species. Gaps in the alignments are not indicated in this graph. The

(Bradi) and Arabidopsis thaliana (At)

known glutathionylated cysteine sites are marked with a red square in the respective organism. Asterisks indicate putative cytosolic isoforms
(TargetP [45, 46] predictions) regarding PGK. Synechocystis sp. (WP), Chara braunii (Chbra), Anthoceros agrestis (Aa), Marchantia polymorpha
(Mapoly), Physcomitrium patens (Pp), Selaginella moellendorffii (Selmo), Salvinia cucullata (Sacu), Azolla filiculoides (Azfi), Brachypodium distachyon

electrons from nucleophiles (i.e. electron donors), as well
as the presence of proteins or molecules that interact
and behave as electrophiles (ie. electron acceptors). In
cell compartments, thiol-switching networks can thus be
limited by kinetic and thermodynamic parameters, such
as the composition of the proteome, the ability of the
present proteins to interact and the respective midpoint
potentials of involved disulfides, as well as the reactivity
of individual cysteine residues towards ROS/RNS.
Glutathione-dependent reactions can be disturbed by
mutants of either GSH biosynthesis enzymes [95, 96] or
by mutants of GR, shifting the glutathione redox poten-
tial to less reducing values [29, 33]. The reported pheno-
types of mutants lacking a stromal GR differed in A.
thaliana and P. patens, as embryo development is
aborted in A. thaliana but is completed in P. patens.
Evolutionary changes could in theory either affect the
composition and activity of redox-active proteins
present, the presence and position of target thiols on
metabolic enzymes, or signalling cascades linked to plas-
tid glutathione redox balance. We compiled a list of pro-
tein members in the glutathione-dependent plastid
redox network in representative streptophyte model spe-
cies (Fig. 1) and their network relationships and evolu-
tion (Fig. 2). We found that plastid targeting of several
GSSG-producing enzymes was already established before
the transition to land and that no large expansions oc-
curred in the gene families of DHAR, GSTL, GSTI,
PRXIIE or class I and class II GRX during land plant
evolution. However, several enzymes of ROS scavenging
and damage repair families (DHAR, GSTL, GSTI,
MRSB1) do not currently have an identified plastid-
targeted isoform in the streptophyte alga C. braunii.
However, as targeting predictions via algorithms for evo-
lutionary distant species are prone to result in false posi-
tives and negatives [48, 97], we used three different
predictors, namely the two most recently improved tools
based on the largest plant training sets TargetP2.0 [46]
and LOCALISER [47], as well as PredAlgo, that was
trained on C. reinhardtii sequences. However, we still
likely underestimate the number of plastid-targeted pro-
teins, due to (1) false predictions and (2) fragmentary

gene models that do not predict N-terminal sequences
correctly. Localisation predictions often yielded different
results (Additional file 1 Table S1, sheet2) and differed
from experimentally determined localisations (e.g.
AtMSRB1). Thus, we additionally screened for the pres-
ence of N-terminal extensions to determine the presence
or absence of a putative targeting peptide (Add-
itional files 2, 3, 4, 5, 6, 7, 8). However, incorrect or frag-
mentary gene models, can still lead to misinterpretation
of the available data. Thus, the available S. moellendorffii
protein models do often not allow one to predict N-
terminal targeting signals or draw conclusions on pres-
ence or absence of N-terminal extensions due to incom-
pleteness (Fig. 2).

In some of the investigated gene families, we found
variable targeting to organelles and presence or absence
of N-terminal extensions across land plant evolution,
whereas others showed very consistent targeting. Thus,
we observed variable targeting in the GST subfamilies
DHAR, GSTL and GSTI. DHAR couples the regener-
ation of dehydroascorbate to the glutathione pool in the
ascorbate/glutathione cycle, while monodehydroascor-
bate reductase regenerates ascorbate at the expense of
NADH [24]. In A. thaliana, stromal DHAR is not neces-
sary for growth, but takes a role in the high light re-
sponse [98]. Variability in DHAR targeting would
indicate evolutionary variability in the coupling of the
ascorbate redox state to the Eggy in different compart-
ments, which could affect signalling responses. Regard-
ing GSTL and GSTI, targeting may be variable, but these
GST subfamilies show a nearly complementary distribu-
tion in land plant lineages, with GSTI being present in
bryophytes and GSTL in the moss P. patens, ferns and
seed plants. The function of GSTI has not been estab-
lished in vitro, but is suspected to be similar to GSTL,
acting on the detoxification of peroxides [50]. In plastids,
several pathways for hydrogen peroxide and lipid perox-
ide detoxification co-exist (ascorbate peroxidases [8],
TRX-dependent GPXL [99] and PRXs (PRXQ, 2-Cys
PRX, PRXIIE [15]), suggesting that redundancy might be
a reason for independent gains and losses in the investi-
gated protein families during land plant evolution.
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Similarly, regarding the repair of oxidised methionine
(methionine-R-sulfoxide), atypical MSRB with one cyst-
eine (AtMSRB1 homologs) as well as with two cysteines
(AtMSRB2 homologs) act redundantly with the differ-
ence of regeneration being powered from a different
redox cascade (i.e. GSH/GRX and TRX, respectively).
Thus, if species are lacking a plastidial 1-Cys MSRB1
homolog, the 2-Cys MSRB2 may compensate and still
allow for repair of the R diastereomer of MetSO. The
biological significance of the variable composition of
scavenging and repair enzymes in plastids during strep-
tophyte evolution is yet unclear but raises the question if
the only reason is functional redundancy, or if parallel
redox cascades with coupling to different electron do-
nors are important for processes such as stress signalling
or relate to differences between tissues or light
conditions.

On the contrary, PRXIIE, GRXC5/S12, GRXS14,
GRXS16 homologs are present as a single plastid iso-
form in the majority of species, suggesting conserved
plastid-specific functions and tight control of gene copy
number. Although peroxide detoxification is linked to
TRX via several PRXs (PRXQ and 2-Cys PRX, [15]) the
plastid isoform PRXIIE that can be more efficiently re-
generated via GSH/GRX is likely fully conserved in
streptophytes (Fig. 2). The strict conservation of PRXIIE
isoforms suggests an important specific biological func-
tion, although the abundance of PRXIIE is substantially
lower than that of plastid 2-Cys PRX [15]. Its specific
properties include that PRXIIE is the only PRX not asso-
ciated with thylakoids, that it is coupled to GRX for re-
duction and that it has been linked to RNS signalling
[15, 100].

PRXIIE and MSRBI are regenerated via the action of
class I GRX. Besides, GRXC5 can bind a [2Fe-S] cluster
that might act in a regulatory mechanism under oxida-
tive stress conditions [66]. We found a conserved clade
containing plastid-targeted GRXC5/S12 homologs. As
an exception, we did not identify a GRXC5 nor GRXS12
isoform in the fern A. filiculoides. However, isoforms in
the C1/C2 (Azfi_s0158.g053892; Azfi s0074.g037496) as
well as the C3/C4 (Azfi_s0270.g061184; Azfi_
s0004.g008860) clades underwent duplication and are
candidates for re-targeting to plastids to compensate for
the loss of the plastid-targeted class I isoform. In C.
braunii and non-seed plants, only one isoform with a
CPYC active site is present (GRXC5), indicating that
CPYC is the ancestral active site motif of this GRX iso-
form, while the GRXS12 variant only appeared in angio-
sperm evolution.

Class II GRX isoforms are involved in the coordination
and transfer of Fe-S cluster on target proteins [64, 65]
and become only redox-active after loss of the coordi-
nated Fe-S cluster. Without Fe-S cluster, they are able to
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catalyze S-glutathionylation in vitro in the presence of
GSSG, but fail to deglutathionylate target proteins such
as redox-sensitive GFP [65]. In vivo evidence revealed
that GRXS14 levels correlate with tolerance to abiotic
stress conditions in either Arabidopsis [62, 101] or to-
mato [102]. In addition, GRXS14 along with GRXS16
are necessary for functional photosynthesis and chloro-
phyll biosynthesis [62]. In C. reinhardltii, class II GRX3,
a GRXS14 homolog, was found to catalyse deglutathio-
nylation of photosynthetic GAPDH from Arabidopsis
thaliana (AtGAPA) using electrons from PSI-reduced
ferredoxin [103]. However, an analogous function was
not shown for land plant GRXS14 homologs to date.
Our analysis confirmed the strict conservation of one
GRXS14 and GRXS16 homolog in plastids in all model
organisms, except for P. patens with two GRXS14 iso-
forms. However, the functional and physiological rele-
vance of class II GRX redox-activity remains unclear.

Reduction of class I GRXs is driven by glutathione,
while GR maintains a highly reducing Egsyy in the plastid
stroma, re-reducing the generated GSSG. We confirmed
two GR clades in streptophytes likely containing the
dual-targeted isoform to cytosol/peroxisomes and mito-
chondria/plastids. At least one isoform of the mitochon-
drial/plastidial GR clade and one of the cytosolic/
peroxisomal clade is conserved in all land plant model
species, while one additional isoform originating from
horizontal gene transfer (HGT) is present in Anthoceros
species. The most closely related bacterial sequence in
Uniprot [104] is from the cyanobacterium Nostoc spec.
(Uniprot ID P48638), suggesting that this GR isoform
was acquired from cyanobacteria, which are known to
colonise hornworts [40, 42]. The presence of putative N-
terminal extensions in the GRs originating from HGT is
interesting (Additional file 8), as they might confer tar-
geting to organelles, raising the question of the bio-
logical function of the additional GR in the investigated
hornworts.

Non-catalytic cysteines sensitive to S-glutathionylation
are evolutionary conserved

Cysteines are central for the structural integrity and
catalytic activity of many proteins, and post-translational
modifications of Cys residues control major steps in
plant signalling and metabolism [105, 106]. The bio-
logical role of S-glutathionylation is only resolved for a
few exemplary target proteins and ranges from reaction
intermediates on active site Cys of scavenging/repair en-
zymes over protection from Cys overoxidation to regula-
tion of protein activity [3, 60, 69].

To date, 151 different plastid proteins were identified
as targets for S-glutathionylation by various experimen-
tal approaches in different plant systems, suggesting that
this post-translational redox modification might be quite
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common in plastids. However, the exact number of pro-
teins in plastids that are glutathionylated at a given time
point in a given organism remains unknown and is po-
tentially rather low, for a number of reasons.

Firstly, high-throughput methods used to identify S-
glutathionylation partly use reaction conditions that are
non-physiological. For instance, BioGSSG is used to in-
duce protein S-glutathionylation. However, this mechan-
ism is unlikely as (i) GSSG concentration is
physiologically in the nanomolar range while a millimo-
lar concentration of BioGSSG is used in vitro and (ii)
most proteins have a K, of around 1 meaning that equi-
molar concentration of GSH and GSSG are required to
reach 50% of glutathionylated protein [107, 108]. GSSG
can react with a cysteine in its thiolate state (-S7) via a
thiol-disulfide exchange reaction. However, the GSSG-
dependent mechanism is known to be thermodynamic-
ally disadvantageous because of the high in vivo GSH/
GSSG@ ratio, and only some protein species have been
shown to be able to undergo S-glutathionylation via this
pathway [60, 109]. Some proteins undergo S-glutathio-
nylation following exposure to the nitrosylated counter-
part of glutathione known as S-nitrosoglutathione
(GSNO). While GSNO is a nitrosylating agent [110], it
has been observed to induce S-glutathionylation on cer-
tain protein species probably depending on the micro-
environment of their cysteine [60, 111-113]. Another
physiologically likely pathway to S-glutathionylation oc-
curs via nucleophilic attack of glutathione on S-sulfeny-
lation sites that are formed by the reaction of protein
thiols with H,O,. Using exogenous application of 0.1-
20 mM H,O,, between 68 and 132 different plastid pro-
teins were identified as prone to S-sulfenylation [114—
116]. How many proteins undergo S-sulfenylation and
potentially subsequent S-glutathionylation under physio-
logically relevant H,O, concentrations in plastids re-
mains unclear.

Secondly, many proteins are potentially rapidly de-
glutathionylated in vivo. In plastids, the de-
glutathionylation would require interaction with the
plastid class I GRXC5/S12 isoforms (Fig. 2). Based on
experimental evidence, there is no functional redun-
dancy between TRXs and GRXs despite their structural
similarity, and they are specifically dedicated to the
redox control of protein disulfides and S-glutathiony-
lation, respectively. To date, the reduction of
glutathionylated cytosolic glyceraldehyde-3-phosphate
dehydrogenase from Arabidopsis thaliana (AtGAPC)
constitutes the sole exception since both enzymes can
efficiently catalyse its deglutathionylation [87, 117]. In-
creased GSSG levels and/or less reducing stromal gluta-
thione redox potential might influence the level of S-
glutathionylation on proteins in vivo, e.g. via decreased
rates of de-glutathionylation. As we identified a dynamic
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oxidative response of the stromal glutathione redox po-
tential to a transition from light to dark [33], future
studies need to investigate the biological relevance of
these redox dynamics and a putative influence on S-glu-
tathionylation levels on proteins.

Unfortunately, the exact position of only 37 Cys (on
26 different plastid proteins) susceptible to S-glutathio-
nylation is known, representing c. 17% of the different
identified glutathionylated proteins in plastids. Catalytic
Cys were fully conserved with the exception of Cys499
in AMY3 (Fig. 4, Additional file 9: Table S2). Here, the
annotation as catalytic Cys is based on a mutant protein
in A. thaliana that largely lacks catalytic activity [118].
However, the mechanism is unknown and Cys499 might
not be strictly necessary for catalytic activity in other or-
ganisms, based on our analysis. Notably, c. 22% of the
known sites on non-catalytic Cys were fully conserved
from green algae to flowering plants. This suggests an
important regulatory role of these Cys, including the po-
tential for modification via S-glutathionylation.

Distinct conservation patterns of putative
glutathionylation sites

Our evolutionary analysis on conservation of Cys under-
going S-glutathionylation in at least one species revealed
that several regulatory Cys are re-appearing in land plant
evolution suggesting independent gains and losses of
these sites (Fig. 4, FDX, PGK, SAL1).

Regarding phosphoglycerate kinase (PGK), we found a
decreasingly complex regulation during evolution. In the
green alga C. reinhardtii two S-glutathionylation sites
(CrPGK1 Cys159 and Cys412) were identified and S-glu-
tathionylation confirmed in vitro [73]. Interestingly,
Cys412 is conserved in human and mouse [75] but not
in most land plants, although it forms a regulatory disul-
fide with Cys278 in CrPGK1 [81]. Cys159 is partially
conserved in some land plant homologs. Most investi-
gated species encode for several isoforms of which at
least one contains Cys159, except for M. polymorpha
and the fern model species. In A. thaliana, the function
of the different isoforms is known, with AtPGK3
(AT1G79550) serving as the cytosolic glycolytic isoform,
AtPGK1 (AT3G12780) as the photosynthetic isoform,
and AtPGK2 (AT1G56190) as the plastidial glycolytic
isoform [119]. AtPGK1 and AtPGK2 are thus participat-
ing in the Calvin-Benson cycle and plastidial glycolysis,
respectively, but catalysing the inverse reaction. Cys159
is only conserved in the plastidial glycolytic isoform in
A. thaliana. 1t is tempting to speculate that S-glutathio-
nylation is contributing to differential regulation be-
tween photosynthetic and glycolytic isoforms in plastids.

Similarly, a highly conserved Cys is not present in the
A. thaliana ortholog of thiamine thiazole synthase
(THI1) (Fig. 4c). THI1 is synthetizing the thiazole
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moiety of thiamine (vitamin B1). It is a suicide enzyme
undergoing a single catalytic turnover, as the sulfide is
transferred from a conserved Cys [120] (corresponding
to AtTHI1 Cys216). The Cys of one S-glutathionylation
site (Cys106 identified in C. reinhardtii) is strictly con-
served, except for A. thaliana (A98). The position of
Cys106 is in the alpha 2 helix [121] within a highly con-
served motif of unknown function. However, the mean-
ing of a potential redox regulation in single-turnover
enzymes remains unclear.

In contrast, the redox regulation of alpha-amylase 3
(AMY3) seems to be increasingly complex in evolution.
Whereas two S-glutathionylation sites were identified in
A. thaliana, only one Cys (Cys587) is strictly conserved.
The second Cys (Cys499) is only present in the investi-
gated angiosperm models. It was already shown that
AtAMY3 is more active in its reduced form [118], with a
midpoint redox potential of — 329 mV (pH 7.9) and that
it is most efficiently reduced by TRX f, m and vy.
Whereas the single Cys mutant C587S was retaining ac-
tivity under oxidising conditions, the Cys499 mutant was
nearly inactive [118]. AMY3 plays a role in starch me-
tabolism associated with stomatal opening and is in-
volved in the response to stress [122]. In the presence of
H,0O, it undergoes a partial irreversible inactivation due
to the oxidation of cysteines, which is prevented by S-
glutathionylation on at least three different Cys, includ-
ing Cys499 and Cys587. Once glutathionylated, the en-
zyme can be reverted to its active state via GRXs or
TRX, if the S-glutathionylation is resolved by formation
of an intramolecular disulfide [77].

Similarly, two S-glutathionylation sites were identified
in the A. thaliana ortholog of the 3'-phosphoadenosine
5’-phosphate phosphatase SAL1 of which only Cys190 is
conserved in at least one homolog of all investigated
model species. Cysl19 is only present in A. thaliana
with positively charged AA residue being present in
most other species at the equivalent position. SAL1 has
an important evolutionarily conserved function in the
regulation of PAP levels and thereby in plastid to nu-
cleus retrograde signalling [123] (Zhao et al, 2019). A
“moonlighting” signalling function by secondary redox
sensing was already described for SAL1 [76] via the fully
conserved Cys167 that forms a cross beta-strand disul-
fide bond with Cys190. Cys119 or Cys190 are required
for deactivation under oxidising conditions in A. thali-
ana with Cys119 being involved in intermolecular disul-
fide and dimer formation, facilitating the cross beta-
strand disulfide bridge Cys167-Cys190 [76]. The redox-
regulatory mechanism in A. thaliana consists of first
dimerization and subsequent oxidative inactivation. Al-
ternatively, S-glutathionylation on Cys119 or Cys190 did
decrease the activity in monomer or dimer (midpoint
redox potential - 308 mV monomer, pH 7.5).
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Finally, we found variable conservation of putative S-
glutathionylation sites, with potentially several independ-
ent gains and losses in ferredoxins (FDX). While Cys69,
that is one of four 2Fe-2S coordinating cysteines, is
strictly conserved, there is variable conservation of
Cys48. Cys48 S-glutathionylation was identified in C.
reinhardtii and this residue is present in A. thaliana
leaf-type ferredoxins (FDX1 (AT1G10960) and FDX2
(AT1G60950)), but not in root-type ferredoxin FDX3
(AT2G27510) and FDX4 (AT5G10000) [124]. It is pos-
sible that there is a different redox regulation of leaf-
type FDX that are reduced by PSI, compared to root-
type FDXs, that are reduced by FNR and are more effi-
cient electron donors to sulphite reductase [124]. How-
ever, Cys48 is conserved in none of the FDX sequences
from fern model species and the monocot model B. dis-
tachyon. This suggests either independent losses of
Cys48 in these plant lineages, or the independent re-
appearance of a regulatory Cys at the same position
during land plant evolution.

Conclusions

By analysing enzymes drawing electrons from the gluta-
thione pool and producing GSSG we found that GR and
GRX isoforms are largely conserved between strepto-
phyte algae and land plant model species, identifying
them as central players of plastid glutathione-dependent
redox cascades. Here, GRXC5 is the ancestral isoform
likely involved in protein de-glutathionylation. The com-
position of scavenging and damage repair enzymes in
plastids was evolutionary less conserved except for
PRXIIE. This indicates variability of ROS-scavenging and
damage repair between different species and highlights
that PRXIIE might be necessary for plastid redox regula-
tion. As we found evolutionary conservation of many
known S-glutathionylation sites on plastid proteins, in-
cluding non-catalytic cysteines, we conclude that protein
S-glutathionylation in plastids plays an important and
yet under-investigated role in redox regulation and stress
response. Future challenges are to determine (i) new tar-
gets of S-glutathionylation, (ii) the exact position of S-
glutathionylation in more target proteins, (iii) the in vivo
dynamics of protein S-glutathionylation and the result-
ing steady-state level of the S-glutathionylated fraction
of target proteins and (iv) the biological relevance of this
modification for plastid function.

Methods

Sequence retrieval and alignment

To reconstruct gene diversification of components of
plastid and mitochondrial redox cascades, protein se-
quences were retrieved from OrcAE for Chara braunii
(http://www.bioinformatics.psb.ugent.be/orcae/overview/
Chbra), Phytozome v12.1 [125] for Chlamydomonas
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reinhardtii, Marchantia polymorpha, Physcomitrium
(Physcomitrella) patens, Selaginella moellendorffii and
Brachypodium distachyon, Fernbase (http://www.
fernbase.org) for Salvinia cucullata and Azolla filicu-
loides, and TAIR10 (www.arabidopsis.org) for Arabidop-
sis thaliana. Additionally, protein sequences encoded by
organellar genomes were retrieved from Uniprot [104].
BLAST access to Anthoceros agrestis and Anthoceros
punctatus genomes [42] was provided by Prof. Peter
Szovenyi. Alignments were constructed using JalView
[126] and the Muscle algorithm with default settings.

Construction of phylogenetic trees
Phylogenetic trees were generated from manually cu-
rated alignments (see Additional file 12) using Bayesian
inference with MrBayes (run parameters: mixed protein
models, rates = invgamma, number of generations: 2¢10°,
burnin =20%, end split frequencies< 0.01) [127]. As
complementary method, Maximum Likelihood-based
trees (see Additional file 13) were generated using iQtree
web [128] (run parameters: 1000 bootstrap, standard
settings).

Graphical representations of phylogenetic trees were
created using the Figtree software (v1.4.2, A. Rambaut,
http://tree.bio.ed.ac.uk/software/figtree/).

Compiling the list of glutathionylated plastid proteins
Proteins found to be glutathionylated in different prote-
omic and in vitro studies [31, 60, 71-93] were retrieved
from the literature and used to assemble a list (Add-
itional file 9: Table S2, sheetl). NCBI reference se-
quences (www.ncbi.nlm.nih.gov) and TAIR (www.
arabidopsis.org) accession numbers were used to unam-
biguously identify proteins.

Arabidopsis homologs of every protein were identified
using the BLASTP tool from NCBI (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). The presumed subcellular localization
of Arabidopsis homologs was retrieved from SUBA
(Subcellular Localisation Database for A. thaliana)
[94] using the SUBAcon algorithm in order to iden-
tify plastidial proteins.

Identification of catalytic cysteine sites

Catalytic cysteines were identified among those found to
be glutathionylated and belonging to plastid proteins
(Additional file 9 Table S2, sheet2) using Uniprot [104]
and the information found within the individual publica-
tions cited.

Abbreviations

ROS: reactive oxygen species; CBC: Calvin-Benson cycle; RNS: reactive
nitrogen species; GSH: glutathione; TRX: thioredoxin; GR: glutathione
reductase; FTR: ferredoxin-thioredoxin reductase; NTR: NADPH-dependent
thioredoxin reductase; PRX: peroxiredoxin; GPXL: glutathione peroxidase-like
protein; GSSG: glutathione disulfide; sy : glutathione redox potential;

MSR: methionine sulfoxide reductase; GRX: glutaredoxin; NPR1: nonexpressor
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of pathogenesis-related genes 1; DHAR: dehydroascorbate reductase;
GST: glutathione S-transferase; APX: ascorbate peroxidase; Cb: Chara braunii;
Aa: Anthoceros agrestis; Mp: Marchantia polymorpha; Pp: Physcomitrium
patens; Sm: Selaginella moellendorffii; Sc: Salvinia cucullata; Af: Azolla
filiculoides; Bd: Brachypodium distachyon; At: Arabidopsis thaliana;

MetSO: methionine sulfoxide; PET: photosynthetic electron transport;

AsA: ascorbic acid; GAP: glyceraldehyde-3-phosphate dehydrogenase; MS/
MS: tandem mass spectrometry; BioGEE: biotinylated GSH ethyl ester;
BioGSSG: biotinylated glutathione disulfide; AMY: alpha-amylase;

THI: thiamine thiazole synthase; PGK: phosphoglycerate kinase;

FDX: ferredoxin; HGT: horizontal gene transfer; GSNO: S-nitrosoglutathione
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Additional file 1: Table S1. containing protein model information and
targeting.

Additional file 2: Fig. S2. Phylogenetic tree of DHAR. (a) Phylogenetic
tree of DHAR isoforms (P. patens nomenclature according to Liu et al.
(2013) [50]) constructed using MrBayes, node values and line weights
depict posterior probabilities (run parameters: mixed protein models,
rates = invgamma, number of generations: 2*10°, burnin = 20%, split
frequencies< 0.01). 'P. patens DHAR1 was identified and quantified in
mitochondrial and plastid proteomes [49] and is putatively dual targeted.
TargetP2.0 (T) [46], LOCALIZER (L) [47] and PredAlgo (P) [48] predictions
(Additional file 1 Table S1) indicate highly variable targeting of the
multiple DHAR paralogs (M, mitochondria; P, plastid; O, other; S,
secretory). The presence (check mark) or absence (X) of an N-terminal ex-
tension (ext. N) in the sequence is indicated; NA: not assessed as se-
quence potentially incomplete. Gene identifiers are given according to
the used gene models for Chara braunii (CHBRA), Anthoceros agrestis
strain Bonn (AaBonn), Marchantia polymorpha (Mapoly), Physcomitrium
patens (Pp), Selaginella moellendorffii (Selmo), Salvinia cucullata (Sacu),
Azolla filiculoides (Azfi), Brachypodium distachyon (Bradi) and Arabidopsis
thaliana (At) and are additionally color-coded as in Fig. 1. Colour legend:
Cb = Chara braunii; Aa = Anthoceros agrestis; Mp = Marchantia polymorpha;
Pp = Physcomitrium patens; Sm = Selaginella moellendorffii; Sc = Salvinia
cucullata; Af = Azolla filiculoides; Bd = Brachypodium distachyon; At = Arabi-
dopsis thaliana. (b) N-terminal part of protein alignment (Jalview) show-
ing the presence or absence of N-terminal extensions indicative of
putative N-terminal targeting peptides. Colour-scheme: ClustalX.

Additional file 3: Fig. S3. Phylogenetic tree of lambda and iota-type
GSTs. (a) Phylogenetic tree of lambda- and iota-type glutathione S-trans-
ferase isoforms (P. patens nomenclature according to Liu et al. (2013)
[50]) constructed using MrBayes, node values and line weights depict
posterior probabilities (run parameters: mixed protein models, rates =
invgamma, number of generations: 2*10°, burnin = 20%, split frequen-
cies< 0.01). TargetP2.0 (T) [46], LOCALIZER (L) [47] and PredAlgo (P) [48]
predictions (Additional file 1 Table S1) indicate variable targeting of GSTL
and GSTl isoforms to plastids (M, mitochondria; P, plastid; O, other; S,
secretory). The presence (check mark) or absence (X) of an N-terminal ex-
tension (ext. N) in the sequence is indicated; NA: not assessed as se-
quence potentially incomplete. Gene identifiers are given according to
the used gene models for Chlamydomonas reinhardtii (Cre), Chara braunii
(CHBRA), Anthoceros agrestis strain Bonn (AaBonn), Marchantia polymor-
pha (Mapoly), Physcomitrium patens (Pp), Selaginella moellendorffii (Selmo),
Salvinia cucullata (Sacu), Azolla filiculoides (AZfi), Brachypodium distachyon
(Bradi) and Arabidopsis thaliana (At) and are additionally color-coded as
in Fig. 1. Colour legend: Cb = Chara braunii; Aa = Anthoceros agrestis; Mp =
Marchantia polymorpha; Pp = Physcomitrium patens; Sm = Selaginella
moellendorffii; Sc = Salvinia cucullata; Af = Azolla filiculoides; Bd = Brachypo-
dium distachyon; At = Arabidopsis thaliana. (b) N-terminal part of protein
alignment (Jalview) showing the presence or absence of N-terminal ex-
tensions indicative of putative N-terminal targeting peptides. Colour-
scheme: ClustalX.

Additional file 4: Fig. S4. Phylogenetic tree of methionine sulfoxide
reductases B. (a) Phylogenetic tree of methionine sulfoxide reductase B
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(MSRB) isoforms constructed using MrBayes, node values and line
weights depict posterior probabilities (run parameters: mixed protein
models, rates = invgamma, number of generations: 2%10°, burnin = 20%,
split frequencies< 0.01). TargetP2.0 (T) [46], LOCALIZER (L) [47] and
PredAlgo (P) [48] predictions (Additional file 1 Table S1) indicate variable
targeting of MSRB1 isoforms to plastids (M, mitochondria; P, plastid; O,
other; S, secretory). The presence (check mark) or absence (X) of an N-
terminal extension (ext. N) in the sequence is indicated; NA: not assessed
as sequence potentially incomplete. Gene identifiers are given according
to the used gene models for Chlamydomonas reinhardtii (Cre), Chara
braunii (CHBRA), Anthoceros agrestis strain Bonn (AaBonn), Marchantia
polymorpha (Mapoly), Physcomitrium patens (Pp), Selaginella moellendorffii
(Selmo), Salvinia cucullata (Sacu), Azolla filiculoides (Azfi), Brachypodium
distachyon (Bradi) and Arabidopsis thaliana (At) and are additionally color-
coded as in Fig. 1. Colour legend: Cb = Chara braunii; Aa = Anthoceros
agrestis; Mp = Marchantia polymorpha; Pp = Physcomitrium patens; Sm =
Selaginella moellendorffii; Sc = Salvinia cucullata; Af = Azolla filiculoides; Bd =
Brachypodium distachyon; At = Arabidopsis thaliana. (b) N-terminal part of
protein alignment (Jalview) showing the presence or absence of N-
terminal extensions indicative of putative N-terminal targeting peptides.
Colour-scheme: ClustalX. (c) In the presence of H,O,, methionine can be
oxidised, a modification that can be resolved by MSRB regarding methio-
nine-R-sulfoxide. The GRX-dependent reaction mechanism in atypical
(1Cys) MSRB operates via an S-glutathionylation intermediate [53]. The
GRX-dependent mechanism generates GSSG that in turn requires GR for
reduction. (PDF 156 kb). (d) Conservation of threonine in the relative pos-
ition to AtMSRB1 Thr132 (red arrow). Colour-scheme: ClustalX.

Additional file 5: Fig. S5. Phylogenetic tree of peroxiredoxin Il E. (a)
Phylogenetic tree of peroxiredoxin IIE (PRXIIE) isoforms constructed using
MrBayes, node values and line weights depict posterior probabilities (run
parameters: mixed protein models, rates = invgamma, number of
generations: 2*10°%, burnin = 20%, split frequencies< 0.01). TargetP2.0 (T)
[46] predictions indicate conserved targeting of PRXIIE isoforms to
plastids, while LOCALIZER (L) [47] and PredAlgo (P) [48] predictions vary
(M, mitochondria; P, plastid; O, other; S, secretory) (Additional file 1 Table
S1). The presence (check mark) or absence (X) of an N-terminal extension
(ext. N) in the sequence is indicated; NA: not assessed as sequence po-
tentially incomplete. Gene identifiers are given according to the used
gene models for Chara braunii (CHBRA), Anthoceros agrestis strain Bonn
(AaBonn), Marchantia polymorpha (Mapoly), Physcomitrium patens (Pp),
Selaginella moellendorffii (Selmo), Salvinia cucullata (Sacu), Azolla filiculoides
(AZfi), Brachypodium distachyon (Bradi) and Arabidopsis thaliana (At) and
are additionally color-coded as in Fig. 1. Colour legend: Cb = Chara brau-
nii; Aa = Anthoceros agrestis; Mp = Marchantia polymorpha; Pp = Physcomi-
trium patens; Sm = Selaginella moellendorffii; Sc = Salvinia cucullata; Af =
Azolla filiculoides; Bd = Brachypodium distachyon; At = Arabidopsis thaliana.
(b) N-terminal part of protein alignment (Jalview) showing the presence
or absence of N-terminal extensions indicative of putative N-terminal tar-
geting peptides. Colour-scheme: ClustalX.

Additional file 6: Fig. S6. Phylogenetic tree of class | GRX. (a)
Phylogenetic tree of class I glutaredoxin (GRX) isoforms constructed using
MrBayes, node values and line weights depict posterior probabilities;
nodes with lower support than 50% are collapsed (run parameters: mixed
protein models, rates = invgamma, number of generations: 4#10°,

burnin = 20%, split frequencies< 0.01). TargetP2.0 (T) [46], LOCALIZER (L)
[47] and PredAlgo (P) [48] targeting predictions (Additional file 1 Table
S1) are indicated (M, mitochondria; P, plastid; O, other; S, secretory). The
presence (check mark) or absence (X) of an N-terminal extension (ext. N)
in the sequence is indicated; NA: not assessed as sequence potentially in-
complete. Gene identifiers are given according to the used gene models
for Chara braunii (CHBRA), Anthoceros agrestis strain Bonn (AaBonn),
Marchantia polymorpha (Mapoly), Physcomitrium patens (Pp), Selaginella
moellendorffii (Selmo), Salvinia cucullata (Sacu), Azolla filiculoides (Azfi), Bra-
chypodium distachyon (Bradi) and Arabidopsis thaliana (At) and are add-
itionally color-coded as in Fig. 1. Colour legend: Cb = Chara braunii; Aa =
Anthoceros agrestis; Mp = Marchantia polymorpha; Pp = Physcomitrium
patens; Sm = Selaginella moellendorffii; Sc = Salvinia cucullata; Af = Azolla
filiculoides; Bd = Brachypodium distachyon; At = Arabidopsis thaliana. (b) N-
terminal part of protein alignment (Jalview) showing the presence or

absence of N-terminal extensions indicative of putative N-terminal target-
ing peptides. Colour-scheme: ClustalX.

Additional file 7: Fig. S7. Phylogenetic tree of plastid-targeted class Il
GRX. (a) Phylogenetic tree of the plastid class Il glutaredoxin (GRX) S14
and S16 isoforms constructed using MrBayes, node values and line
weights depict posterior probabilities; nodes with lower support than
50% are collapsed (run parameters: mixed protein models, rates =
invgamma, number of generations: 2*10°, burnin = 20%, split frequen-
cies< 0.01). TargetP2.0 (T) [46] predictions indicate conserved targeting of
GRXS14 and GRXS16 isoforms to plastids, while LOCALIZER (L) [47] and
PredAlgo (P) [48] predictions vary (M, mitochondria; P, plastid; O, other; S,
secretory) (Additional file 1 Table S1). The presence (check mark) or ab-
sence (X) of an N-terminal extension (ext. N) in the sequence is indicated;
NA: not assessed as sequence potentially incomplete. Gene identifiers are
given according to the used gene models for Chara braunii (CHBRA),
Anthoceros agrestis strain Bonn (AaBonn), Marchantia polymorpha
(Mapoly), Physcomitrium patens (Pp), Selaginella moellendorffii (Selmo), Sal-
vinia cucullata (Sacu), Azolla filiculoides (Azfi), Brachypodium distachyon
(Bradi) and Arabidopsis thaliana (At) and are additionally color-coded as
in Fig. 1. Colour legend: Cb = Chara braunii; Aa = Anthoceros agrestis; Mp =
Marchantia polymorpha; Pp = Physcomitrium patens; Sm = Selaginella
moellendorffii; Sc = Salvinia cucullata; Af = Azolla filiculoides; Bd = Brachypo-
dium distachyon; At = Arabidopsis thaliana. (b) N-terminal part of GRXS14
protein alignment (Jalview) showing the presence or absence of N-
terminal extensions indicative of putative N-terminal targeting peptides.
Colour-scheme: ClustalX. (c) N-terminal part of GRXS16 protein alignment
(Jalview) showing the presence or absence of N-terminal extensions indi-
cative of putative N-terminal targeting peptides. Colour-scheme: ClustalX.

Additional file 8: Fig. S8. Phylogenetic tree of glutathione reductases
(GR). (a) Phylogenetic tree of glutathione reductase isoforms constructed
using MrBayes, node values and line weights depict posterior
probabilities; nodes with lower support than 50% are collapsed (run
parameters: mixed protein models, rates = invgamma, number of
generations: 0.5*10°, burnin = 20%, split frequencies< 0.01). TargetP2.0 (T)
[46], LOCALIZER (L) [47] and PredAlgo (P) [48] targeting predictions
(Additional file 1 Table S1) are indicated (M, mitochondria; P, plastid; O,
other; S, secretory); experimental evidence for conserved dual targeting
of GR2 isoforms:' [67], % [29]. The presence (check mark) or absence (X) of
an N-terminal extension (ext. N) in the sequence is indicated. Gene identi-
fiers are given according to the used gene models for Chlamydomonas
reinhardtii (Cre), Chara braunii (CHBRA), Anthoceros agrestis strain Bonn
(AaBonn), Marchantia polymorpha (Mapoly), Physcomitrium patens (Pp),
Selaginella moellendorffii (Selmo), Salvinia cucullata (Sacu), Azolla filiculoides
(Azfi), Brachypodium distachyon (Bradi) and Arabidopsis thaliana (At) and
are additionally color-coded as in Fig. 1. Additional species: NOSS: Nostoc
spec.; Anthoceros agrestis Oxford (AaOxford), Anthoceros punctatus (Ap),
[40]. Colour legend: Cb = Chara braunii; Aa = Anthoceros agrestis; Mp =
Marchantia polymorpha; Pp = Physcomitrium patens; Sm = Selaginella moel-
lendorffii; Sc = Salvinia cucullata; Af = Azolla filiculoides; Bd = Brachypodium
distachyon; At = Arabidopsis thaliana. (b) N-terminal part of GR protein
alignment (Jalview) showing the presence or absence of N-terminal ex-
tensions indicative of putative N-terminal targeting peptides. Red bar
marks prominent example of sequence lacking in bacterial and Antho-
ceros GRs, supporting an origin by horizontal gene transfer (HGT). GRs ac-
quired by HGT possess putative N-terminal extensions, compared to
bacterial GRs. Colour-scheme: ClustalX.

Additional file 9: Table S2. Lists of S-glutathionylation sites and
organisms.

Additional file 10 Word-file containing all alignments used to assess
conservation of known S-glutathionylation sites on plastid proteins in
fasta format.

Additional file 11. Word-file containing AMY3 alignment with add-
itional angiosperm sequences.

Additional file 12. Word-file containing all alignments used to build
phylogenetic trees in FASTA format.

Additional file 13. Word-file containing phylogenetic trees generated
with alternative method (Maximum Likelihood).
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4. Biochemical insights in the mechanism of protein S-

glutathionylation in vivo and in vitro

4.1. Results

4.1.1 Protein S-glutathionylation and its dependency on glutathione ratio or redox

potential

The redox sensor roGFP2 equilibrates with the glutathione redox couple (2GSH/GSSG) and
allows a direct read-out of the redox potential of glutathione (Esst) (Meyer et al. 2007
Gutscher et al. 2008; Schwarzlander et al. 2008; Aller et al. 2013) (Figure 6). The assumption
of a total glutathione concentration of for example 2-3 mM in vivo (Fricker et al. 2000), allows
the determination of GSH and GSSG concentrations through the Nernst Equation. However,
for in vitro experiments, concentrations of GSH and GSSG with an exact known total
glutathione concentration can be calculated precisely to generate a desired redox potential
following the Nernst Equation:

2.303RT 0 [GSH]?
ZF 910 [GSSG]

E'= EIO(GSH) -

with R=8.315J K1 mol?, T=298.15K, z =2, F = 96.485 C moltand E’°=-240 mV at pH 7. Several
concentrations of GSH and GSSG can result in the same redox potential (further described in
Bohle et al. 2023). Calculated GSH:GSSG ratios and absolute glutathione concentrations are
displayed in Table 16. To simplify, the relation of absolute concentration of GSH or GSSG [c]
will be called hereinafter, GSH:GSSG ratio. When discussing redox potential, | refer to the
Nernst equation and represent it (GSH?/GSSG) as Egsu. Based on the knowledge that roGFP2
is oxidized via a GRX-catalyzed S-glutathionylation step (Figure 6), the following theory was
established in collaboration with Paolo Trost, Mirko Zaffagnini and Jacopo Rossi (University of
Bologna, Italy) to investigate the dependency of S-glutathionylation on GSH:GSSG ratio or Egsh.
The glutathionylation of the thiol group of GRXC1 (Figure 6, ks) and the transfer of the
glutathionylated group to roGFP2 (Figure 6, k3) may dependent on the GSH:GSSG ratio,
influencing the velocity of the reaction. The second reaction of releasing the glutathionylation

group of roGFP2 by disulfide formation (Figure 6, k-1) might rather depend on the Egsh (see
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Figure 6). To assess if the ratio of GSH:GSSG is the key factor for glutathionylation of GRXC1

and roGFP2, while the endpoint of roGFP2 oxidation is dependent on Egsy, roGPF2 oxidation

assays were performed under constant Egsy While varying GSH:GSSG ratios.

Table 16: Glutathione redox potentials and ratios

EGsH Ratio final [GSH] final [GSSG] Total [GSH+GSSG]
(GSH/GSSG)
-232 mV 5.25 42 mM 8 mM 50 mM
10.5 20 mM 1.9 mM 21.9 mM
72.5 2.9 mM 0.04 mM 2.94 mM
-280 mV 158.1 63.24 mM 0.4 mM 63.64 mM
500.6 19.97 mM 0.0399 mM 20.0099 mM
1500.7 6.663 MM 0.00444 mM 6.667 mM
2000 5mM 0.0025 mM 5.0025 mN
-220 mV 30 3mM 0.1 mM 3.1 mM
3000 0.03 mM 0.00001 mM 0.03001 mM
20 4.5 mM 0.225 mM 4,725 mM
134 0.67 mM 0.005 mM 0.675 mM
GSSG GSH
/\44
SH SH
SH SSG
M3
GSH
S k1 - GSH\C}/‘SSG K2
‘— P >
< k1 SSG « v~ 2\ k-
GSH GSHGSSG
\7_:‘/
SH& SH
SH SSG
/%
GSSG GSH

Figure 6: roGFP2 oxidation/reduction via glutathionylation catalysed by GRX

Schematic overview of roGFP2 oxidation via glutathionylation catalysed by GRX and glutathione
(GSH/GSSG). Oxidized roGFP2 = red, reduced or glutathionylated roGFP2= blue, GRX = black.
Modified from Prof. Andreas Meyer (University of Bonn).
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4.1.1.1 At constant Ecsh, roGFP2 oxidation kinetics depend on GSH:GSSG

To obtain further insights in the molecular mechanism and dependency of protein
S-glutathionylation on the Egsy or molar ratio of GSH to GSSG, we calculated three GSH:GSSG
ratios of 5.25, 10.5 and 72.5 resulting in a similar Egsn of -232 mV and a final sensor oxidation
of 98% at pH 7.4 (Table 16, Schwarzlander et al. 2008; Aller et al. 2013). The influence of the
molar ratio of the GSH:GSSG redox pair on roGFP2 oxidation was tested by performing roGFP2
oxidation assays at a constant redox potential (mV) and varying the molar ratio of GSH to GSSG
(Figure 7). In three tested ratios (5.25, 72.5, 10.5), sensor oxidation reached >90% after 70 min
of equilibration. Differences in the GSH:GSSG ratio had an impact on the velocity of roGFP2
oxidation, nevertheless the endpoint of oxidation was the same for the three ratios. For better
comparison the increase in sensor oxidation in % per min was calculated within the first 10
minutes of the assay. A sensor oxidation of 2.59% min! was obtained for the lowest GSH:GSSG
ratio with 5.25, 4.85% min! for 10.5 and 7.29% min! was obtained for a 72.5 ratio, showing
the fastest oxidation kinetic for the highest GSH:GSSG ratio in the presence of AtGRXC1 (Figure
7 A). Inverse behavior of roGFP2 oxidation kinetics was observed in the absence of GRX (‘-
AtGRXC1’:5.25=1.74% min1; 10.5=1.63% min™!; 72.5= 0.76% mint). However, all tested ratios
led to >90% of sensor oxidation after 180 min (5.25, 10.5) and 900 min (72.5) showing no
significant difference in the endpoint of sensor oxidation (Figure 7 B). The initial oxidation
degree of roGFP2 varied between the ratios with 5.25 revealing a sensor oxidation of ~40%,
while 10.5 started with ~25% and 72.5 with close to 0% of sensor oxidation. Variances in the
sensor oxidation at the start of the assay were due to a time gap between the addition of

AtGRXC1 or buffer and fluorescence measurement in the plate reader.

| hypothesized that in the presence of GRX, high amounts of reduced glutathione in the lower
ratio (5.25) may shift the reaction towards reduction of roGFP2. To asses if the backreaction
of glutathionylated AtGRXC1 with GSH is limiting the reaction (ks, Figure 6), | repeated the
oxidation assay with AtGRXS15 (Figure 7 C). The monothiol AtGRXS15 is able to oxidize but
unable to efficiently reduce roGFP2. Using AtGRXS15 should minimize the GRX catalyzed
reaction of glutathionylated roGFP2 to reduced roGFP2 (Figure 6, ks; Moseler et al. 2015;
Begas et al. 2017). As seen for AtGRXC1, roGFP2 showed similar oxidation kinetics in the
presence of AtGRXS15 (Figure 7 C) with the highest ratio (72.5) resulting in the fastest roGFP2
oxidation. Due to faster roGFP2 oxidation, slopes were calculated within 5 min after AtGRXS15

(6 uM) addition and resulted in 8.93% of roGFP2 oxidation per min for 5.25, 9.15% min™! for
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10.5 and 14.32% min™* for 72.5. 40 pM GSSG was used as an additional positive control for
successful sensor oxidation. To verify for GRX activity, roGFP2 oxidation was measured in the
absence of AtGRXS15 (Figure 7 C). Without AtGRXS15 slopes were supporting the data
obtained without AtGRXC1 (see Figure 7A; AtGRXS15: 5.25 = 2.46% min'l; 10.5 = 1.75% min‘%;
72.5=0.29% mint).
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Figure 7: roGFP2 oxidation kinetics at -232 mV in different GSH:GSSG ratios

A Degree of roGFP2 (1 uM) oxidation at -232 mV pH 7.4 in GSH:GSSG ratios of 5.25, 10.5 and
72.5 in the presence (+) and absence (-) of 1 uM AtGRXC1. Full oxidation (dotted line) and
reduction of roGFP2 was determined by addition of 10 mM H202 and 10 mM of DTT in control
wells (n = 4-5). Oxidation degree of roGFP2 was calculated as described in Schwarzldnder et al.
2008. GRXC1 was added prior to fluorescence detection in the plate reader B Degree of roGFP2
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oxidation after 180 min of oxidation assay (data of assay shown in A). 72.5*% shows the endpoint
of roGFP2 oxidation after 900 min of assay time. Two-way ANOVA (p<0.0001) with Tukey’s
multiple comparison test was conducted to test for significant differences. Differing lowercase
letters depict significant differences. C Degree of roGFP2 (1 uM) oxidation at -232 mV pH 7.4 in
GSH:GSSG ratios of 5.25, 10.5 and 72.5 in the presence (+) and absence (-) of 6 uM AtGRXS15
added 4 min after measurement start. 40 pM GSSG was used as oxidation control.

4.1.1.2 Degree of protein S-glutathionylation within various GSH:GSSG ratios at

constant EasH: making use of the single cysteine mutant roGFP2-C204S

After glutathionylation of roGFP2, the nucleophilic attack by the second cysteine of roGFP2
on the glutathionylated group initiates the release of a GSH molecule and formation of an
intramolecular disulfide bond (Meyer & Dick 2010; Trnka et al. 2020). In a currently available
mutant of roGFP2 lacking the cysteine required to release the glutathionylation via disulfide
formation (roGFP2-C204S, provided by Tobias Dick), the glutathionylation of roGFP2 is
trapped resulting in a stable glutathionylation of the second active site cysteine at position
147 (Trnka et al. 2020). During the reaction of roGFP2-C204S with glutathione one GSSG
molecule is consumed and one of the two GS-moieties is released as GSH. The other GS-moiety
stays bound to the roGFP2-C204S since no internal disulfide formation as seen for roGFP2
releases the glutathionylation. Dimerization of roGFP2-C204S upon glutathionylation can
rather be excluded under the tested conditions (examples in Figure 8, Figure 9), however an
intermolecular disulfide formation between two roGFP2-C204S cannot be completely
excluded. Unlike the dithiol roGFP2, whose oxidation is dependent on EgsH, the monothiol
roGFP2's oxidation is more likely to be dependent on the GSH:GSSG ratio. Monothiol
roGFP2-C204S in its reduced and oxidized form shows no difference in fluorescence after
excitation with 405 nm or 488 nm (Trnka et al. 2020). We therefore developed a redox state
dependent read-out of roGFP2-C204S via maleimide (MPEG-Mal) labelling of the non-

glutathionylated cysteine, resulting in a 5 kDa size difference per labeled thiol.

Additional to staining protein gels with Coomassie (PageBlue™), we visualized and localized
roGFP2 in a non-reducing SDS-PAGE under UV-light exposure. To first asses for specific roGFP2
signal, reduced (DTT), oxidized (H202) and untreated roGFP2-C204S were loaded on a non-
reducing SDS-PAGE and a first read-out under UV-light was performed (Figure 8 A) before

staining with PageBlue™ (Figure 8 B).
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A UV read-out B PageBlue™
RT  60°C, 15 min RT  60°C, 15 min
kDa___Un|DTTH,0,|un|DTT]H,0) kDa____ Un|DTTH.O,Un|DTTH,0

Figure 8: roGFP2-C204S SDS-PAGE read-out via UV-light

Non-reducing SDS-PAGE of roGFP2-C204S (4.8 ug/lane) non-denatured (RT, room temperature
22°C-25°C) and denatured (60°C, 15 min) after treatment with 10 mM DTT or 10 mM H:0; or
untreated (Un., isolated from bacteria). All samples were labeled with 10 mM NEM after
DTT/H.0; treatment. A SDS-PAGE imaged under UV-light (ChemoStar ECL, nm) B SDS-PAGE
shown in A stained with PageBlue™. Denaturated bands marked with a white arrow and are not
visible under UV light (A).

Only non-denatured roGFP2-C204S (band sizes ~25 kDa, 35 kDa and 40 kDa) was visible in the
UV-light shown by lack of bands in samples treated with 60°C for 15 min before gel loading
(Figure 8 A). roGFP2-C204S stained with Coomassie showed a partially overlapping band
pattern as seen in Figure 8 A with detectable roGFP2-C204S bands at ~30 kDa in denaturated

samples treated with 60 °C prior to loading (Figure 8 B).

Oxidation kinetics and endpoints of roGFP2 under varying ratios and constant Egsy has been
already assessed in Figure 7. To gain deeper insights on the S-glutathionylation behavior of a
monothiol target protein, such as roGFP2-C204S, the oxidation assay was performed as seen
in Figure 7. Samples were subsequently labeled with NEM to block free thiols or labeled with
MPEG-Mal to induce a 5 kDa size shift per labeled cysteine. Samples were loaded onto the
SDS-PAGE and read-out via UV light. We performed MPEG-Mal size-shift assay to identify
differences between reduced and S-glutathionylated roGFP2-C204S fractions. Thiol groups
labelled with MPEG-Mal indicate previously available, free thiol groups. The fractions of non-

shifted roGFP2-C204S therefor response to potentially glutathionylated roGFP2.

We performed the experiments concurrently with roGFP2 to validate the working assay using
the fluorescence read-out of roGFP2. roGFP2 revealing a typical band pattern with the
reduced protein (+ DTT) showing a slower (apparent Mw of 35 kDa) and the oxidized protein

(+ H202) showing a higher mobility (apparent Mw of ~28 kDa) (Figure 9). For reduced roGFP2
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treated with MPEG-Mal we obtained a band shift of ~10 kDa (from ~35 kDa to~45 kDa) (Figure
9). No size shift was observed in the ratios of 10.5 and 72.5 after MPEG-Mal labeling, indicating
complete oxidation of roGFP2 (no reduced thiol groups available for labelling). For NEM
labelled roGFP2-C204S we observed two bands occurring at ~25 kDa and ~37 kDa in each of
the treatments (DTT, H,0,, GSSG, 10.5, 72.5) with the intensity of the ~37 kDa increasing in
the H,0; treated sample (Figure 8, Figure 9). For MPEG-Mal treated reduced roGFP2-C204S
(DTT) we obtained two to three bands at ~25 kDa, ~35 kDa and ~37 kDa.

A 0GFP2 + NEM B roGFP2 + MPEG-Mal

DTT |H,0,|cssc| 10,5] 72,5| DTT |H_.202|GSSG| 10,5]72,5|

§ . AMPEG-Mal
=

40
35 _;

<4 SH
<SS

25

C roGFP2-C204S + NEM

DTT |H,0,|sssc| 10,5]| 72,5

SO H SOoH

SSG,SH
SOH

SSG,SH
SOH

Figure 9 SDS-PAGE of roGFP2 and roGFP2-C204S after oxidation assay with 10.5 and 72.5
GSH:GSSG ratios at -232 mV

SDS-PAGE loaded with 2.5 uM (=1.4 ug) roGFP2 (A,B) and roGFP2-C204S (C,D), treated with DTT
(1 mM), H202 (10 mM), 40 uM GSSG or ratios of GSH:GSSG (10.5/72.5) incubated with either 50
mM NEM (A,C) or 5 mM MPEG (B,D). In the samples 40 uM GSSG, 10.5 and 72.5 (GSH:GSSG) 1
UM of AtGRXC1 was added. A roGFP2 samples were incubated with NEM to block free thiols. B
roGFP2 incubated with MPEG-Mal to label not glutathionylated/oxidized cysteines C roGFP2-
C204S treated with NEM to block not glutathionylated, free thiols. D roGFP2-C204S incubated
with MPEG-Mal to label not glutathionylated/oxidized cysteines. SDS-PAGE was imaged under
UV-light exposure. Bands corresponding to the potential thiol redox state are marked at the
site of the gel (SH = reduced thiol, SS = intramolecular disulfide between Cys 147 and Cys 204,
SSG = glutathionylated thiol, SOH/SO.H = oxidized thiol (sulfenic, sulfinic, sulfonic acid) thiol)

However, the app. ~35 kDa band disappeared in later experiments (Figure 11, Figure 12, Figure
13), which were performed with a new roGFP2-C204S purification. The app.~37 kDa band
showed increased intensity in the H20; sample. To link the thiol modifications in the various

treatments to the gel running behavior, mass spectrometry was performed. Gel pieces of the
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control treatments of roGFP2-C204S were excised from the gel and dispatched to the
laboratory of Michael Schroda (Technical University Kaiserslautern, Germany) (Figure 10 A). A
tryptic digestion of the proteins and desalting of the samples was done and MS/MS was
performed as described in Spaniol et al. 2022. The analysis was performed and evaluated by
Dr. Frederik Sommer (Prof. M. Schroda, Technical University Kaiserslautern, Germany) using
the MaxQuant software (1.6.0.1., Cox & Mann 2008) or ProteinPilot V5 (ABSciex, Darmstadt).
Extracted ion chromatograms (XIC) of roGFP2-C204S peptide sequences
(LEYNYNCHNVYIMADK and LEYNYNCHNVYIMADKQK) with respective modifications were
divided over the XIC of a reference sequence of roGFP2-C204S not containing any cysteine
residues (514: GIDFKEDGNILGHK) in the same run of MS/MS analysis (Figure 10 B). The thiol
modification detected with the highest XIC intensity ratio (I/Is1a) in each run was set as
maximum. The other modifications were normalized over its XIC (Imax). Highest abundance of
NEM bound roGFP2-C204S was obtained in the DTT-reduced sample (Figure 10; ‘Run 1’), but
also observed for roGFP2-C204S treated with 40 uM of GSSG in the presence of AtGRXC1
(Figure 10; Run 3, GSSG+GRX). The highest abundance of glutathionylated roGFP2-C204S was
detected in the same sample (Figure 10; Run 3), but proportionally in much lower amount
than the NEM-modified roGFP2-C204S (Figure 10; Run 3, GSSG+GRX). Sulfonylated roGFP2-
C204S (SOs3H) was the most detected in the samples of roGFP2-C204S treated with H,0, and
showed an apparent molecular weight of ~25 and 37 kDa (Figure 10; Run 2+4). We detected
larger amounts of glutathionylated roGFP2-C204S in run 3 with GSSG+GRX treatment than in
the other conditions (Supplemental Figure 1). However, overall high abundance of reduced

and NEM labeled roGFP2-C204S was detected in the run 3.
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Figure 10: MS/MS analysis of roGFP2 oxidation assay samples

A SDS-PAGE and sample numbers (1-4) of roGFP2-C204S treated and incubated with NEM and
send for MS/MS analysis. Samples 1, 2, 3, 4 with expected modifications of the cysteine thiol
(NEM, S-OOH, S-OH, S-SG) B Intensities of each modification detected in the MS/MS in the
peptide sequence LEYNYNCHNVYIMADK and LEYNYNCHNVYIMADKQK (missed lysin (K) cleavage
(*)) was normalized over a reference sequence of roGFP2-C204S (514: GIDFKEDGNILGHK). As
control for the reference peptide 514 another reference sequence of roGFP2 (641:
SAMPEGYVQER) was used. Intensity detected in each run were plotted in the left panel).
Intensities normalized over the maximum intensity after normalization over the reference
intensity (514) of each run are depicted in the right panel.

Since no difference in MPEG-Mal labeling was detectable in the tested GSH:GSSG ratios with
roGFP2-C204S (Figure 9 D), we wanted to try a different redox potential resulting in different
GSH:GSSG ratios to visualize a possible small difference in glutathionylation. Due to the redox
potential of -232 mV we expect a nearly complete sensor oxidation (98%) leaving only 2% of
sensor able to interact with MPEG-Mal. To intensify the visibility of the MPEG-Mal shifted

band, further ratio experiments were performed at the midpoint potential of roGFP2.
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At -280 mV, 50% of roGPF2 will be oxidized allowing the other 50% of roGFP2 to be labelled
with MPEG-Mal leading to an increased band intensity of the MPEG-Mal labeled roGFP2 or
roGFP2-C204S.

For an Egsn of -280 mV, ratios were calculated with GSH:GSSG concentrations of 5 mM GSH to
0.002 mM GSSG (ratio 2000) and 6.66 mM GSH to 0.004 mM GSSG (ratio 1500) (see Table 16).
Full roGFP2 oxidation and reduction was detected in the roGFP2 H,O, and DTT samples labeled
with NEM, seen by the difference in gel mobility. Treatments with 40 uM GSSG resulted in
complete sensor oxidation and the appearance of the oxidized roGFP2 at app. 28 kDa, as
observed for H,O;-treated roGFP2 (Figure 11 B). The sensor was 50% reduced in both the
ratios 1500 and 2000, as seen by two bands of equal intensity at the height of the oxidized
(H202) and reduced (DTT) roGFP2. Labeling the sensor with MPEG-Mal induced a size shift of
the reduced roGFP2 from ~35 kDa to ~45 kDa in the DTT treated sample and in the ratios 1500
and 2000 (Figure 11 C). The NEM labeled roGFP2-C204S of samples at -280 mV revealed an
identical band pattern as seen before in Figure 9 C (Figure 11 D). The app. 25 kDa band showed
a high intensity while the app. 35 kDa band intensified after H,0; treatment. No differences
in band heights were observed between the ratio 1500 and 2000. Labeling the reduced
roGFP2-C204S (DTT) with MPEG-Mal did not lead to a 100% gel shift as observed for roGFP2
(Figure 11 E). The ~25 kDa band detected in the NEM labeled gel was still the most intense
band appearing in all samples of roGFP2-C204S labeled with MPEG-Mal. However, a cloudy
band appeared at ~40 kDa in the roGFP2-C204S samples treated with DTT, 40 uM GSSG, and
the ratio samples (1500, 2000).
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Figure 11: roGFP2 and roGFP2-C204S oxidation at -280 mV in 1500 and 2000 GSH:GSSG ratio
catalysed by AtGRXC1.

A Degree of roGFP2 oxidation and 405 nm/ 488 nm ratio of roGFP2-C204S at -280 mV and 1500
or 2000 GSH:GSSG ratio (see Table 16) within 20 min after addition of AtGRXC1(t1). Dotted lines
indicate 100% oxidation of the sensor by H202. Oxidation degree of roGFP2 was calculated as
described in Schwarzlander et al. 2008. Ox. Samples of this run were further labelled with NEM
and MPEG-Mal and analyzed via SDS-PAGE. B-E SDS-PAGE with 1.4 ug roGFP2 (B,C) and roGFP2-
C204sS (D,E), treated with DTT (1 mM), H20: (10 mM), 40 pM GSSG or ratios of GSH:GSSG
(1500/2000) incubated with either 50 mM NEM (B,D) or 5 mM MPEG-Mal (C,E). B roGFP2
samples were incubated with NEM to block free thiols. C roGFP2 incubated with MPEG-Mal to
label not glutathionylated/oxidized cysteines. D roGFP2-C204S treated with NEM to block not
glutathionylated, free thiols. E roGFP2-C204S treated with MPEG-Mal to label not
glutathionylated, free thiols. Arrows in blue and red indicate bands of reduced and oxidized
roGFP2, white and pink arrows indicate the height of glutathionylated, reduced or oxidized
roGFP2-C204S and sulfinic or sulfonic acid. MPEG-Mal labelled protein bands are labelled with
a black arrow.



CHAPTER 4: RESULTS 95

To ensure that DTT treatment completely reduced roGFP2-C204S, we also tested TCEP
(tris(2-carboxyethyl)phosphine, Bond-Breaker™, Thermo Fisher) as an alternative reducing
agent. NEM and MPEG-Mal labeling of roGFP2 and roGFP2-C204S reduced via DTT or TCEP
showed no difference in band heights within the respective treatment (Figure 12). MPEG-Mal
bands of roGFP2-C204S were observed at ~40 kDa as seen in Figure 11 E, also showing a band
of high signal intensity at ~25 kDa. Assuming a complete reduction of roGFP2C204S, no
difference in MPEG-Mal-binding was detected between the ratios 10.5 and 72.5 (-232 mV) as
well as 1500 and 2000 ratio (-280 mV; Figure 9, Figure 11).

A +NEM B +MPEG-Mal

roGFP2-CC roGFP2-C204S roGFP2-CC roGFP2-C204S
DTT| H,0,|TCEF DTT|H,0,| TCEP DTT | H,0,| TCER DTT|H,0,| TCEP

<4MPEG-Mal

40 m— . <SOH
5 — <4 SH
25_.- d--a§§GSH
SOH

| _

Figure 12: roGFP2 and roGFP2-C204S after reduction with DTT and TCEP

SDS-PAGE of roGFP2 and roGFP2-C204S reduced with 10 mM DTT or 10 mM TCEP for 20 min
before labelling with 50 mM NEM (A) or 5 mM MPEG-Mal (B). Arrows in blue and red indicate
bands of reduced and oxidized roGFP2, white and pink arrows indicate the height of
glutathionylated, reduced or oxidized roGFP2-C204S and sulfinic or sulfonic acid modification.
MPEG-Mal labelled protein bands (B) are labelled with a black arrow.

The tested ratios of 10.5 and 72.5 (at -220 mV) and 1500 and 2000 (at -280 mV) showed a 6.9-
fold and 1.3-fold difference, respectively. Since the ratios may be too close to detect a
difference in roGFP2-C204S between MPEG-Mal labeled, reduced roGFP2-C204S and
unlabeled S-glutathionylated roGFP2-C204S, the experiment was repeated with the largest
possible ratio difference. We chose a GSH:GSSG ratio of 30 and 3000 to increase the difference
between the ratios to 100-fold (Table 16). Limited by solubility of stock concentrations of GSH
and GSSG, these ratios were feasible at -220 mV estimated with the Nernst equation to result
in 100% of sensor oxidation. Further, we increased the 40 uM GSSG control to 2 mM GSSG to
push roGFP2-C204S to its glutathionylated form (Figure 6, k-3) and compared AtGRXC1 and
AtGRXS15 as catalysts in the gel-based read-out. roGFP2 in the presence of 2 mM GSSG and
either AtGRXC1 or AtGRXS15 led to ~100% of sensor oxidation (Figure 13 A). Aside from the

controls of H,0; and 2 mM GSSG, the only condition that led to 100% sensor oxidation was
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Figure 13: roGFP2 and roGFP2-C204S kinetics in 30 and 3000 ratios of GSH:GSSG at -220 mV
catalyzed by AtGRXC1 or AtGRXS15.

A Degree of roGFP2 oxidation and 405 nm/ 488 nm ratio of roGFP2-C204S at -220 mV and 30
and 3000 GSH:GSSG ratio (see Table 16) after addition of 5 uM AtGRXC1 or AtGRXS15. Dotted
lines indicate 100% oxidation of the sensor by H202. Oxidation degree of roGFP2 was calculated
as described in Schwarzlander et al. 2008. Samples of this run were further labelled with NEM
and MPEG-Mal and analyzed via SDS-PAGE. B-E SDS-PAGE with 1.4 ug roGFP2 (B,C) and roGFP2-
C204S (D,E), treated with DTT (1 mM), H202 (10 mM), 2 mM GSSG or ratios of GSH:GSSG
(30/3000) incubated with either 50 mM NEM (B,D) or 5 mM MPEG-Mal (C,E). B roGFP2 samples
were incubated with NEM to block free thiols. C roGFP2 incubated with MPEG-Mal to label not
glutathionylated/oxidized cysteines. D roGFP2-C204S treated with NEM to block not
glutathionylated, free thiols. E roGFP2-C204S treated with MPEG-Mal to label not
glutathionylated, free thiols. Arrows in blue and red indicate bands of reduced and oxidized
roGFP2, white and pink arrows indicate the height of glutathionylated, reduced or oxidized
roGFP2-C204S and sulfinic or sulfonic acid. MPEG-Mal labelled protein bands are labelled with
a black arrow



CHAPTER 4: RESULTS 97

the ratio 30 with AtGRXC1 present as a catalyst. roGFP2 showed a shift after MPEG-Mal
labeling in the GSH:GSSG ratio of 3000 + AtGRXC1, and 30 and 3000 in the presence of
AtGRXS15, since only 10% of sensor oxidation was detected via intensity read-out (Figure 13).
roGFP2-C204S displayed unchanged band patterns under all conditions, regardless of the
presence of AtGRXC1 or AtGRXS15. The 3000 GSH:GSSG ratio with 0.03 mM GSH and 0.00001
mM GSSG contained less GSSG amounts than roGFP2 present in the sample. Thus, under the
experimental conditions, complete oxidation of 5 uM roGFP2 would not have been possible

with 0.01 pM GSSG.

To further optimize the experimental set-up new GSH:GSSG ratios were tested which fulfilled
the following requirements: (1) the GSSG amount of the ratio had to be higher or equal to
5 uM due to the concentration of roGFP2 in the assay. If the concentration would be lower
than 5 uM full oxidation of roGFP2 via GSSG is not possible. (2) The GSH amount had to be
lower than the final MPEG-Mal concentration (5 mM). GSH contains a cysteine group which is
accessible to MPEG-Mal. If the concentration of GSH is higher than the concentration of
MPEG-Mal, less to no MPEG-Mal is available for the labeling of roGFP2. (3) Conversion of GSSG
to GSH during the assay reaction should not result in a significant shift in Egsu. The ratios 20
(4.5 mM GSH; 0.225 mM GSSG) and 134 (0.67 mM GSH; 0.005 mM) met these criteria and
demonstrated a maximum difference of 6.7-fold at -220 mV. 100% of roGFP2 oxidation was
detected in the ratio of 20 and 134 20 min after AtGRXC1 addition (Figure 14 A), which was
further shown by the band pattern in the SDS-PAGE of the NEM and MPEG-Mal labeled
roGFP2, only showing a ~10 kDa MPEG-Mal shift after DTT treatment (Figure 14 B,C). The
roGFP2-C204S showed the same band pattern after NEM labeling as already observed for
different redox potentials and ratios as shown in Figure 9, Figure 11 and Figure 13. After
MPEG-Mal labelling no intense band at app. 40 kDa was detected for neither the DTT treated

nor for the ratio samples (Figure 14 D, E).

Summarizing this set of experiments, roGFP2-C204S could either not be completely reduced
or the labelling with MPEG-Mal was inefficient (Figure 6, Figure 7, Figure 8, Figure 9, Figure
11, Figure 12, Figure 13, Figure 14). Even in the reduced (DTT) sample, where 100% labelling
of roGFP2-C204S was expected, no 100% MPEG-Mal induced size shift was observed for
roGFP2-C204S. In the roGFP2 samples, reduction, oxidation and labeling worked as expected,
which rather excludes the conditions such as pH, concentrations of MPEG-Mal or DTT as

causes for the failed positive control for roGFP2-C204S.
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Figure 14: roGFP2 oxidation in GSH:GSSG ratios of 20 and 134 at -220 mV

A Degree of roGFP2 oxidation and 405 nm/ 488nm ratio of roGFP2-C204S oxidation at -220 mV
and 20 and 134 GSH:GSSG ratio (see Table 16) after addition of 1 UM AtGRXC1. Dotted lines
indicate 100% oxidation of the sensor by H202. Oxidation degree of roGFP2 was calculated as
described in Schwarzlander et al. 2008. Oxidation degree of roGFP2-C204S was calculated by
roGFP2-C204S DTT and H202 controls. Samples of this run were further labelled with NEM and
MPEG-Mal and analyzed via SDS-PAGE. B-E SDS-PAGE with 1.4 pug roGFP2 (B,C) and roGFP2-
C204S (D,E), treated with DTT (1 mM), H202 (10 mM), 40 pM GSSG or ratios of GSH:GSSG
(20/134) incubated with either 50 mM NEM (B,D) or 5 mM MPEG-Mal (C,E). B roGFP2 samples
were incubated with NEM to block free thiols. C roGFP2 incubated with MPEG-Mal to label not
glutathionylated/oxidized cysteines. D roGFP2-C204S treated with NEM to block not
glutathionylated, free thiols. E roGFP2-C204S treated with MPEG-Mal to label not
glutathionylated, free thiols. Arrows in blue and red indicate bands of reduced and oxidized
roGFP2, white and pink arrows indicate the height of glutathionylated, reduced or oxidized
roGFP2-C204S and sulfinic or sulfonic acid. MPEG-Mal labelled protein bands are labelled with
a black arrow
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After the oxidation assay with 20 and 134 GSH:GSSG ratios at -220 mV, a Western blot with a
primary anti-glutathione antibody was performed to obtain a more sensitive detection of
glutathionylated roGFP2-C204S (Figure 15). The glutathionylated roGFP2-C204S appeared at
~35 kDa and slightly below ~25 kDa in all the samples including the reduced (DTT) and oxidized
(H202) control to which no external glutathione was added. The two bands of ~25 kDa and ~35
kDa are also visible in the PageBlue™ stained SDS-PAGE, but only one band at ~25 kDa is visible
under UV-exposure except for the H,0,sample. In the H,0;, sample the second band appeared
at ~37 kDa as seen before, identified as sulfenylated roGFP2-C204S (Figure 10-14). No
glutathionylated protein was detected at ~40 kDa in the H,0, treated roGFP2-C204S. As
additional control, roGFP2 was analyzed via immunoblot, expecting no glutathionylation for
oxidized roGFP2. roGFP2 showed a band appearing at ~35 kDa in the sample of roGFP2 treated
with DTT. The band was also visible under UV-light and after PageBlue™ staining. In samples
where 100% roGFP2 oxidation is expected (H20,, 40 uM GSSG, 20 and 134) no roGFP2-bound

glutathione was detected.
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Figure 15: Detection of glutathionylated roGFP2-C204S via immunodetection

A Oxidation degree of roGFP2 at -220 mV with GSH:GSSG ratios of 20 (GSH:4.5; GSSG 0.225 mM)
and 134 (GSH: 0.67 mM; GSSG: 0.005 mM) as seen in Figure 14. B Western blot of roGFP2-C204S
and roGFP2 after roGFP2 oxidation assay seen in A. 1.75 ug of roGFP2 or roGFP2-C204S was
loaded in each line. Primary antibody aGSH (ThermoFisher) was used in a 1:1000 dilution with
a secondary aMouse antibody (Agrisera) in a 1:2500 dilution. C SDS-PAGE loaded with 1.75 ug
of roGFP2-C204S and roGFP2 and imaged with UV-light D SDS-PAGE loaded with 1.75 pg of

roGFP2-C204S and roGFP2 and stained with PageBlue™.



CHAPTER 4: RESULTS 101

4.1.2 Behavior of cytosolic glyceraldehyde-3-phosphate dehydrogenase C1 (GAPC1) as
target protein of S-glutathionylation under less reducing glutathione redox

potential using a YFP fusion construct

To investigate the influence of the Egsy on the behavior of in vivo S-glutathionylation target
proteins, the cytosolic GAPC1 was further studied in the cytosolic and peroxisomal glutathione
reductase knock-out gr1-1 (Marty et al. 2009) of A. thaliana. Seeds of Arabidopsis plants
expressing YFP tagged GAPC1 (GAPC-YFP) under the 2xCaMV35S promotor or the endogenous
GAPC1 promotor were obtained from Alex Costa (University of Milan, Department of
Bioscience, Italy; Vescovi et al. 2013). Constructs were crossed into the gri-1 background.
Homozygous GAPC-YFP expressing plants were used as pollen donor for crossing with
homozygous grl-1 plants. Seeds generated from the crossing were screened for YFP
fluorescence and transferred to soil for seed generation of the progeny (F2). The F, generation
was screened via PCR for T-DNA insertion at the GRI1 locus and the presence of the
fluorescence construct (LB-GR1) (Figure 16). Nine plants were identified as homozygous
knock-outs of GR1 expressing p35S-GAPC-YFP labelled as #8, #9, #10, #14, #20, #29, #32, #33,
#40. Four plants were identified as GR1 knock-outs expressing pGAPC-GAPC-YFP labelled as
B#1, B#4, B#7 and A #14 (A and B labelling indicate different crossings).
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Figure 16: Genotyping of GAPC-YFP x gr1-1 and YFP- fluorescence screening

A+B Genotyping PCR was done on crossings of p355-GAPC-YFP x gri-1 lines (example #1-10) and
YFP fluorescence screening using the CLSM (Ex. 488 nm; Em. 511-541 nm). A schematic overview
over T-DNA insertion site of gri-1 was modified from Marty et al. 2009. C+D Genotyping PCR
on crossings of pGAPC-GAPC-YFP x grl1-1 lines (example #1-10) and YFP fluorescence screening
using the CLSM. Primers 1 and 3 amplify a sequence of the genomic GR1 locus (‘GR1’), primer
combination 1 and 2 can only be amplified if the T-DNA is present at the respective GR1 site
(‘LB-GR1’). Primer sequences are depicted in Table 4. Scale bar =20 um. Asterisk on top of

numbers label plants with T-DNA integration at the GR1 locus and no amplification of the WT
GR1 locus.
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41.2.1 Translocation and aggregation of GAPC1 under less reducing Egs+ in root

elongation zone of gr1-1 under the 2xCaMV35S promotor

WT and gr1-1 expressing p355-GAPC-YFP were grown on % MS-plates pre-screened for YFP
fluorescence and imaged via the CLSM. Due to previous results of GAPC-YFP in Arabidopsis
roots (Vescovi et al. 2013) the focus was set on the root tip and elongation zone (zone 1, Figure
17). GAPC-YFP accumulated in clusters in the root tip in both genotypes with the tendency of
more GAPC-YFP accumulations in the gr1-1 background. In the elongation zone GAPC-YFP
signal was less intense in both genotypes with a clear nuclear and cytosolic localization of the

sensor seen by an overlap of signal with nuclei detected in the transmitted light.

A | WT2xcamvass:capcyFP | B | grf-12xcaMvass:GAPC-YFP |
YFP YFP

Figure 17: p35S-GAPC-YFP signal in different root zones of WT and gri-1

7-day old WT (A) and gr1-1 (B) seedlings expressing p355-GAPC-YFP grown on % MS plates were
imaged using the CLSM. Fluorescence signal of root tip and elongation zone (zone 1) are
compared between WT (A) and gri1-1 (B) expressing GAPC-YFP. YFP = Ex. 488 nm; Em. 511-541
nm; TL = transmitted light. Scale bare = 20 um

In Vescovi et al. 2013, the treatment of pGAPC-GAPC-YFP expressing plants with 0.1 mM
cadmium (cad) showed a translocation of the sensor signal to the nucleus and higher
accumulation of GAPC-YFP in root tips compared to control conditions. Cadmium is a common
soil pollutant, known to induce oxidative stress and can interact with the glutathione pool
(Cuypers et al. 2010). To investigate the effect of 0.1 mM cad on GAPC as cytosolic target
protein of glutathionylation in WT and gri-1, four-day old Arabidopsis seedlings expressing
p355-GAPC-YFP were transferred to %5 MS plates containing 0.1 mM cad and further grown for

72 h. Nuclei of root cells were imaged using the CLSM and analyzed for translocation of
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GAPC-YFP signal from cytosol to nucleus by extraction of nuclear specific or cytosolic signal
using ICY (de Chaumont et al. 2012). The fluorescence signal showed a significantly higher
cytosolic and nuclear signal in gr1-1 compared to WT under control conditions (Figure 18).
Treatment of the seedlings with 0.1 mM cad led to the increase of WT cytosolic and nuclear
signal to the level of gr1-1 fluorescence. To normalize for differences in expression levels of
p355-GAPC-YFP between plants, the ratio of nuclear to cytosolic signal was calculated and log
transformed (Figure 18 E) revealing no significant difference between WT and gr1-1 under

control conditions but showed a significant difference for cadmium treated WT and gr1-1.
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Figure 18: GAPC-YFP signal in nucleus and cytosol of Arabidopsis root cells after 72 h of 0.1
mM cadmium treatment
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7-day old Arabidopsis seedlings w ere prior to imaging stressed for 72 h on 0.1 mM cadmium
plates or transferred as control group to % MS plates. CLSM images were taken of WT (A) and
grl-1 (B) overexpressing GAPC-YFP under control (upper panel) and cadmium treatment (lower
panel). Cells in the transition zone of the root were used for analysis. White arrows indicate
nuclei used for imaging analysis. Scale bars = 20 pm. Image brightness was adjusted only for
this figure while intensity quantifications (mean pixel intensity/ area) were done on raw data.
C Cytosolic YFP intensities were extracted using the region of interest tool of ICY (de Chaumont
et al. 2012). Cytosol signal excludes the nucleus signal within the cell. D YFP intensities located
in the nucleus were extracted using ICY. Only nuclei were taken showing a clear nucleus shape
in the transmitted light. E Cytosolic and nucleus intensity values were log transformed and the
ratio was formed. Data consist of two repetitions of the experiment with 5-7 roots analyzed per
experiment per line and treatment. C,D,E A two-way ANOVA was done with Sidak’s multiple
comparison analysis to test for significant differences between treatment and genotype
(p<0.036). Whiskers display min to max values with boxes indicating 25-75 percentiles. The
median is depicted as horizontal line. YFP = Ex. 488 nm; Em. 511-541 nm; TL = transmitted light

4.1.2.2 Fluorescence intensity of pGAPC-GAPC1-YFP in less reducing Ecsh of root

tips and elongation zones in gri-1

The intensity change of the YFP signal can only be compared in a limited range between WT
and gri-1 due to overexpression (with a high intensity signal) of the p355-GAPC-YFP construct.
Therefore, the GAPC-YFP sensor under the endogenous promoter was used to investigate the

effect of a less reduced Egst (in gr1-1) on the expression and accumulation level of GAPC.

GAPC-YFP expressed under the endogenous promotor showed under control conditions a
maximal ~240% increase of YFP intensity in the root tip area in gr1-1 compared to WT (Figure
19 A, C). Significance of YFP increase was verified by a two-way ANOVA. After 72 h of 0.1 mM
cad treatment, root morphology was altered in WT and gr1-1 (Figure 19 B, transmitted light)
as seen in Vescovi et al. (2013). The induction of the GAPC1 promotor after cadmium
treatment was observed by the accumulation of YFP signal in WT root tips (Figure 19 B). YFP
fluorescence detected in gr1-1 upon 72 h of cadmium treatment did not lead to an increase
of cytosolic YFP signal compared to WT intensity. A two-way ANOVA was performed to test
for significant differences between WT and gri-1 after 0.1 mM cad treatment and did not

reveal a significant difference.
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Figure 19:pGAPC-GAPC-YFP signal in Arabidopsis root cells of WT and gr1-1 after 72 h of
0.1 mM cad treatment
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7-day old Arabidopsis seedlings were prior to imaging stressed for 72 h on 0.1 mM cad plates
or transferred as control group to % MS plates. CLSM images were taken of WT (A,C) and gri-1
(line B7) (B, D) expressing GAPC-YFP under control of the endogenous promotor. Root tips (A,
B) and regions shortly above the root tip (C, D) were imaged. CLSM settings were kept constant
between images. Scale bar = 50 um. White arrow heads mark potential nuclei, visible in the
transmitted light. Image brightness was adjusted only for this figure. E Mean YFP intensities
were extracted of the total images of root tips as seen in A and B using ICY. 4-5 roots were
analyzed per genotype and treatment. A two-way ANOVA with Tukey’s multiple comparison test
was conducted (p=0.0087). Differing lowercase letters depict significant differences. Whiskers
display min to max values with boxes indicating 25-75 percentiles. The median is depicted as
horizontal line and the mean shown as ‘+’.

4.1.3 Biochemical characterisation of the plastidial glutaredoxin C5 of P. patens

Based on the phylogenetic analysis shown in Chapter 3, GRXC5 was identified as single
plastidial targeted class | GRX in P. patens. Before further functional characterization of
PpGRXC5 in vivo (see 4.1.4), PbGRXC5 was analyzed regarding its in vitro (de-)glutathionylation
abilities. For this purpose, the coding sequence of PpGRXC5 without the plastidial target
sequence was cloned into a bacterial expression vector (pETG-10A) and the recombinant

protein was purified.

413.1 Identifying P. patens GRXCS transit peptide by sequence alignment

The targeting peptide of PpGRXC5 was identified by sequence alignment with the plastidial
class | GRX of Arabidopsis: AtGRXC5 (AT4G28730.1) and AtGRXS12 (AT2G20270.2) (Figure 20).
PpGRXC5 showed an N-terminal extension, which is often observed for plastid targeted
proteins (Glaser & Soll 2004; Couturier et al. 2011). By sequence comparison, the start of the
N-terminal AtGRXC5 protein sequence at ‘SFGSRM’ (Couturier et al. 2011) supposes a
beginning of the PpGRXC5 protein coding sequence close to the position of Alanine 120 (red
asterisk, Figure 20). PoGRXC5 lacking the first 120 amino acids (AA120_PpGRXC5, A121
starting position) was cloned via the Gateway system into the pETG-10-A bacterial expression
vector (EMBL-made vector by Arie Geerlof, Heidelberg) and transformed into E. coli DH5a.
Transformed bacteria were checked via colony-PCR for the correct insert (Figure 21 A). The
plasmid was isolated and used for transformation of E. coli (Rosetta2, Novagen). Expressed
proteins were harvested and purified via an N-terminal His-tag and obtained protein fractions
were checked for purity (Figure 21 B). We further characterized the oxidation and reduction

ability of the recombinant PpGRXC5.
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A | PpGRXC5: gene model |
Pp1s321_10V6.1; Pp3c3_7440V3 400 bp
B | PpGRXCS5: protein sequence |

1 PpGRXC5/1-229 MARAAGIGVAAGVSTSAALASLL--VPSVASHSLDGSVQRAQLRPLHLRFLLSANCCLSR

2 AtGRXC5/1-174 ==---=--- MAVTAFNTLKLVSSSLDPIPSVSCSSYSFSLIYVGS-PYK-----=-- RCL-K
3 AtGRXS12/1-206 =------- MVAATVNLANMTWTSLNSNPAISFSMLSG-IRNLGMLPFR -~ -~~~ RCL-K
1 PpGRXC5/1-229 QRMSKLQSFAPSGLYSPSDSPAYLNSALSRTSGPLQLGLSFSQGSARPEINRQVCGAARG
2 AtGRXC5/1-174 QSC------- SVRAMTSSSS-=-=ccscaccccancscnncaccnanancnannas AASS
3 AMGRSIZ/1-206 PIVICTASRPPLREEOUI. ~—ionwimnmnims e s s s e i S AMSS
*
1 PpGRXC5/1-229 MAAGSGSDLELWIKKKNSSEPVVVYSKTYCPYCMRVKKLFSTLGYDFEVIELDAG-----
2 AtGRXC5/1-174 SSSSFGSRMEESIRKTVTENTVVIYSKTWCSYCTEVKTLFKRLGVQPLVVELDQL-----
3 AtGRXS12/1-206 S$SSSSGSTLEETVKTTVAENPVVVYSKTWCSYSSQVKSLFKSLQVEPLVVELDQLVSLGK
Y PORRARERIISER  wsimbimiei bt GQLG- -LQDALERVSGQYTVPNVFIGGKHIGGCDDTVA
Pty 15 ) R S GPQGPQLQKVLERLTGQHTVPNVFVCGKHIGGCTDTVK

3 AtGRXS12/1-206 TSLPHDIGLKHLQKFWWFLAFPGSEGSQLQNVLEKITGQYTVPNVFIGGKHIGGCSDTLQ

1 PpGRXC5/1-229  LHSKGQLEPLLQAAGANRS--
2 AtGRXC5/1-174  LNRKGDLELMLAEANGKNGQS
3 AtGRXS12/1-206 LHNKGELEAILAEANGKNGQT

Figure 20: Schematic overview of the PpGRXC5 gene model and its protein sequence
alignment

A Schematic overview of P. patens GRXC5 gene structure. Exons are shown as a black box, 5’
and 3’ UTR as a grey box. Information was retrieved from (Phytozome 1.3, gene-ID:
Pp1s321_10V6.1) B Alignment of 1. PpGRXC5(Pp1s321_10V6.1), 2. AtGRXC5(AT4G28730.1) and
3. AtGRXS12 (AT2G20270.2) in Jalview (2.11.0) using the Muscle-alignment tool. Alignment was
displayed using Mview (https://www.ebi.ac.uk/Tools/msa/mview). Alanine 120 of PpGRXC5 is
marked with a red asterisk. The active site motif containing one or two cysteines
(Y/W,C,P/S,Y,C/S) is highlighted with a red box.
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Figure 21: A120A_PpGRXC5 expression and protein purification

A Agarose gel electrophoresis of the colony PCR of A120A_PpGRXCS5 in pETG-10A via screening
primers (pETG-10A_F, M23_R, Table 4) expecting a product of 930 bp. Colony 1 and 2 were
verified by sequencing. B Reducing SDS-PAGE of fractions of A120A_PpGRXC5 protein
purification. A120A_PpGRXC5 was expressed in Rosetta2 and purified using the Akta-system. 10
puL of each purification fraction was loaded.
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4.1.3.2 PpGRXC5 catalyzes the glutathionylation and deglutathionylation of
roGFP2

roGFP2 oxidation and reduction via glutathione is catalyzed by class | GRX (Meyer et al. 2007;
Gutscher et al. 2008). An example of disulfide reduction via an S-glutathionylation
intermediate and its reduction catalyzed by GRX, is the intramolecular disulfide formed in the
oxidized roGFP2 between Cys 147 and Cys 204 (Meyer et al. 2007; Trnka et al. 2020). To obtain
information about the oxidoreductase activity, we tested the oxidation and reduction of
roGFP2 in the presence of PpGRXC5 (Figure 22). For complete oxidation and reduction
controls, roGFP2 was incubated with 10 mM DTT and 10 mM H;0,. Efficient reduction of
oxidized roGFP2 was obtained in the presence of PpGRXC5 after 2 mM GSH injection.
Complete oxidation of reduced roGFP2 was achieved with the addition of 40 uM GSSG. The
corresponding plateaus in the oxidation and reduction assays were reached faster in the
presence of PpbGRXC5 than in the presence of cytosolic class | AtGRXC1, purified on the same

day and under the same conditions as PpGRXC5
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Figure 22: roGFP2 oxidation and reduction mediated by PpGRXC5 and AtGRXC1

A 1 uM of PpGRXC5 or 1 puM AtGRXC1 are incubated with 1 uM of oxidized roGFP2 in 0.1 M KPE
pH 7.8. As oxidation and reduction control, 1 uM of roGPF2 was treated with 10 mM of DTT or
10 mM H:20:2. Arrows indicate the time point of addition of 2 mM GSH. B 1 uM of PpGRXC5 or 1
MM AtGRXC1 are incubated with 1 uM of pre-reduced roGFP2. As oxidation and reduction
control, 1 uM of roGPF2 was treated with 10 mM DTT or 10 mM H:0,. Arrows indicate the time
point of addition of 40 uM GSSG. Fluorescence intensities were collected with the plate reader
with excitation at 390-10 nm and 480-10 nm and emission at 530-10 nm. Shown in A and B are
the means(+SD) of three technical replicates (SD are within the size of the symbols).
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4133 Michaelis Menten constants of PbGRXCS5 and AtGRXC1

GRX activity is generally determined in assays of disulfide reduction spectrophotometrically,
following the absorption of a compound. An exemplary substrate for disulfide reduction
catalyzed by GRX is bis(2 hydroxyethyl) disulfide (HED) (Equation 1). HED initially interacts with
GSH resulting in a mixed disulfide (RME(SSG)). This mixed disulfide is reduced via GRX. GSH re-
reduces GRX vyielding GSSG, which is regenerated by GR consuming NADPH. NADPH
consumption is then followed at 340 nm (Begas et al. 2015).

Equation 1: Reaction of HED with GSH in the presence of GRX (modified after Deponte 2017;
Trnka et al. 2020)

HED + GSH = RME(SSG) + GSH
RME(SSG) + GRX(SH) = [ES] —» BME + GRX(SSG)
GRX(SSG) + GSH = [ES] - GRX + GSSG

Due to the fast dissociation of the enzyme-substrate complexes [ES] of GRX with BME(SSG) or
GSH, Km and kcat values of GRX can be considered infinite and will not lead to a steady state of
substrate saturation (Deponte 2017). However due to limitation of one substrate an apparent
saturation is possible (Deponte 2017). Here, only apparent enzyme constants (®PF) were

determined.

HED reduction activity of PpGRXC5 was tested and compared to AtGRXC1, which was
determined in previous studies for HED reduction activity (Riondet et al. 2012) and repeated
in the lab of Andreas Meyer by Michelle Schlésser under the same conditions as in this work
(unpublished data). Km PP (apparent) and ke ®PP were calculated from the obtained GRX
activities shown in Table 17, with varying GSH or HED substrate concentration. GRXC5

concentration was chosen according to the linear activity of the GRXC5 (30 nM).
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Figure 23 GRXCS5 activity via HED-deglutathionylation assay

PpGRXC5 [30 nM] was added to a cuvette containing GSH [0.5-4 mM], HED [0.3-1.5 mM], NADPH
[200 uM], GR [6 pug/mL] (Saccharomyces cerevisiae, Sigma) in 100 mM Tris 1 mM EDTA pH 7.9.
Decrease in absorbance at 340 nm was followed for 1 min(n=3+SD). A Varying concentration of
GSH [0.5-4 mM] and a constant HED concentration of 0.7 mM was used. B Varying
concentrations of HED and a concentration of 1 mM GSH was used. Non-linear regression was
fitted using GraphPad (Prism 9) (n=4, mean + SD depicted).

keat 2PP/Km 3PP values were calculated to compare PpGRXC5 with other GRX apparent catalytic
activities. PpbGRXC5 compared to cytosolic AtGRXC1 and AtGRXC2 measured under similar
conditions showed a higher catalytic HED reduction activity of 1*10> M-1s compared to
AtGRXC1 with 0.83*10° and AtGRXC2 with 0.95*10° Ms? (Michelle Schlésser, Bonn,
unpublished).

Table 17: Plastidial PbGRXC5 reaction constants determined via HED assay

Protein Km 2PP Kcat 2PP Kcat PP [Kim 2PP
[mM] [s] [Ms]

PpGRXC5 (B-ME-SSG) 0.39+0.11 39.45+4.16 1.00*10°

PpGRXC5 (GSH) 3.09+0.61 86.9+8.73 2.81*10%

4.1.4 Generation and characterization of the GRXC5 knock-out in P. patens

PpGRXC5 knock-out plants were generated with the help of Alexa Brox (Prof. Frank
Hochholdinger, Crop Functional Genomics, University of Bonn), who executed moss

transformation and PCR screening experiments.
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PpGRXC5, with its oxidoreductase activity (Figure 22, Table 17), is an intriguing candidate for
studying the GRX function on protein S-glutathionylation in vivo. Because only one member
of class | GRX was identified in P. patens (PpGRXC5), the moss is an ideal model organism for
studying in vivo function by a gene knock-out. Knock-outs in P. patens can be achieved by
homologous recombination, transforming protoplasts of the haploid gametophyte (Schaefer
& Zryd 1997). In this work we generated a knock-out construct replacing the complete coding
region between the first and last exon of Pp1s321_10V6.1 with a neomycin (nptl, G418)
resistance cassette (Figure 24). As homologous regions, 602 bp upstream of the 5' genomic
DNA sequence and 621 bp of downstream of the 3' sequence were chosen. Regenerated moss
colonies surviving G418 (neomycin) selection were tested via PCR for correct construct
integration (Figure 24 B) and absence of transcript (Figure 24 C). Three independent lines
(Agrxc5 #54, #64 and #249) were used for further experiments. For line #249 no band was
obtained in the PCR for 3’ integration of the construct but showed an absence of transcript on
cDNA level. For line #64 a weak band was detected (#64 ‘+’), therefore following experiments

focused on #54 and #249 with a clear absence of GRXC5 transcript.
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Figure 24: Generation and verification of Agrxc5 in Physcomitrium patens

A Schematic overview of the construct including an antibiotic resistance cassette (nptll)
transformed via homologous recombination into the Pp1s321_10V6.1 locus of P. patens. Exons
are depicted as black box. Grey boxes display 5’and 3’ UTR. Arrows indicate primers used for
screening as seen in Table 14. B 5’ and 3’ integration of construct verified by PCR using 5P F
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and H3b R (5’) or NosT F and 3P R (3’) primer sets. C Verification of the absence of transcript
on cDNA-level using gene specific primers for the GRXC5 locus (PpGrxC5ko_RT F and
PpGrxC5ko_RT R see Table 14). EF1a locus was used as cDNA positive control (PpEFla_RT F and
PpEFla_RT R see Table 14).”-* indicates RNA samples to which no reverse transcriptase was
added to the preparation of cDNA as control for absence of genomic DNA.

4.14.1 Phenotypic appearance of Agrxc5 under control and stress conditions

The function of plastidial class | GRX may be severely impacted by the loss of GR activity,
because their kinetic activity is influenced by the GSH:GSSG ratio (Figure 7, see 4.1.1.1), which
is maintained at a constantly high level by the organellar GR. Previously characterized
plastidial and mitochondrial knock-outs of PpGR1 with impairments in plastidial Egsh showed
a phenotype under high light (450 pE/m?s) treatment also in combination with elevated
temperature (35°C) (Mdller-Schissele et al. 2020). To test whether GRXC5 loss would result
in the same phenotype as observed for Agr1 (dwarfed, stress sensitive) and further confirming
a function downstream of GR1, experiments were carried out as described in Miller-Schiissele

et al. 2020.

All three lines (#54, #64, #249) lacking GRXC5 transcript revealed a WT-like phenotype when
grown under control conditions (Figure 25). Furthermore, Agrxc5 #54, #64 and #249 were
exposed to elevated temperature (37°C) for 7 days in the dark (Figure 25 B). The knock-out
lines showed no difference in growth, leaf shape or color compared to WT grown in the same
conditions. Agrxc5 #54, #64 and #249 treated with two days of high light (450 puE/m?s)
combined with elevated temperature (35°C) lead to complete bleaching of the colonies of WT
and mutants and death of the colonies, concluded from the absence of green tissue five days

after treatment (Figure 25 C).
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Figure 25: Four-week-old gametophores of P. patens under different light and temperature
regimes

Four-week-old P. patens colonies grown on KNOP-ME pH 5.8 agar plates in 60 uE/m?s (16h light,
8h dark) for four weeks (A, control). After three weeks of growth, plates with moss colonies
were transferred to 37°C and incubated in the dark for one week (B) or treated for two days
with high light (450 pE/m?s) and elevated temperature (35°C) before transferring back to
control conditions for 5 days (C). Size bar = 0.4 cm

Already identified plastidial targets of protein S-glutathionylation are important key enzymes
in or associated to the Carbon Benson Cycle (CBC), such as fructose-1,6-bisphosphatase,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribulose bisphosphate carboxylase or
redox-regulating enzymes like the 2-Cys peroxiredoxin (Zaffagnini, Bedhomme, Groni, et al.
2012; Miiller-Schiissele, Bohle, et al. 2021). Based on these results, we investigated mutant
growth under fluctuating light conditions similar to 80 s 20 pE/m?s and 10 s 800 puE/m?s as
seen for the identification of the plastidial 2-Cys peroxiredoxin mutant (2-cysprxAB, Vaseghi
et al. 2018) Rapidly changing light intensities could reveal possible problems in regulating CBC

enzyme activities. Gametophores were transferred to a petri dish containing solid KNOP-ME
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medium and either grown for 14 days under control conditions or subjected to a fluctuating
light regime with 15 min of 30 uE/m?s followed by 15 min with 800 uE/m?s (Figure 26 A,B) or
10 s at 800 uE/m?s and 80 s at 30 uE/m?s (Figure 26 C,D). Although moss colonies appeared

slightly smaller, no difference was observed between the genotypes.

16 h

A [ 30pE/ms 22°C _ B ([
HSOO HE |30 uE
15 min 15 min

Agrxc5 Agrxc5
WT #54 #64 #249 WT #54 #64 #249

16 h 8h
Cl 30 pE/m’s, 22°C _ D IIIIII||I|I|IIIIIIIIIIIIIIIIIIIII|I|I|III|||I|IIIIIIIII|I|I
HSOO HE/m sﬂ ME/m?s
10s 80 s
Agrxcb #54  Agr1 WT  Agrxc5#54  Agr1

Figure 26: Agrxc5 shows WT-like growth in fluctuating light conditions

14-day old P. patens colonies of WT and Agrxc5 (#54, #64, #249) gametophores (A,B) or drops
of protonema culture of WT, Agrxc5 #54 and Agrl (C,D) tissue, cultured in 30 uE/m?s for 14
days (A,C) or in a fluctuating light regime with 15 min of 800 uE and 15 min of 30 uE (B) or 10
s of 800 pE/m?s followed by 80 s of 30 uE/m?s (D) under long day conditions (16h/8h). Scale bar
=0.4cm

Because GRXCS5 is involved in target protein deglutathionylation, | suspect a phenotype
downstream of target protein activity in the GRXC5 mutant. With the absence of GRXC5, these
target proteins can no longer be deglutathionylated by GRXC5, potentially leading to changes
in enzyme activity. S-glutathionylation has been shown to increase under oxidative stress

conditions, for example, S-glutathionylation of the plastidial thioredoxin f (TRXf) (Michelet et
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al. 2005; Zaffagnini, Bedhomme, Groni, et al. 2012). To induce oxidative stress in Agrxc5,
protonema culture Agrxc5 #54 was supplemented with 10 mM H;0; for 15 min and placed on

a KNOP-ME containing petri dish (Figure 27).

A 15,&'; plate B 15);'— plate
If

liquid culture liquid culture treated with H,O,

WT  Agrxc5 #54 Agrl #4

WT  Agrxc5 #54 Agrl #4

C 15)’,'-‘ plate D 15)‘-'," plate
Ol . | |
liquid culture liquid culture 24 h 40 °C

WT  Agrxc5 #54 Agrl #4 WT  Agrxc5 #54 Agrl #4

Figure 27: P. patens protonema culture after oxidative challenge or heat stress and
subsequent recovery

Protonema (liquid) culture dropped onto KNOP-ME plates without treatment (A,C). Prior to
transferring protonema culture to the plates, the culture was treated with 10 mM H:0:2 for 15
min (B) or treated for 24 h with 40°C in the dark (D). 15-20 pL of protonema culture was placed
on a KNOP-ME agar plate and grown under standard conditions (60 pE/m?2s, 22°C, 16 h/8 h).
After 14 days (A,B) and 20 days (C,D) of growth images were taken. Scale bar for Aand B =5
mm, Cand D=4 mm

The regeneration of colonies was recorded after 14 days and showed a reduced growth for
WT and Agrxc5 #54. To compare Agrxc5 growth, Agrl was simultaneously treated with H;0;

leading to death of the protonema. The dwarfed and slow growth of Agr1 could be replicated
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under control conditions (Figure 27 A; Miller-Schiissele et al. 2020).To investigate the
photosynthetic performance of Agrxc5 and to relate it to the already available data of Agri
(Agr1 #4,Miller-Schissele et al. 2020), pulse amplitude modulated fluorometry (PAM) was
performed with moss grown in light intensities of 60 uE/m?s and 450 pE/m?s (for 1 h and 4 h)
prior to measurements. Moss colonies were dark incubated for 45 min. PAM measurements
were performed by Stefanie Bethmann in the laboratory of Prof. Jahns (University of
Disseldorf). While Agr1 showed a significant increase in non-photochemical quenching (NPQ)
under control light (60 uE/m?s), as well as after high-light (450 nE/m?s) treatment, Agrxc5 #54
and #249 clustered with WT-levels of NPQ. As published in Muller-Schiissele et al. 2020, Agr1
showed a slower NPQ dark relaxation which was not observed for Agrxc5 #54 and #249. After
4 h of 450 uE/m?s the amount of NPQ of WT and Agrxc5 also increased, but differed

significantly from Agr1.
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Figure 28: NPQ measurements of 4-week-old gametophores under low and high light
regimes
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4-week-old gametophore colonies measured with an imaging PAM either grown in control light
at 60 uE/m?2s (A) or treated for 1 h or 4 h with light intensities of 450 uE/m?s prior to experiment
start (B). Dark adaption of 45 min took place before each NPQ measurement. Photosynthetically
active radiance (PAR) was kept at 531 nm. Three agar plates with each three moss colonies were
measured for control conditions, two agar plates for 1 h of 450 uE/m?s treatment and one plate
for 4 h 450 pE/m?2s treatment (each shown as mean + SD). Overview of the fluorescence emitted
by the moss colonies shown in A (left). A two-way ANOVA with Tukey’s multiple comparison
test was conducted on NPQmax to test for significant differences between the genotypes
(p<0.0055). Small letter code: samples with different letters differ significantly.

4.1.5 (De)-glutathionylation activity in plastids of Agrxc5 — introducing roGFP2 as

artificial S-glutathionylation target

roGFP2 oxidation occurs via a S-glutathionylation intermediate state and is catalyzed by class
| GRX (Meyer et al. 2007; Meyer & Dick 2010), therefore roGFP2 can be used as artificial
glutathionylation-target protein. Hence, we introduced roGFP2 into Agrxc5 #54 to investigate
if (de)glutathionylation of roGFP2 will still be detectable in plastids of class | GRX knock-outs,

verifying no remaining activity of class | GRX.

4.1.5.1 Cloning a TKTP-roGFP2 construct targeted to chloroplasts

To target roGFP2 into plastids, a transketolase targeting peptide of tobacco (TKTP; Wirtz &
Hell 2003) was cloned by overlap PCR to the N-terminus of roGFP2 and was introduced into
the PTA2_GW vector via Gateway™ cloning (see Table 7 for primer sequences; Figure 29 A).
The construct PTA2_GW_TKTP-roGFP2 was used to transform P. patens WT (XI) and Agrxc5
#54 protoplast transiently and stably. Transiently transformed protoplasts were analyzed
regarding the TKTP-roGFP2 localization and fluorescence signal (Figure 29 B,C). The signal was
located to the plastids, verified by colocalization with chlorophyll autofluorescence. TKTP-
roGFP2 in WT and Agrxc5 #54 revealed a dynamic range of 6 =5.13 (WT) and 4.46 (Agrxc5h). A
two-way ANOVA (with Tukey’s multiple comparison) showed significance between the
oxidizing and reducing treatments but no difference between the genotypes within the
respective treatments. Transformed protoplasts were regenerated and screened for roGFP2
fluorescence. The expression of plastidial roGFP2 in WT and Agrxc5 background did not reveal
a different growth phenotype (Figure 30 A). However, fluorescent signal was not evenly
distributed in the moss gametophore tissue of WT and Agrxc5. Leaflets partially showed no
fluorescence or high patches of fluorescence close to the midrib. For analysis only leaflets

revealing a fluorescence pattern shown in Figure 30 B were used. Based on the fluorescent
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signal, lines #20 and #46 were further used for WT imaging, while #17 and #21 were chosen

for Agrxch.
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Figure 29: Cloning and transient calibration of TKTP-roGFP2 in protoplasts of WT and Agrxc5
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A Cloning of the gateway cloning construct attB1_TKTP-roGFP2_attB2 was conducted in three
steps. (a) the cloning of attB1-TKTP-roGFP2 (263 bp), (b) roGFP2_attB2 (763 bp) and the final
construct attBI1-TKTP-roGFP2-attB2(c) with an expected size of 1026 bp. Primers are shown in
Table 7. B Protoplasts transiently expressing TKTP-roGFP2 calibrated with 10 mM DTT and 10
mM H:0: for 30 min prior to imaging (CLSM). Shown are all data points with whiskers showing
min and max values. Median is displayed as horizontal line. Two-way ANOVA with Tukey’s
multiple comparison analysis (p<0.0001) was conducted to test for significance. Different
lowercase letters display significant differences. Each data point shows the roGFP2 ratio for a
protoplast (n>20) C Confocal images of TKTP-roGFP2 protoplast of WT and Agrxc5 treated with
10 mM DTT, 10 mM H202 or imaged in regeneration medium (Phys).Ratio image analysis was
done on raw images using the RRA imaging software (Fricker 2016). Scale bar = 20 um

A Growth of TKTP-roGFP2 lines
WT #20 WT #46 Agrxch #17 Agrxc5 #21
g, ; =
‘ ‘u o !
. * %&).l

B | Stable expression of TKTP-roGFP2

auto. 405 nm 488 nm

chlorophyll TL

WT #20

WT #46

Agrxch #17

Agrxch #21

Figure 30: Phenotype of P. patens gametophores stably expressing TKTP-roGFP2

A Growth of 4-week-old P. patens gametophores on KNOP-ME under standard growth
conditions. Scale bar = 0.2 mm. B Fluorescent images of P. patens gametophores stably
expressing TKTP-roGFP2 obtained with the CLSM. Autofluorescence (auto.) TL (transmitted
light). Scale bar = 20 um.
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415.2 TKTP-roGFP2 in vivo calibration and Egsy determination

To test for specific roGFP2 signal in P. patens WT and Agrxc5 an excitation scan was
performed. Reduction of TKTP-roGFP2 with DTT led to an increase in peak intensity at 480 nm
while oxidation via DPS (2,2'-Dipyridyldisulfide) resulted in a decrease of the peak intensity at
480 nm in WT and mutant background (Figure 31). roGFP2 in the stroma of WT was more
reduced than the mutant under physiological (Phys) conditions, indicated by a higher peak at
480 nm than in both Agrxc5 (#17 and #21) lines. Intensities below the isosbestic point of
roGFP2 at 425 nm did only show minor changes in fluorescence upon treatments with either
DTT or DPS. The in vivo dynamic range (405 nm/488 nm) was determined to be 2.15-fold for
WT and 2.2-fold for Agrxc5 (#17 6= 2.2, #21 6= 2.0).

TKTP-roGFP2 WT#20 5 TKTP-roGFP2 Agrxc5 #1 73 5 TKTP-roGFP2 Agrxc5#21
' {8=2.0

6=2.15 2‘5_' 6=2.2 2.5_'

120
@] 1 518
1 1.0
0.5 0.5

0. Oprrpepepermep—pe] ([ (s prmemspeyeyepeppey 0, Defrerrrpreyspep—r—y
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Figure 31: Excitation scan of P. patens protonema culture stably expressing plastidial roGFP2

Protonema culture of P. patens was treated for 30 min with 10 mM DTT or 5 mM DPS and
transferred into a 96-well plate. Wells were excited at 390-490 nm while emission was collected
at 535-16 nm via the plate reader. Intensities were normalized to the intensity of the isosbestic
point or roGFP2 (425 nm). Shown is the mean and SD (n=3).

Protonema cultures of WT and Agrxc5 stably expressing TKTP-roGFP2 were additionally
calibrated with 10 mM DTT, 10 mM H;0; and 5 mM DPS and imaged with the CLSM. Complete
oxidation (DPS) and reduction (DTT) of TKTP-roGFP2 revealed a dynamic range of 6 =2.9 (WT;
TKTP-roGFP2 #20) to 3.83 (WT; TKTP-roGFP2 WT #46) and 2.79-fold (Agrxc5; TKTP-roGFP2
#17) to 3.47-fold (Agrxc5; TKTP-roGFP2 #21) for Agrxc5 (Figure 32). A two-way ANOVA
displayed significant differences between treatments, but no significant difference between

genotypes and the respective lines.
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Figure 32: In vivo sensor calibration of TKTP-roGFP2 and ratiometric image analysis
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A Sensor calibration of TKTP-roGFP2 in P. patens grown in protonema and gametophore mix
culture with 10 mM DTT, 5 mM DPS or 10 mM H:0: incubated for at least 20 min. Shown are
whiskers as min and max values with the horizontal line indicating the median. Two-way ANOVA
(+ Tukey’s multiple comparison) was conducted to test for significance (p<0.0001). Different
lowercase letters indicate significant difference. (n>7) B Ratiometric images of confocal images
used for sensor calibration (see A) via RRA analysis software. roGFP2 was excited at 405 nm and
488 nm with emission set to 508-535 nm. Scale bar =20 pum.

Next, P. patens WT and Agrxc5 were imaged in liquid culture to determine the extent to which
roGFP2 is oxidized under physiological, unstressed conditions. Because there is more moss
material per area on the slide when using densely grown liquid culture, it is easier to set a
focus to fluorescent material in the CLSM without prescreening. Therefore, liquid culture was
imaged in the CLSM with pre-incubation in the dark before imaging and minimizing potentially
oxidizing effects by laser scanning and epifluorescence screening, to investigate potentially
differences between WT and Agrxc5 in the ratio of roGFP2 under physiological conditions. The
stromal targeted roGFP2 in WT showed a significant lower 405/488 nm ratio of 0.62 * 0.29,
while Agrxc5 #17 and #21 showed a ratio of 1.3 £ 0.37 and 1.0 + 0.27 indicating that roGFP2
was more oxidized in the mutants lacking plastidial GRXC5 (Figure 33). Interpretation of
roGFP2 oxidation degree in Agrxc5 must be done with caution, due to the lack of GRX as

catalyst and therefore only the thermodynamic equilibration of the Egsy with roGFP2.

To further elucidate if higher roGFP2 ratios in the mutants were due to the lack of GRXC5
resulting in a slower deglutathionylation of roGFP2, we monitored roGFP2 ratios after

oxidative stress treatment and analyzed the recovery rate for the reduction of roGFP2.
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Figure 33: Ratio of TKTP-roGFP2 in dark adapted protonema culture

P. patens protonema culture was pre-incubated in the dark for 30 min before imaging with the
CLSM (Ex. 405, 488 nm; Em. 508-535 nm). Samples were not screened prior to imaging to limit
laser exposure of the chloroplasts. Fluorescence was extracted from the total image (n=5-10)
(A) or regions of interest were set into chloroplasts with the images of A (B). Intensities were
extracted using the RRA ratio analysis software. Dotted lines depict the dynamic range of the
sensor in vivo (Rmin 0.6 Rmax 1.9; Figure 32). Whiskers are min and max values with the median
shown as horizontal line. One-way ANOVA (with Tukey’s multiple comparison test) was
conducted to test for significance (p<0.0001). No significant difference was detected in A. B
shows significant differences indicated with different letters. Exemplary image cutouts are
displayed in C. Scale bar = 20 uM
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To study the roGFP2 oxidation and reduction rates in plastids of WT and Agrxc5, moss
gametophores were imaged with the CLSM. The change in fluorescence of roGFP2 was studied
within a few cells and their chloroplasts after oxidizing or reducing P. patens leaflets (Figure
34). roGFP2 targeted to plastids in WT showed an increase in 405/488 nm ratio after H,0;
addition and a ratio reduction after DTT addition. While the increase in roGFP2 ratio after H,0>
application was also detected in Agrxc5, the decrease of roGFP2 ratio after DTT addition was
not detected within 15 min of imaging, seen either in the unchanged ratio as well as in the
unchanged false-color fluorescence images of the roGFP2 time series (Figure 34). However,
the CLSM data verifies that the measured roGFP2 changes are due to specific changes in

plastidial roGFP2 signal.
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Figure 34: Sensor reduction and oxidation of WT and Agrxc5 in leaflets of P. patens

@ Agrxcd

Leaflets of WT (A) and Agrxc5 (B) P. patens gametophores grown on agar plates were either
treated with 100 mM H202 or with 10 mM DTT for 15 min via a perfusion chamber set-up and
imaged with the CLSM (Ex. 405 nm, 488 nm; Em. 508-535 nm). Images display the 405/488 nm
ratio. After 1.5 min of imaging, DTT (10 mM) was added to the pre-oxidized samples, while H20>
(100 mM) was added to the pre-reduced samples. Changes in intensities were imaged every 30s
for up to 15 min. Shown is the mean with SD (n=4-7). Example images taken after 0, 7 and 14
min and are depicted below the graphs. Intensities were extracted using RRA image analysis.
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415.3 Decreased velocity of roGFP2 reduction in Agrxc5 compared to WT

The differences in roGFP2 reduction rate between WT and Agrxc5 (Figure 34) prompted us to
further investigate roGFP2 recovery after oxidative stress. Agrxc5 and WT expressing TKTP-
roGFP2 were challenged by the addition of either 1, 2, 5 or 10 mM H,0; to protonema culture
(Figure 35). The initial roGFP2 ratio was measured before H,0; addition. roGFP2 expressed in
Agrxc5 had an initial sensor oxidation of 60%, whereas roGFP2 in WT showed 30% sensor
oxidation. Partial sensor oxidation may be light-induced, due to previous results showing

complete reduction of roGFP2 in dark-incubated WT (see Figure 33).

Within 20 min after 1 mM H,0, addition, roGFP2 in WT was rapidly oxidized (Figure 35 A). A
rapid re-reduction of roGFP2 was observed after 40 min leaving only 53.1 + 32.3% of roGFP2
oxidized. After the removal of H,0, from the sample, roGFP2 was further reduced to 2.9 £
48.8%. This behavior of roGFP2 expressed in WT was detectable for H,0, concentrations up
to 2 mM (Figure 35 B). Concentrations equal or higher than 5 mM prevented the reduction of
roGFP2 before removal of H,0; (Figure 35 C, D, E). While these roGFP2 reduction kinetics were
measurable within the WT, they were completely abolished in Agrxc5 lines (#17, #21). The
addition of 1 to 10 mM H,0; increased sensor oxidation to 100%, but did not result in a
detectable sensor reduction before H,O, removal. roGFP2 in Agrxc5 remained up to 78%

oxidized 20 min after H,0; removal (1 mM H,0,, #17 =76 + 17.5%, #21 = 80.9 + 14.8%).

To compare the kinetics of roGFP2 reduction after H,0, removal, intensities were normalized
to initial ratio values over fluorescence intensities measured for 100% oxidized roGFP2 (Figure
35 E). roGFP2 in WT was reduced within the first 40 min after H,0, removal to a plateau value
of 0.7 (405/488 normalized to to), while roGFP2 in Agrxc5 #17 and #21 showed a ratio of ~
0.90 after 70 min. A two-way ANOVA (with Tukey’s multiple comparison test; comparing
normalized ratios at each time point between lines) revealed significant differences in the

kinetics of roGFP2 reduction starting from 11 min after H,0, removal.

As additional control, roGFP2 oxidation was monitored in WT and Agrxc5 not exposed to H,0;
(Figure 35 F). While roGFP2 in Agrxc5 #17 and 21 showed a rather constant level of oxidation
(~80% oxidized), roGFP2 in WT background showed a fast decrease in the first 10 min (from
30% - 5% of oxidation) of measuring and a fast increase with a concomitant decrease of

roGFP2 oxidation after taking out the 96-well plate.
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Figure 35: Recovery of TKTP-roGFP2 after oxidative challenge in protonema culture of
P. patens
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Protonema culture of P. patens expressing TKTP-roGFP2 was imaged for 16 min before addition
of 1 mM (A), 2 mM (B), 5 mM (C) 10 mM (D) H202 (‘+H202") or 0 mM H202 (F) Removal of H20: is
indicated as ‘- H202’. Addition or removal of H20: are indicated by dotted lines. For fully
oxidized and fully reduced controls 10 mM H202 or 10 mM DTT were preincubated for 30 min
with the protonema culture and used for calculation of the degree of oxidation of roGFP2. After
165 min the buffer containing peroxide was exchanged to imaging buffer for measuring the
recovery rate (‘reduction’) of roGFP2. Three biological replicates with three technical replicates
each were done for each line and treatment (n=9). Shown are the mean + SD values. E
Protonema culture expressing roGFP2 treated with 10 mM H:0: for 30 min prior to
measurement start. H202 was exchanged with imaging buffer ~5 min after measuring start and
405/488 nm ratio was normalized to to. Shown is the mean + SD of two independent experiments
with 3 technical replicates (n=6). A two-way ANOVA (with Tukey’s multiple comparison test)
was conducted on data of E for each time point revealing significant differences in roGFP2
kinetics between WT and both Agrxc5 #17 and #21 starting from 11 min after peroxide removal
(p< 0.001).

4154 Quantification of protein-bound GSH in mutants with impairments in the

organellar glutathione system

There were significant differences in the reduction of stroma-localized roGFP2 after oxidative
stress between WT and Agrxc5 (Figure 35, Figure 34). The time point 30-40 minutes after 10
mM H,0; treatment had the greatest difference between the lines (Figure 35 E). The rates of
roGFP2 reduction after oxidative stress indicated that target proteins of S-glutathionylation
are deglutathionylated more slowly in Agrxc5. Thus, 30 minutes after oxidative stress, a
difference in S-glutathionylated proteins between WT and Agrxc5 would be expected. To test
this hypothesis, total protein was isolated and immunodetection analysis was performed to
determine whether the in vivo target proteins of S-glutathionylation differ in the amount of

glutathionylation in mutants lacking class | GRX in plastids.

First immunoblots were performed with protein extracts of gametophores tissue of WT and
Agrxc5 #54 treated with 10 mM H;0; for 30 min and compared to untreated gametophore
tissue. Gametophore tissue was treated by submergence of the in-agar-grown moss colonies
with 15 mL of 10 mM H,0; diluted in KNOP-ME medium. H,02 was discarded after treatment
and the gametophores were dried with a paper tissue before freezing in liquid nitrogen.
Frozen moss samples were used for protein extraction in the presence of NEM to block free
thiol groups. A non-reducing SDS-PAGE as protein loading control and a Western Blot was

done against glutathione (see Figure 36 A).

No difference in the total amount of protein glutathionylation between WT and Agrxc5 before
oxidative challenge (‘C’, before 10 mM H,0;) were observed (Figure 36 B, C). An increase of S-

glutathionylation was observed for WT and Agrxc5 after oxidative challenge (‘H.0;').
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However, no apparent difference in the intensities of protein-bound GSH was observed within

control or treatment between WT and Agrxc5.
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Figure 36: Protein S-glutathionylation state of Agrxc5 gametophores treated with 10 mM
H.0:

A Schematic overview of the experimental set-up and sampling. B Immunoblot with aGSH
(ThermoFisher) of glutathionylated proteins extracted from P. patens WT and Agrxc5 #54
gametophore tissue treated with 10 mM H:0: and harvested at different time points (‘C’,
‘H202’). Proteins were extracted and blocked with 20 mM NEM in the protein lysis buffer. As
additional controls to test antibody specificity, 10 pug roGFP2-C204S was treated with 10 mM
H202 and 2 mM of GSH for 30 min (positive control) or treated with 10 mM DTT (negative
control). Proteins were extracted in the presence of 20 mM NEM. Simultaneously, 10 ug total
protein was loaded onto a 4-20% gradient non-reducing SDS-PAGE as loading control (C).

Additional Western blots were performed to compare protein S-glutathionylation before and
30 min after H,O, treatment (H.0, recovery). To test for the recovery rate
(deglutathionylation after H.O; treatment) the experimental set-up in Figure 36 A was
extended with an additional step. After removing the H,0,, moss colonies were washed with
H.0,, dried with a paper tissue, and incubated for 30 min (Figure 37 A). In addition to the
GRXC5 mutant, the organellar GR mutant (Agrl #4, Miller-Schiissele et al. 2020) will be tested

for differences in glutathionylation levels after oxidative stress. This is motivated by the fact
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that the cause of the GR1 mutant's phenotype has yet to be identified (Miiller-Schissele et al.
2020). One possible cause may be the malfunction of plastidial class | GRX through changes in

Ecsnand GSH:GSSG ratio (see 4.1.1.1).

WT, Agrl #4, Agrxc5 #54 and #249 showed higher intensities in glutathionylated proteins after
30 min of oxidative stress (‘H,02 recovery’). The highest level of protein-bound GSH was

detected in Agr1 (Figure 37 B).
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Figure 37: Detection of protein-bound glutathione in protein extracts of Agrxc5 and WT
gametophores after 30 min recovery from treatment with 10 mM H;0;

A Schematic overview of the experimental set-up and sampling. B Immunoblot with aGSH
(ThermoFisher) of glutathionylated proteins extracted from P. patens WT and Agrxc5 #54
gametophore tissue treated with 10 mM H:0: and harvested at different time points (C, H202
recovery). Proteins were extracted in the presence of 20 mM NEM and 5 ug total protein was
loaded onto a 4-20% gradient SDS-PAGE as loading control (C).

Although already higher amounts of protein S-glutathionylation for WT and Agrl were
detected in non-treated samples (‘control’), Agrl showed even higher amounts after peroxide
recovery. To account for potential differences in protein loading between samples, an SDS-
PAGE with the same amount of protein was performed as a loading control. Variances in the

amount of proteins loaded onto the SDS-PAGE (Figure 37 C) may contribute to increased
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differences in detection levels of glutathionylated proteins. Despite the unequal loading of the
SDS-PAGE, the previous experiments (Figure 36, Figure 37) demonstrate the quantifiability of

S-glutathionylated proteins with the aGSH antibody.

Further protocol adjustments had been made to optimize the experimental set-up. When
cultivating P. patens on agar plates, parts of the colonies grow in the agar and are therefore
not directly accessible for H,0; treatment. To circumvent errors due to parts of colonies not
being in contact with H,0,, we switched systems and treated gametophores in falcon tubes,
allowing total submersion of plant material in H,0; solution. At the start of the experiment,
gametophores were transferred from the plate into 15 mL falcons filled up with KNOP-ME
media (control) or KNOP-ME media supplemented with 10 mM H,0,. The moss-containing
falcons were incubated for 30 min in the light (growth conditions see 2.6.2). After that, half of
the moss submerged in the H;0, solution was dried with a paper tissue and frozen in liquid
nitrogen (‘T1’). The other half was transferred to a new falcon with KNOP-ME and was given
30 min to recover (‘Tso’) from the oxidative treatment. Control (‘To’) and recovery samples

(‘T30’) were harvested and protein extracts were prepared as described before (Figure 38 A).

The amount of protein S-glutathionylation was detected via immunoblot analysis at three
different timepoints: initial status (To), immediately after 30 min of H,0; treatment (T1) and
after 30 min of recovery from the H,0; treatment (T30). A band at ~55 kDa was detected in all
samples independent of genotype and treatment but increasing in intensity in oxidative stress
and recover conditions. Additionally, a band at >100 - <130 kDa was observed appearing more
intense in samples of oxidative stress treatment (T1, T30, Figure 38, Supplemental Figure 3). In
WT, less protein-bound glutathione was detected in samples before treatment (T,) followed
by an increase of signal after 30 min of H,0; treatment and the appearance of the >100 - <130
kDa band. The intensity of the >100 - <130 kDa band faded 30 min after H,0; treatment, while
the 55 kDa signal was comparable to that detected in T1. For Agrxc5 #54 and #249, the ~55
kDa band showed a higher intensity than the WT To sample implying more glutathionylated
proteins under physiological conditions. Even though the >100 - <130 kDa band faded as well
in the Agrxc5 mutant at Tsg, the signal detected at ~55 kDa showed similar intensities to the
samples of T1. In Agr1 only T1and Tsowere evaluable due to less protein amounts of Toas seen
in the SDS-PAGE loading control. The experiment was repeated three times (see Supplemental

Figure 3)
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Figure 38: Detection of protein-bound glutathione in protein extracts of Agrxc5 and WT
gametophores treated with H,0; in falcon tubes

A Schematic overview of the experimental set-up and sampling. B Western blot (aGSH,
ThermoFisher) of glutathionylated proteins extracted in the presence of 20 mM NEM from P.
patens gametophore tissue treated with 10 mM H202 and harvested at different time points (To,
T1, T3o0). Proteins were extracted in the presence of 20 mM NEM and 5 ug total protein was
loaded onto a 4-20% gradient non-reducing SDS-PAGE as loading control (C).

Immunoblot analysis was additionally performed on protonema tissue, using the experimental
set-up as seen in Figure 38 A with time points of protein harvest labeled To, T1 and T3o (Figure
39 A). Comparison of S-glutathionylation of proteins in protonema at different timepoints

displayed low amounts of glutathionylated proteins in the WT To sample, increased
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glutathionylation at T1 (WT) and a decrease in glutathionylation from T1to T3 (WT) (Figure 39)
revealing thereby the same band pattern at ~55 kDa and >100 - <130 kDa as seen for the
gametophore tissue (Figure 38). In the other two repetitions of the experiment (see
Supplemental Figure 2), the mutants showed low initial glutathionylation levels as seen for
WT with a tendency to higher intensities of the ~55 kDa band. In Agrxc5 (#54, #249) directly
after H,O, treatment and 30 min after recovery from oxidative treatment (T3o) signal
intensities indicated higher amounts of glutathionylated proteins shown by an increase in
signal at ~ 100 kDa. The WT sample showed an increase in intensity at ~ 100 kDa directly after

(T1) and 30 min after (T3o) peroxide treatment similar to the one seen for the mutant lines.

If the absence of PpGRXC5 causes plastidial proteins to be inefficiently deglutathionylated, |
expect that the activity of the respective glutathionylation targets will be impacted. Potential
protein S-glutathionylation targets have already been identified and some are related to

photosynthetic activity (see Chapter 3).
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Figure 39: Detection of protein-bound glutathione in protein extracts of protonema culture
treated with H,0,

A Schematic overview of the experimental set-up and sampling. B Immunoblot of proteins
extracted (in the presence of 20 mM NEM) from P. patens protonema tissue treated with 10
mM H20: and harvested at different time points (To, Ti, T3o) with the aGSH antibody
(ThermoFisher). Proteins were extracted in the presence of 20 mM NEM and 10 pug protein was
loaded onto a 4-20% gradient non-reducing SDS-PAGE as loading control (C).
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4.15.5 The lack of plastidial class | GRX shows no impact on photosynthetic

performance and CO; assimilation rates in P. patens

Plastidial proteins involved in the light-dependent photosynthesis reaction such as
plastocyanin (PC, transfer of electrons from cytochrome b6f to P700; Taiz et al. 2015),
photosystem Il core phosphatase (PBCP, dephosphorylation of PSIl; Puthiyaveetil et al. 2014)
and ferredoxin 1 (FDX 1, electron transport at PSI; Taiz et al. 2015) have been identified as S-
glutathionylation targets (Zaffagnini et al. 2012; Liu et al. 2019; see chapter 3). The impact of
the absence of a class | GRX capable of catalyzing the deglutathionylation of those enzymes
was investigated by comparing the photosynthetic performance of Agrxc5 to that of WT. Prior
to measurements, an oxidative stress treatment with 10 mM H,0, was performed to enhance
possible differences by inducing glutathionylation of those enzymes. The photosynthetic
efficiency was determined with increasing light intensity (PAR: photosynthetic active radiation
umol/m?s) to measure possible changes in photosynthetic performance between WT and
Agrxc5 after 15 minutes of oxidative stress treatment. Photosynthetic efficiency was
determined with an Imaging-PAM M-Series system (Heinz Walz) in collaboration with Frank
Reinhardt (Prof. Ekkehard Neuhaus, University of Kaiserslautern). We additionally performed
experiments on Agrl with a previously reported increase in non-photochemical quenching

(NPQ; Miiller-Schiissele et al. 2020) (Figure 40).

We determined the photosynthetic yield of photosystem Il (YIlI) and the resulting electron
transport rate (ETR) to elucidate photosynthetic efficiency. To assess the ability to dissipate
excess excitation energy, non-photochemical quenching (NPQ) was determined within light

intensities in ranges of 0-726 PAR (Figure 40).

No differences in the percentage of energy channeled into NPQ was observed for WT, Agrl
and Agrxc5 before and 15 min after oxidative stress treatment (10 mM H;0,, 15 min) (Figure
40). However, NPQ decreased in all genotypes after oxidative stress treatment at 726 PAR
(Figure 40 B). A two-way ANOVA did not reveal significant differences between WT and Agrxc5
within the respective treatment (control, H,0;). Differences were observed for Agrl which

significantly differed between WT and Agrxc5 #54 and partially differed from Agrxc5 #249.
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Figure 40: Photosynthetic parameters (NPQ, ETR, Y(I1)) 30 min after treatment with H,0, (15
min, 10 mM)-

NPQ, ETR (umol electrons/m?s) and photosynthetic yield of PSII (Y(Il)) of 6-week-old P. patens
colonies measured under standard conditions (60 uE/m?2s, 16h/8h KNOP-ME pH 5.8) Before each
measurement, moss was dark-incubated for 15 min. Photosynthetic parameters before (A) and
after oxidative stress treatment with 10 mM H20:2 for 15 min (B) were measured on the same
colonies. Shown is the mean + SD of three biological replicates. A Two-way ANOVA (Tukey’s

multiple comparison; p<0.0001) was done at each light intensity between genotypes and
treatment.

Since no difference in light-dependent photosynthetic activity could be detected with the
current findings (Figure 28, Figure 40), we investigated the photosynthetic dark reaction in
closer detail by measuring CO; assimilation of WT, Agrl and Agrxc5 #54, in dark-light
transitions. In the light-independent photosynthetic reaction, CO; is reduced and fixated via
the Calvin-Benson-Cycle (CBC) requiring NADPH and ATP formed during the light-dependent
reaction (Taiz et al. 2015). During dark-light transition the CBC enzyme activity is increasing in

the first minutes after illumination. This activation of CBC enzymes is regulated by the
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ferredoxin/thioredoxin system (Buchanan 1991). The plastidial thioredoxin TRXf plays a crucial
role in CBC enzyme regulation and was identified among other CBC involved enzymes as target
site of glutathionylation (Michelet et al. 2005; Miller-Schissele, Bohle, et al. 2021). TRXf
dysfunction due to ineffective deglutathionylation may influence the initial activation of CBC
enzymes after illumination, leading to a change in the assimilation rate measured within the

first few minutes after the dark-light transition.

To test if CO; assimilation is affected in Agrxc5, we measured the CO; assimilation rate in moss
protonema culture via the GFS-3000 (Walz) in collaboration with Frank Reinhardt (Prof.
Ekkehard Neuhaus, University of Kaiserslautern). Protonema culture was placed on a
Whatman filter paper with excess culture medium being removed. The filter paper, coated
with protonema tissue, was transferred to a petri dish and measured. To prevent the sample

from dehydrating, the humidity was set to 90% during the GFS measurement.

Absolute changes in CO; levels of Agrxc5 showed a non-significant tendency of lower CO;
uptake in the light compared to WT. Assimilation (light) and respiration (dark) rates showed
the same non-significant trend of lower CO; assimilation of Agrxc5 #54 and #249 compared to
WT (Figure 41 A, C). Comparison of the slopes of ACO, change and CO; assimilation rate upon
dark to light (tsoo-tasos and tsgo-t3o3s) and light to dark (tzso-teass and tzso-tzsss) transition
revealed no significant difference in the velocity of turning on (dark to light) or turning off

(light to dark) the CBC (Figure 41 B, D).
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Figure 41: CO; assimilation and respiration of WT and Agrxc5 protonema culture in light-
dark transition

Changes in CO: assimilation upon dark-light-dark transitions in protonema culture of Agrxc5
and WT measured with the GFS-3000 with 7.5 min of light and 7.5 min of darkness (90%
humidity, 500 ppm CO2, 22°C, 125 pE light intensity). Experiments were conducted in
cooperation with Frank Reinhardt (Prof. Ekkehard Neuhaus, University of Kaiserslautern) A
Absolute changes in CO2 levels after zero point (Whatman filter paper, wetted with KNOP-ME;
ZP) subtraction. B Slope between dark and light plateaus of ACO2-ZP upon dark-light and light-
dark transitions between 300-450 s, 750-945s and 300-303 s and 750-753 s. C Assimilation rate
calculated by GFS-Win software upon dark-light and light-dark transition. D Assimilation
rate/time upon dark-light to light-dark transition between 300-450 s, 750-945 s and 300-303 s
and 750-753 s. Two-way ANOVA was conducted to test for significant differences (p=0.51 (B)
and p=0.95(D)) B, D Boxes display 25-75 percentiles with min and max values indicated by the
whiskers. The median is indicated by the horizontal line. (n=4-5). One way ANOVA (Tukey’s
multiple comparison) was done to test for significant differences of dark and light plateaus but
reveled non-significance.

4.1.5.6 Light-dependent EgsH dynamics measured are absent in Agrxc5

In Mller-Schiissele et al. 2020 a dynamic, light-dependent change in Egsh was observed in WT

with the plastid targeted GRX1-roGFP2 sensor, while the dynamic was not measurable in
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mutants of the plastidial GR (Agr1) with GRX1-roGFP1 showing a 92% sensor oxidation in Agr1.
Therefore, Agrxc5 and WT expressing TKTP-roGFP2 were exposed to light to test for
differences in the roGFP2 oxidation and reduction kinetics in dark and light transitions. In the
WT background, a fast oxidation was measured upon light to dark transition followed by a fast
reduction of the sensor in the dark (Figure 42 A). In the Agrxc5 lines the stromal roGFP2
showed no change in oxidation upon light-dark transition. The oxidation of roGFP2 after light
to dark transition in WT was on the lower detection limit of the assay set-up with a cycle time
of 60 s. To be able to measure during light exposure, protonema tissue was imaged with the
CLSM (Figure 42 B) also allowing a faster image acquisition. roGFP2 in WT showed a slight
decrease in the ratio during light exposure and a fast increase of 405/488 nm after transition
from light to dark. Neither the oxidation and fast reduction of roGFP2 measured for WT in the
plate reader nor the reduction of roGFP2 in the light were detectable with roGFP2 expressed
in the Agrxc5 background. To verify the dynamics of roGFP2 each well was treated with DTT

(red) or H,02 (ox) to obtain min and max roGFP2 ratio values (Figure 42).
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Figure 42: roGFP2 oxidation state in WT and Agrxc5 plastids in dark:light transition

A 200 pL protonema culture of P. patens was transferred into a 96 well plate and initial
fluorescence was measured after 30 min dark incubation using the plate reader. After the
formation of a steady-state of roGFP2 oxidation (10 min) the plate was illuminated for 30 min
(~ 200 pE/m?s, external illumination with LED). As internal calibration control, the buffer in the
wells was exchanged with 10 mM DTT. After obtaining a stabilized roGFP2 signal, the DTT
solution was exchanged with 10 mM of H202 and the fluorescence was followed again for serval
minutes. The degree of oxidation was calculated over the ratio of 405/488 nm and calibrated
with DTT and H202. Shown is the mean and SD of n=3. B P. patens gametophores and protonema
tissue grown in liquid culture were dark incubated for 45 min. To avoid laser-scanning stress
samples were imaged without pre-screening for signal. Time series were imaged with the CLSM
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for 1 min in the dark. After that an external light source was illuminating the sample for 5 min
with 100 puE/m?2s, while imaging. roGFP2 was excited at 405 and 488 nm and emission was
collected at 508-535 nm. Images were taken every 30s for 20 min. Shown is the mean + SD of
n=7-8.

4.2. Discussion

4.2.1 Glutathione ratios and their influence on protein S-glutathionylation

The cytosolic GSH concentration in Arabidopsis root tissue was determined using MCB labeling
to be between 2-3 mM (Fricker et al. 2000; Meyer et al. 2007). Similarly, Noctor & Foyer 1998
report plastid GSH concentrations to be in a range between 1-4.5 mM. Further studies based
on the redox-sensitive GFP revealed highly negative cytosolic redox potentials of ~-320 mV at
pH 7.2 with 0.002% of the cytosolic glutathione pool being oxidized (Meyer et al. 2007;
Schwarzlander et al. 2008, 2016). Based on 10 mM glutathione, the ratio between GSH and
GSSG in vivo was calculated to be 50000:1, resulting in only nanomolar concentrations of
GSSG. (Meyer et al. 2007; Schwarzlander et al. 2016). The highly negative redox potential and
low oxidation degree of the glutathione pool is maintained by the glutathione reductase (GR),
reducing GSSG back to two molecules of GSH (Halliwell & Foyer 1978; Marty et al. 2009; Kataya
& Reumann 2010). Cytosolic redox potentials of mutants with impairments in GSSG reduction
like gr1-1 (Marty et al. 2009) or deficits in glutathione synthesis, like rm/1 (Aller et al. 2013),
are shifted to less negative values, showing redox potentials of -315 + 9 mV in gri-1

Arabidopsis leaves (Marty et al. 2009), including GSH:GSSG ratio changes.

Based on a fruitful collaboration with Paolo Trost, Mirko Zaffagnini and Jacopo Rossi
(University of Bologna, Italy), we hypothesized that glutathione ratio influences protein
glutathionylation on monothiol (or non-disulfide forming) proteins while the glutathione
redox potential influences glutathionylation in disulfide forming proteins that are able to
release glutathione via the intramolecular disulfide bridge. Based on this argument,
intramolecular disulfide forming proteins like roGFP2 might therefore depend on the Egsu
(f(GSH2:GSSG)) rather than the ratio of GSH:GSSG for protein S-glutathionylation, while the
monothiol roGFP2 variant might rather be dependent on the glutathione ratio (see Figure 6,

Figure 43).
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421.1 Higher GSH concentrations increase GRX deglutathionylation leading to

slowed down roGFP2 oxidation

We investigated the kinetics of roGFP2 oxidation in varying GSH:GSSG buffers at constant Egsh.
The in vivo ratio of 50000:1 (Meyer et al. 2007; Schwarzlander et al. 2016) of GSH to GSSG
could not be applied in vitro. Limited by the low amounts of GSSG and the solubility of the
stock solutions, glutathione redox potentials were calculated regarding the largest possible
ratio difference (Table 16). At -232 mV (pH 7.4) 98% of roGFP2 is in its oxidized state. We
observed >90% of sensor oxidation in the presence of AtGRXC1 independent of the tested
GSH:GSSG ratio (Figure 7). The end level of roGFP2 oxidation is independent of the GSH:GSSG
ratio but dependent on the glutathione redox potential. The oxidation kinetics of roGFP2 are

dependent on the GSH:GSSG and are discussed in the following paragraph (Figure 43 A).
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Figure 43: Monothiol vs. dithiol roGFP2 dependency on GSH:GSSG ratio and Egsu

Schematic overview of roGFP2 (A) and roGFP2-C204S (B) dependency on GSH:GSSG ratio and
Ecsu. The glutathionylation of roGFP2 and roGFP2-C204S would be dependent on the molar ratio
of GSH to GSSG, since one molecule of GSSG is consumed and one GSH molecule will be released.
The formation of the disulfide bond in roGFP2 in which another GSH molecule is released
therefore dependents on the concentration of GSH2:GSSG corresponding to the Egsh.

The velocity of roGFP2 oxidation increased in the ratio of 72.5 showing lower total amount of
glutathione compared to the 10.5 and 5.25 ratio. In the absence of AtGRXC1, the velocity of
roGFP2 oxidation increased as the total amount of GSSG in the GSH:GSSG ratios increased,
resulting in higher total amounts of glutathione in the solution and favoring the enzyme-
independent reaction of GSSG with roGFP2-SH to roGFP2-SSG and GSH. The reduction of GRX-
SSG to GRX-SH is accomplished by a nucleophilic attack of a GS™ on the thiol of the
glutathionylated GRX (Vlamis-Gardikas & Holmgren 2002; Michelet et al. 2009). Hence, the

total concentrations of GSH and GSSG influences the glutathionylation state of the
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glutaredoxin (Figure 5, ks, k4). At least three different reactions have to be noted: (I) the
reaction of the AtGRXC1 with GSH and GSSG, (l1) the reaction of roGFP2 with AtGRXC1 and (ll1)
the direct but slow reaction of GSH and GSSG with roGFP2. Reaction velocities are dependent
on substrate concentration and can be described as followed with v = velocity,
k=thermodynamic equilibrium constant c(A) and c(B) as substrate concentrations (Mortimer

& Miiller 2015).
v=kx*c(A)*c(B)

The modification of this equation into the roGFP2 oxidation and reduction reaction in the
presence and absence of GRX is depicted below. With -SH corresponding to the reduced thiol,

-SS to the intramolecular disulfide bridge formed in roGFP2 and -SSG to the glutathionylated

thiol.
In the absence of GRX:
Veorward = Kforwara * C(T0GFP2 — SH) x ¢(GSSG) [1}
Vpack = Kpack * c(roGFP2 — SS) * ¢(GSH) (2]
Vpack = Kpack * c(roGFP2 — SSG) * c(GSH) (3]
In the presence of GRX:
Vrorwara = Kforwara * C(GRX — SH) * ¢(GSSG) (4]
Veorward = Kforwara * C(T0GFP2 — SH) * c(GRX — SSG) (5]
Vpack = Kpack * c(roGFP2 — SS) * c(GSH) (6]
Vpack = Kpack * c(roGFP2 — SSG) * c(GRX — SH) (7]
Vpack = Kpack * C(GRX — SSG) » c(GSH) (8]

Due to the glutathione redox potential of -232 mV the thermodynamic equilibrium, the point
at which the roGFP2 oxidation rate equals the roGFP2 reduction rate, is calculated to be at the
site of 98% oxidized roGFP2. Thermodynamic equilibrium is reached in all the tested
GSH:GSSG ratios in presence and absence of AtGRXC1 (Figure 7). However, the velocity of the
non-catalyzed oxidation [1] of roGFP2 was higher in lower ratios than the backreaction [2, 3].
We observed that a higher ratio (GSH:GSSG ratio of 72.5) resulted in a faster oxidation of

roGFP2, detectable by a 405/488 nm ratio increase (Figure 7). We observed that in the
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presence of AtGRXC1 higher ratios led to faster roGFP2 oxidation velocities, while in high
ratios without AtGRXC1, thermodynamic equilibration of GSH:GSSG with roGFP2 led to slower
roGFP2 oxidation. The results are in line with determined reaction rates of 0.1-200 M!s? for
the non-enzymatic reaction of protein thiols with glutathione, while the GRX catalyzed
reaction showed reaction rates of 10°>-10° M! s'! (Deponte 2017). This may be due to a higher
GSSG concentration in lower ratios, thus reaching the reaction equilibrium faster than
GSH:GSSG ratios with lower GSSG concentration. Without GRX, an increase in GSSG
concentration will drive the forward reaction [1], seen by faster roGFP2 oxidation in lower
ratios such as a GSH:GSSG ratio of 5.25 with 8 mM GSSG and 42 mM GSH. Simultaneously,
higher GSH concentrations increase the backreaction of roGFP2 reduction [2,3], however not

to the extent that slowed down roGFP2 oxidations were observed in the 5.25 GSH:GSSG ratio.

In the presence of GRX, the reaction rate of roGFP2 glutathionylation in the presence of GSSG
[4, 5] is 10°-fold higher compared to the non-enzymatic reaction [1] (Deponte 2017).
Consequently, the non-catalyzed reaction of roGFP2 with GSH or GSSG is too slow to compete
with the GRX catalyzed reaction and may be neglectable in the presence of a class | GRX
(Meyer et al. 2007; Deponte 2017). In the presence of AtGRXC1, higher ratios such as 72.5
with a lower total amount of GSH (2.4 mM) compared to the other tested ratios (with 20 mM
and 42 mM GSH), showed the fastest roGFP2 oxidation rate (Figure 7). The decreased GSH
concentration may have lowered the velocity of oxidized roGFP2 with GSH [2, 6]. Therefore,
higher ratios such as 72.5 with only 2.9 mM total GSH and 0.04 mM GSSG showed faster
reaction kinetics than lower ratios with GSH concentrations of 20 - 42 mM in the presence of

AtGRXC1.

Minimizing the enzymatically catalyzed reduction of roGFP2 [6, 7, 8] by using AtGRXS15
resulted in similar ratio dependent roGFP2 oxidation kinetics as seen for AtGRXC1. Since
AtGRXS15 showed a 30-fold slower oxidation of roGFP2 than AtGRXC1 (Moseler et al. 2015),
concentration of AtGRXS15 was increased to 6 instead of 1 uM in the assay (Figure 7). Similar
roGFP2 oxidation kinetics at different GSH:GSSG ratios, independent of the use of AtGRXC1 or
AtGRXS15 further support the hypothesis that high GSH concentrations drive the reaction to
reduction of roGFP2 [3,7] (Figure 6, ks and ks). It should be noted, however, that the
experiments without GRX are less relevant regarding redox dynamics in physiological

conditions. In vivo, many factors such as concentrations of substrates and enzymes, presence
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or absence of catalysts and competing reactions, influence the reaction of a protein with

glutathione (Deponte 2017) which are to are large extend neglected in an in vitro approach.

In vivo, high accumulation of GSSG would be prevented by GR activity with reaction rates in
the range of ~108 M1s* (Marty et al. 2009, 2019; Deponte 2017; Miiller-Schiissele et al. 2020).
The accumulation of high GSSG concentrations, tested in in vitro experiments (up to 8 mM)
are unlikely to occur in vivo but might occur under oxidative stress conditions in compartments

with impaired GR function.

4.2.1.2 Varying GSH:GSSG ratios at constant Eesu did not result in detectable
changes in the S-glutathionylation state of roGFP2-C204S

Monothiol target proteins of glutathionylation like roGFP2-C204S might rather depend on the
GSH:GSSG ratio than on the redox potential (Figure 43 B). It was shown that glutathionylation
of the monothiol roGFP2-C204S at Cys 147 takes places in the presence of AtGRXC1 and GSSG
by Trnka et al. 2020 via ESI-Q-TOF analysis.

Experiments conducted in an Egsy of -232 mV (GSH:GSSG ratio of 10.5- 72.5), -280 mV (GSH:
GSSG ratio of 1500-2000) and -220 mV (GSH:GSSG ratio of 134-20) displayed a maximum of
~6.9-fold change differences in GSH:GSSG ratios. roGFP2-C204S MPEG-Mal labelling revealed
no detectable difference of free thiols of roGFP2-C204S. However, these experiments were
limited by the efficiency of MPEG-Mal labeling in the roGFP2-C204S samples. Whereas roGFP2
showed a total band shift after reduction with DTT or TCEP and a subsequent labeling with
MPEG-Mal, roGFP2-C204S did only show a partial shift (Figure 11, Figure 12). Despite the fact
that NEM-labeled roGFP2-C204S was detected in DTT-reduced samples via MS/MS (Figure 10)
only weak bands appeared at the expected height for MPEG-Mal labeled roGFP2-C204S (at
~40 kDa) (e.g. Figure 11). Different ratios of GSH:GSSG did not influence the intensity of the
~40 kDa bands (Figure 11, Figure 12, Figure 13, Figure 14). Hence, roGFP2-C204S read-out via
MPEG-Mal labeling was insufficient to support the hypothesis of the GSH:GSSG ratio

influencing the amount of protein glutathionylation at constant Egsh.

Glutathionylation of roGFP2-C204S was shown in an MS/MS approach, which revealed that
roGFP2-C204S is partially glutathionylated when treated with 40 uM GSSG in the presence of
AtGRXC1 (Figure 10). However, higher levels of NEM modified and thus previously reduced

roGFP2-C204S were detected in the same sample run, concluding an inefficient
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glutathionylation of roGFP2-C204S, even in conditions (40 uM GSSG + AtGRXC1) known to

completely oxidize roGFP2 (Figure 10).

Immunodetection of glutathionylated roGFP2-C204S might be a more suitable approach to
visualize and detect small difference in glutathionylation. The preliminary data in Figure 15
showed two bands for glutathionylated roGFP2-C204S at ~ 25 kDa and >35 kDa. A tendency
to higher glutathionylation in lower GSH:GSSG ratios (GSH:GSSG ratio 20) can be seen by a
slight increase in the ~25 kDa band intensity. The >35 kDa band is as well visible on the
Coomassie-stained SDS-PAGE but not under UV-light, concluding that the band corresponds
to a potentially degraded roGFP2-C204 bound to GSH.

Interestingly, roGFP2-C204S as well as roGFP2 under reducing conditions with no external
addition of glutathione in the buffer showed GFP-bound glutathione. Within the protein
sequence of roGFP2, a third cysteine at position 70 is present but, due to structural constrains,
a glutathionylation of Cys 70 is not likely, even though it cannot be ruled out (Hanson et al.
2004). However, since roGFP2 bound glutathione was not detected in oxidizing control runs
and assay conditions due to the formed intramolecular disulfide bridge of Cys 147 and 204,

glutathionylation of Cys 70 seems improbable.

4.2.2 Changes in EgsH influence the expression level of GAPC in roots of A. thaliana

GAPC1 is a cytosolic isoform of GAPDH in Arabidopsis, fulfilling important functions in
glycolysis by conversion of glyceraldehyde-3-phosphate to 1,3-bisphosphoglyceric acid
(zaffagnini et al. 2013; Vescovi et al. 2013). However, additional functions of GAPDH, often
referred to as moonlighting functions, were deeply explored in animals (Sirover 2012), while
less is known for the plant kingdom. Plant GAPDH, prone to redox modifications, might
function as redox sensor and as well show moonlighting functions (Zaffagnini et al. 2013). In
vitro experiments linked glutathionylation of AtGAPC1 after treatment with H,0, and GSSG in
a 25:1 ratio with the formation of inactive aggregates within 10 min after treatment. They
further identified Cys 149 as important for glutathionylation and aggregate formation, while
Cys 153 initiates a nucleophilic attack on glutathionylated Cys 149 and resolves the

glutathionylation by disulfide formation (Cys 149-Cys 153) (Zaffagnini, Marchand, et al. 2019).

To test if an in vivo change in Egsh results in an alternation in protein glutathionylation, GAPC1

expression and aggregate formation was investigated in root cells of Arabidopsis gri-1
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compared to WT. To monitor GAPC1 in vivo the GAPC1-YFP sensor (Vescovi et al. 2013) was
introduced into gri-1 and WT. Glutathionylation of GAPC1-YFP may induce sensor

accumulation and YFP-signal aggregation (Bedhomme et al. 2012; Vescovi et al. 2013).

An overall increase in GAPC1-YFP expression was detectable in gr1-1 compared to WT, but no
aggregating YFP-sensor signal was observed (Figure 19). An additional stressor in the form of
0.1 mM cadmium was applied to induce accumulation of GAPC1 in WT. Cadmium induces the
accumulation of NO and ROS (Sharma & Dietz 2009; Vescovi et al. 2013) and activates the
GAPC1 promotor (Vescovi et al. 2013). A concentration of 10 uM cadmium (for 24 h) led to a
higher ratio of GSSG:GSH from 0.03 in Arabidopsis roots (control) to 0.19 after treatment and
an increase of total glutathione compared to control conditions (HPLC data of Cuypers et al.
2011). A ~5 x 405/488 nm ratio change in Arabidopsis roots expressing roGFP2 upon 72 h of
0.1 mM cadmium treatment further pin-points the Egsn as potential factor for GAPC1-YFP
accumulation (Vescovi et al. 2013). Cadmium-treated WT (0.1 mM) expressing GAPC1-YFP
showed an increase in YFP intensity. This supports the observation of increased GAPC1

expression upon cadmium exposure published in Vescovi et al (2013).

In rats it was shown that upon S-nitrosylation of the catalytic cysteine (Cys 150), GAPDH
relocalizes to the nucleus by binding to a ubiquitin ligase protein (SIAH1; Hara et al. 2005). In
Arabidopsis protoplasts and pea leaf cells, nuclear localization of GAPC1 was also detected
(Anderson et al. 2004; Holtgrefe et al. 2008). AtGAPC1 translocation to the nucleus was
increased upon oxidative stress via cadmium treatment (Vescovi et al. 2013). An Arabidopsis
mutant of the catalytic Cys 155 of GAPC1, with Cys 149 shown to be a target of S-
glutathionylation and S-nitrosylation, showed an increased nuclear YFP signal after cadmium
treatment (Vescovi et al. 2013) concluding, that another factor in plants than in mammalians

plays a crucial role for GAPDH-translocation upon cadmium treatment.

In Arabidopsis gri-1, GAPC-YFP expression under the endogenous promotor was increased
already under control conditions and did not further increase in fluorescence intensity after
cadmium treatment (Figure 19). With increasing signal, nuclei were easier to detect in the YFP-
channel but did not show an apparent increase in nuclear localized YFP. Concluding from the
first experimental data on GAPC-YFP under less reducing Egsy, GAPC1 expression increased

under conditions with less reducing Egsn (Figure 19). However, aggregation of GAPC1 as seen
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in the in vitro experiments of Zaffagnini et al. (2019) was not detected in gri-1 and WT

expressing GAPC1-YFP.

GAPC1-YFP overexpression (2xCaMV35S promotor) in WT and gri-1 showed a high
aggregation of the YFP sensor in Arabidopsis root tips (Figure 18). However, due to strong
overexpression of the GAPC1-YFP construct, nuclear localization might be additionally induced
by higher expression-levels. An increase ratio between nucleus-localized GAPC1-YFP to

cytosol-localized GAPC1-YFP ratio was observed in gr1-1 compared to WT.
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4.2.3 PpGRXC5 shows a strong oxidoreductase activity

Class | glutaredoxins are known to play a crucial role in regulating a proteins redox state via
the mechanism of protein glutathionylation and deglutathionylation and providing an electron
source for antioxidant enzymes such as MSRB1 (Zaffagnini, Bedhomme, Marchand, Morisse,
et al. 2012; Couturier, Jacquot, et al. 2013; Miller-Schissele, Bohle, et al. 2021).
Oxidoreductase activity of PpGRXC5 was confirmed in vitro showing even faster roGFP2
oxidation and reduction kinetics than AtGRXC1 when tested simultaneously (Figure 22, Table
18). The reason behind this is unknown so far. One might speculate that the proline in the
active site of PnGRXC5 (YCPYC) has an influence on the activity compared to AtGRXC1 (YCGYC).
Nevertheless, AtGRXC2, which has a similar active site than PpGRXC5, shows similar
deglutathionylation activities measured in HED compared to AtGRXC1 (Table 18). Hence, other
differences in the amino acids might result in slight structural changes that enhance the
activity of PpGRXC5. This, however, exceeds the scope of this work and will be the goal of
future research. Deglutathionylation activity tested with GSH or B-ME-SSG as substrates in the
HED-assay revealed similar activities between Poplar PtGRXS12 and Physcomitrium PpGRXC5
with GSH as variable substrate (Table 18). PtGRXS12 is a monothiol class | GRX with a “‘WCSYS’
motif able to deglutathionylate e.g. glyceraldehyde-3-phospate dehydrogenase (Couturier,
Koh, et al. 2009). Even though AtGRXC5 (‘WCSYC’) has two cysteines in its active site motif, as
seen for PobGRXCS5 (“‘YCPYC'), the resolving function of AtGRXC5 glutathionylation occurs via a
monothiol reaction mechanism (Couturier et al. 2011; Zaffagnini, Bedhomme, Marchand,

Couturier, et al. 2012; Zimmermann et al. 2020).
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Table 18: GRX class | deglutathionylation activities determined via HED assay

Protein Km 2PP Kcat 2PP Kcat PP [Km 2PP source

[mM] [s7] [M*s™]
PpGRXC5 0.39+£0.11 39.45+4.16 1.00*10° Finja Bohle, this work
(B-ME-SSG)
PpGRXC5 3.09+0.61 86.9+8.73 2.81*10% Finja Bohle, this work
(GSH)
AtGRXC5 0.20 +0.02 1.21+0.03 6.05*10° Couturier et al. 2011
(B-ME-SSG)
AtGRXC5 3.6+0.8 0.69 +0.11 192 Couturier et al. 2011
(GSH)
PtGRXS12 3.99+£0.48 92.78 +5.32 2.33 *10* Couturier et al. 2009
(GSH)
AtGRXC1 0.74 £0.01 38.91+0.43 5.25*10% Riondet et al. 2012
(B-ME-SSG)
AtGRXC1 0.173+0.02  14.3+0.5 8.3*104 Michelle Schlgsser,
(B-ME-SSG) unpublished
AtGRXC2 0.154 +0.02  14.7+0.4 9.5%104 Michelle Schigsser,
(B-ME-SSG) unpublished

4.2.4 The Agrl dwarfed phenotype is not dependent on GRXC5S activity

Plastid glutathione redox potential was determined with the use of GRX1-roGFP2 to be around
- 311 mV in P. patens (Miiller-Schissele et al. 2020) and - 361 mV in epidermal plastids of
Arabidopsis (Schwarzlander et al. 2008). The reduced redox potential is obtained by the
glutathione reductase, reducing GSSG to two molecules of GSH. Loss of the organellar
glutathione reductase GR2 in Arabidopsis (At3g54660) led to embryo lethality in the globular
stage (Marty et al. 2019). Complementation studies with mitochondrial or plastidial targeted
GR2 pin-pointed the essential factor for Arabidopsis survival to the plastidial activity (Tzafrir
et al. 2004; Marty et al. 2019). The loss of mitochondrial GR activity was compensated by the
NADPH-dependent thioredoxin reductase A/B (NTRA/NTRB), however plastidial GR activity
could not be compensated by the FTR/TRX system (Marty et al. 2019).

The dwarfed but viable knock-out of organellar glutathione reductase in P. patens (Agrl)

revealed a less reducing glutathione redox potential in plastids (-278 mV) and a light-sensitive
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phenotype diminished in growth and photosynthetic activity (Miller-Schissele et al. 2020).
To investigate the lethality of gr2 in Arabidopsis and the phenotype of Agrl in P. patens, a
promising approach might be to look further into enzymes depending on GSH as electron
donor. We were able to exclude plastidial GRX activity as the cause for the Agrl phenotype by

acquiring a null mutant of the only plastidial class | glutaredoxin C5 in P. patens.

Here we performed phenotypic comparison under control conditions, light stress and elevated
temperatures (Figure 25, Figure 26). A dwarfed, Agrl-like phenotype would be expected if
GRXC5 malfunction would be the source for the stress-sensitive phenotype. The WT-like
phenotype of Agrxc5 therefore suggests that GRXC5 malfunction is not the cause of the Agrl
phenotype, is not essential in its function, or GRXC5 has a negatively regulating effect on GR1.
In the latter case, the absence of GRXC5 in Agrl would suppress the Agrl phenotype and lead
to a WT-like growth of a AgriAgrxc5 double mutant. So far, Agrxc5Agrl1 double mutants are
generated to further test the relation between PpGR1 and PpGRXC5 (preliminary data, Sadia
Sayed Tamanna). WT-like growth (Figure 25) and photosynthetic performance (Figure 28) of
Agrxc5 indicated that another GSH-dependent pathway might be responsible for the dwarfed
phenotype of Agrl.

Some GSH-dependent enzymes in plastids involved in ROS scavenging such as
dehydroascorbate reductase (DHAR), peroxide detoxification like PRXIIE or lipid and protein
damage repair like glutathione-S-transferases (lambda or iota type) and methionine sulfoxide
reductases B1 (MSRB1) are important enzymes for redox homeostasis (Liu et al. 2013; Noshi
et al. 2016; Rey & Tarrago 2018; Miiller-Schissele, Bohle, et al. 2021; see chapter 3.2). A
S-glutathionylation target in the plastids is the 2-cys-peroxiredoxin (pea 2-Cys-PRX) (Calderdn
et al. 2017; Dreyer et al. 2021). Plastidial 2-cys peroxiredoxin A and B knock-outs in
Arabidopsis revealed a role in the oxidative inactivation of CBC enzymes like FBPase in
light:dark transition (Vaseghi et al. 2018; Dreyer et al. 2021). An increased growth of the 2-
cys-peroxiredoxinAB knock-out was detected under 10 s high light, 80 s low light, fluctuating
light conditions due to the ability of 2-cys-peroxiredoxinAB to utilize the short high light pulses
for photosynthesis (Vaseghi et al. 2018). However, the reduction of 2-Cys-PRX occurs via the
NADPH-dependent thioredoxin system (NTS) (Vaseghi et al. 2018). In contrast to that, the
plastidial PRX (PRXIIE) is regenerated by the GRX-glutathione system (Gama et al. 2008; Dreyer
et al. 2021). Poplar plastidial GRXS12 was identified to efficiently deglutathionylate PRXIIE at

Cys 121, interestingly, GSH alone was also able to deglutathionylate PRXIIE-SSG (Gama et al.
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2008; Dreyer et al. 2021). PRXIIE shows a thiol peroxidase activity with H,0, of 2.6 x 10* M™!
s7! (Gama et al. 2008) and a potential function in peroxynitrite detoxification (Romero-Puertas
et al. 2008). In an affinity chromatography approach with His-tagged PRXIIE 14 plastidial
proteins were identified as potential interaction partners of PRXIIE, with 5 proteins being

involved in photosynthetic processes (Dreyer et al. 2021).

The growth and photosynthetic activity in the Agrxc5 mutant was examined to see if the loss
of plastidial class | activity affects PRXIIE activity and its putative regulation of proteins
involved in photosynthetic processes. First, fluctuating light conditions comparable to Vaseghi
et al. (2018) were chosen. However, no deviation from the WT phenotype was observed for
Agrxc5 under 10 s low light, 80 s high light or 15 min low light and 15 min high light regimes
(Figure 26). Further experiments monitoring photosynthetic performance via PAM and GFS
measurements (Figure 40, Figure 41) showed no differences in WT and Agrxc5 but showed an
altered photosynthetic performance for Agrl as seen in Miller-Schiissele et al. (2020). The
impact of the loss of GRXC5 needs to be further analyzed e.g. via PRXIIE activity assays in
Agrxc5. However, Western blot analysis showed that 0.5 mM GSH alone is enough to
completely reduce PRXIIE-SSG within 10 min in vitro without the presence of a GRX (Dreyer et
al. 2021). In Agr1 with a less reducing Egsy (Muller-Schiissele et al. 2020), analyzing the PRXIIE
activity might be of great interest, since the deglutathionylation of GSH alone due to higher

GSSG concentrations might be less likely to occur.

Furthermore, plastidial methionine sulfoxide reductase knock-outs in Arabidopsis did not
reveal an embryo lethal gr2 like phenotype (Laugier et al. 2009). Other plastidial proteins
relying on the availability of GSH as electron donor are GST-L/I and DHAR (see 3.2, Fig.2).
Higher ascorbate levels in Agrl and high-light sensitivity of the plastidial knock-out of DHAR
(AtDHAR3) link part of the phenotype to impairments in the ascorbate-glutathione cycle
(Noshi et al. 2016; Miiller-Schiissele et al. 2020). However, even the loss of total DHAR activity
in DHAR triple knock-outs did not result in embryo lethality of Arabidopsis as seen for gr2
(Rahantaniaina et al. 2017).

Light-dependent dynamic changes in the stromal Egsy were observed in WT plastids of P.
patens expressing GRX1-roGFP2 with a decrease in stromal Egsy upon illumination and a fast
increase in stromal Egsy upon darkness with an immediate subsequent decrease. Due to the

high oxidation level of GRX1-roGFP2 in Agrl, these dynamics could not be measured in the
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respective mutant (Muller-Schissele et al. 2020). However, these Egsy dynamics were not
detectable in Agrxc5 expressing plastidial targeted roGFP2 (Figure 42). The dynamics might
therefore either be absent in mutants lacking class | GRX in plastids or undetectable in roGFP2
assays. This might be due to uncatalyzed and therefore slower equilibration of the GSH:GSSG
buffer with roGFP2 compared to WT in which the plastidial class | GRX is present (in vitro +/-
GRX see Figure 22, Figure 42).

Fast oxidation of the stromal Essn upon darkness may play a role in the oxidation of plastidial
TRX, which is important for enzyme regulation of the CBC (Wolosiuk & Buchanan 1977,
Yoshida et al. 2018; Sugiura et al. 2019; Miiller-Schissele et al. 2020). CBC enzymes reduced
under light conditions by the FDX-FTR-TRX system, such as FBPase or GAPDH (Ojeda et al.
2018), connect the fixation of CO; to the light-dependent photosynthetic reaction (Michelet
et al. 2013). Interestingly, chloroplastic GAPDH can occur as homo tetramers A4 or hetero
tetramers of A and B subunits (A;B2) and even form higher oligomers (A;B2)n, whereas so far
only for the homo tetramer A4 an inactivation upon glutathionylation was detected (Zaffagnini

et al. 2007; Marotta et al. 2022).

The link of the thiol-switching TRX and GRX systems was studied in cytosol and mitochondria
and showed that the cytosolic TRX system can function as back-up system for the GRX system
(Reichheld et al. 2009; Marty et al. 2009). However, the plastidial TRX system is not able to
serve as functional back-up system for the loss of glutathione reductase activity in plastids
(Marty et al. 2019; Mller-Schiissele et al. 2020). In plastids, thioredoxins such as TRXf have
been identified as S-glutathionylation target (Michelet et al. 2005), as well as thioredoxin-
regulated CBC-enzymes such as FBPase (Zaffagnini, Bedhomme, Groni, et al. 2012; Ojeda et
al. 2018).

We measured CO; uptake and assimilation in Agrxc5 in light to dark transitions to see if
plastids lacking class | GRX have differences in the rate at which enzymes involved in CO;
fixation turn on and off. Since proteins like GAPDH, FBPase, TRXf and RuBisCO were identified
as plastidial glutathionylation targets (Michelet et al. 2005; Zaffagnini et al. 2007; Zaffagnini,
Bedhomme, Groni, et al. 2012), lack of respective plastidial GRX might then lead to the
inefficient deglutathionylation of these enzymes, which might influence their activity. We did
not detect a significant difference in CO, uptake and assimilation between WT and Agrxc5 nor

a difference in the rate of ACO2 and AA upon light to dark and dark to light transition (Figure
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41) questioning the role of GRXC5 on CBC enzyme regulation. The biological relevance and
function of the stromal Essn dynamics remains unsolved. Further experiments, like using the
plastidial thioredoxin sensor CROST2 (see Chapter 5), are needed to elucidate if the EgsH

dynamic can influence the thioredoxin redox state.

4.2.5 Without GRXCS5, reduction kinetics after oxidation are severely impacted

To test for the absence of class | GRX activity roGFP2 alone (without linked hGRX1) was
targeted to the plastid stroma of the Agrxc5 #54 mutant generating two independent lines
#17 and #21, which were further characterized. The dynamic range of TKTP-roGFP2 with
6 =5.13 (WT) and 4.46 (Agrxc5) is in line with an in vivo dynamic range of ~5 for GRX1-roGFP2
via CLSM measurements in Arabidopsis cytosol (Meyer et al. 2007; Ugalde, Fuchs, et al. 2021;
Ugalde et al. 2022) and ~5-6 of roGFP2 in chloroplasts (Schwarzlander et al. 2008). Dynamic
ranges determined in a plate reader-based system resulted in 6 ~3.5 for GRX1-roGFP2 (Ugalde,
Fuchs, et al. 2021), while in this study the plate reader-based dynamic range of roGFP2 was
lower with 2.15 for WT and 2.0 - 2.2 for Agrxc5 (#21, #17) (Figure 31). The oxidation of roGFP2
in physiological conditions revealed an oxidation degree of 45% for WT and 65% (#21) to 68%
(#17) for the two respective Agrxc5 lines. Calculation of Egsy according to Nernst Equation in
Schwarzlander et al. 2008 with a pH of 8 and a resulting E’o(roGFP2) of -309.58 mV (-280 mV
roGFP2 midpoint potential, Aller et al. 2013) revealed a redox potential of -311.78 mV of WT
and a shift of ~10 mV to -299.3 (#17) and -301.1 mV (#21) for the Agrxc5 lines (Figure 32,
Figure 33). The same stromal Egsy redox potential of -311 mV for the WT was measured in
Miller-Schissele et al. (2020) with GRX1-roGFP2, while a less negative redox potential of -278

mV was measured in Agr1.

The resulting redox potential in Agrxc5 must be interpreted with caution, due to the lack of
class | GRXs in the measured compartment. Because of the absence of class | GRX activity, the
rapid equilibration of roGFP2 with the Egs is not catalyzed anymore, thus only allowing a
thermodynamic equilibration. Potential changes in the glutathione ratio or glutathione redox
potential might be too slow to be monitored without a catalyst present (Meyer et al. 2007).
Reaction rates in the presence or absence of a catalyst support this hypothesis: the reaction
of a low molecular weight thiol such as GSH with a glutathionylated protein (RSSG) shows a
rate constant between 0.01-200 M's, while the reaction coupled to a GRX increases to 10°-

10° M1s? (Deponte 2017). By calibrating the sensor in vivo, it was possible to conclude that
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roGFP2 was not fully oxidized in the mutants, so that an increase in sensor oxidation would
still be within the dynamic measurement range of roGFP2. The increase in roGFP2 oxidation
observed in the mutants may thus be uncoupled from Egsn and only displaying the oxidation

status of roGFP2.

We confirmed the absence of enzymes able to deglutathionylate roGFP2 by monitoring the in
vivo response of roGFP2 after 1-10 mM H,0; treatment (Figure 35). We observed a short-term
difference between WT and Agrxc5 in the degree of roGFP2 oxidation 30 min after H.0O;
removal. Interestingly, we observed already a reduction of roGFP2 in WT treated with 1-2 mM
H.0; prior to H20; removal. This response might be linked to catalase activity (Mhamdi et al.
2010) dismutating two H20; molecules to two molecules of H,0 and O,. A similar response
was not detected in Agrxc5. The absence of roGFP2 reduction within 80 min after H,0;
application (1-2 mM) in Agrxc5 further supports the hypothesis that the Egsy is kinetically
uncoupled from cysteine redox state by the lack of a suitable catalyst such as GRXC5. The
plastid-targeted roGFP2 might therefore not be suitable to estimate a potential shift in Egsn or
GSH:GSSG ratio in the Agrxc5 background, emphasizing the need to further determine total
GSH and GSSG concentrations via e.g. HPLC analysis as seen for Agrl in Miller-Schiissele et al.

2020.

4.25.1 P. patens shows increased glutathionylation levels after oxidative stress

treatment

Immunodetection with a monoclonal glutathione antibody was performed to determine the
glutathionylation state of in vivo target proteins 30 minutes after H,0, treatment (Figure 36,
Figure 37, Supplemental Figure 2, Supplemental Figure 3). It should be noted that the
experiments were based on total protein extracts and thus reflect not only plastid but total
cell status of protein-bound glutathione. Experiments in protonema and gametophore tissue
revealed prominent bands of glutathionylated proteins at ~55 kDa and ~100 kDa. The ~55 kDa
might be identified as the large subunit of RuBisCO (RBCL) with a molecular weight of ~52.7
kDa in P. patens (UniProt: UniRef100 _P34915) and a high protein abundancy throughout
photosynthetic organisms (Ellis 1979; Raven 2013). Post-translational modifications of RBCL
at Cys 172, 247 and 427 including S-glutathionylation and S-nitrosylation were identified in
Chlamydomonas and Arabidopsis (Zaffagnini, Bedhomme, Groni, et al. 2012; Michelet et al.
2013).
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Additional studies suggested the thiol modifications to be responsible for downregulation of
RuBisCO activity and increased proteolysis upon oxidative stress (Tenaud & Jacquot 1987;
Pefiarrubia & Moreno 1990; Moreno et al. 2008; Michelet et al. 2013; Roni et al. 2022).
Weaker band intensities at ~55 kDa (e.g. Figure 31) in PageBlue™ stained protein samples of
P. patens protonema and gametophore tissue suggest that after 30 min of peroxide treatment
(T1) RBCL was partially degraded. (e.g. Figure 39). We observed an increase of the apparent
band at ~55 kDa after 10 mM H;0, treatment compared to unstressed conditions in
protonema and gametophore tissue (Figure 38, Figure 39). Reductants like NADPH generated
during the light-dependent photosynthesis reaction provide electrons to the Calvin Benson
cycle but also to NADPH-dependent enzymes such as the organellar GR. Increased levels of
H.0; inhibit photosynthesis by oxidizing enzymes of the CBC (Foyer & Shigeoka 2011).
Glutathionylation of RBCL induced by oxidative stress might contribute to the reduced
efficiency of the CBC- reaction leaving more NADPH for enzymatic pathways involved in ROS

scavenging.

An increase in glutathione-labelled protein was detected in all genotypes directly after H,0;
treatment (T1) compared to unstressed conditions (To) (Figure 36, Figure 37, Figure 39,
Supplemental Figure 2, Supplemental Figure 3). Thus, the absence of GRXC5 or GR1 in the
respective mutants did not lead to an increased glutathionylation level, concluding that the
glutathionylation of proteins in vivo seems to be independent of organellar GR or plastidial
class | GRX activity.

If GRXCS is essential for deglutathionylation of proteins in plastids | expected a higher level of
glutathionylated proteins in protein extracts of Agrxc5 30 min after H,O; treatment (T3o).
However, glutathionylation levels 30 min after treatment decreased slightly in all genotypes
of protonema and gametophore tissue, supposing a non-essential function of GRXC5 on
protein deglutathionylation in vivo. Tz signal did not show severe differences between the
genotypes, indicating that Agrxc5 is still able to deglutathionylate proteins in the same amount
as WT.

If a shift in Egsn is observed already under physiological conditions like seen in Agri, | would
expect higher glutathionylation levels already under control conditions (To). Interestingly,
higher glutathionylation levels were not detected for Agrl in the Western blot experiments
compared to WT and Agrxc5.

The Western blots showed variances between the biological replicates. A possible factor was
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the protein loading in the respective SDS-PAGE. Untreated samples often displayed more
intense bands in the PageBlue™ staining, then H.0; treated samples, suggesting a potential
degradation of proteins after H,O, treatment. Differences between the biological replicates
in the intensities of the Western blot may as well occur through mechanical stress (by
tweezers or pipettes) during the treatment and harvesting procedure. NEM-labelling was
done to block free thiols before the protein extraction process to prevent oxidation events
during the cell lysis to influence the detected redox status in the blots. However, | did not
include a control for complete NEM-labelling and can not rule out that inefficient NEM-

labelling might contribute to variances in the Western blots.

4.25.2 Possible pathways of protein S-glutathionylation in vivo

Possible pathways of protein (de)glutathionylation are displayed in Figure 44 with their
approximate reaction rates (unit: M*s, keat®®?/Km?PP) retrieved from literature (Hiner et al.
2000; Can et al. 2010; Deponte 2017; Zaffagnini, Fermani, et al. 2019). Under physiological
conditions, the reaction of peroxide with a protein's thiol is described as a slow pathway for
protein glutathionylation, since reactions of H,0O, with enzymes such as ascorbate peroxidase
(APX) are being favored due to higher reaction rates (Mittler & Zilinskas 1991; Deponte 2017).
This assumption is further supported by the slower reaction rates of GAPDH oxidation via H20;
of ~10%2 M1s? (keat®P/Km?PP), compared to the interaction of a human PRX (PRX2) with H,0; at
a rate constant of 108 M1s (Little & O’brien 1969; Manta et al. 2009; Deponte 2017). A direct
oxidation of the glutathione pool shows a slow reaction rate for H,0> and GSH of 0.87 M1 s%,
competing with the reactions of PRX and other H,0, scavenging enzymes (Winterbourn &
Metodiewa 1999; Deponte 2017). An increase in GSSG concentration in vivo thus is mainly a
result from an increase in the activity of GSH-dependent enzymes such as: DHAR, MSRB1,
GSTI/L, PRXIIE (Foyer & Noctor 2011; Dietz 2011; Liu et al. 2013; Rey & Tarrago 2018b; Miiller-
Schiissele, Bohle, et al. 2021).

Direct interaction of GSSG with a cysteine thiol showed a reaction rate of 0.8 M1 s-! (Nagy
2013), while GSSG with GRX showed a reaction rate in the order of 10> M s (Nagy 2013;
Deponte 2017). This was also observed in the interaction of roGFP2 and GSH:GSSG ratios in
the presence or absence of GRXC5 (Figure 7, see chapter 4.1.1.1). A direct glutathionylation
of a protein thiol with GSSG may has to compete with other GSSG-dependent reactions

(Deponte 2017). An exemplary competing reaction for GSSG would be the reduction of GSSG
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by GR with reaction rates determined of rat liver GR to be around 4.9*10° M s’ (Can et al.
2010). The likelihood of a reaction occurring in vivo is determined not only by the reaction
kinetics, but also by the concentrations of the substrates, reaction products, and enzymes

(Mortimer & Miiller 2015; Deponte 2017).
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Figure 44: Reaction rates of enzymatic and non-enzymatic pathways leading to protein
glutathionylation

Schematic overview of protein glutathionylation pathways and their exemplary and
approximated reaction rates or rate constants [M's™!, kcat®®®/Km3PP] from literature. Enzymes
with their respective rate constants are depicted in green, non-enzymatic reaction in blue.
Reaction rates are based on Hiner et al. 2000; Can et al. 2010; Deponte 2017 and Zaffagnini et
al. 2019. Exemplary target proteins are depicted as black box.

Based on the results of the H,0, experiments with the subsequent detection of glutathione-
associated proteins (Figure 37, Figure 38, Figure 39, Supplemental Figure 2, Supplemental
Figure 3), several pathways of S-glutathionylation may be more likely to occur in vivo (Figure
45). The addition of H,0, leads to an increased activity of the scavenging enzymes, which
detoxify a large part of the H;0, (Mittler 2002). In the experimental series, it remains
undetermined how much H,0; reached the plastids of P. patens after treatment with 10 mM
H,0,. However, the H,0; reaching the plastid stroma, increases enzyme activities of the

scavenging enzymes resulting in an increase in the GSSG concentration (Figure 45 B). GSSG is
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rapidly reduced by the organellar GR. In the organellar GR mutant (Agr1), GSSG is not reduced
back to GSH and may be exported to the cytosol to lower plastidial GSSG concentration
(Mdller-Schissele et al. 2020). However, since no consistent difference in glutathionylated
proteins was observed under control conditions in Agrl compared to WT, increased GSSG
levels alone might not drive protein S-glutathionylation. Higher concentrations of H,0, could
thus lead to the oxidation of individual, oxidation-sensitive proteins such as GAPDH (Zaffagnini
et al. 2013) and contribute to S-glutathionylation through interaction with GSH.
Glutathionylation could then function as a thiol protection against overoxidation after sulfenic
acid formation. Dithiol target proteins might form intramolecular disulfide bridges upon
glutathionylation, making it more difficult to identify those in vivo disulfide target proteins of
S-glutathionylation.

Concluding, we observed that Agrxc5 showed similar amounts of glutathionylated proteins
after 10 mM H,0; treatment compared to WT, which rather suggests a non-essential role of
GRXCS5 in protein glutathionylation. In steady state conditions, GRX with a midpoint potential
of -263 mV (poplar GRXC1, Couturier et al. 2013) might rather function in the
deglutathionylation and reduction of disulfides. The impaired reduction after oxidative stress
of plastid-targeted roGFP2 showed that roGFP2 was not efficiently reduced in the absence of
PpGRXC5 and that PpGRXCS5 fulfills an important function in protein deglutathionylation. In
vivo target proteins of disulfide reduction by the GRX system have not been identified yet.
However, results showed that enzyme catalyzed stromal deglutathionylation of proteins is not

essential for survival of P. patens within the here tested conditions.
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Figure 45 Protein S-glutathionylation and deglutathionylation in steady state (A) or
oxidative stress (B) conditions in the plastid stroma

A In unstressed, steady-state conditions, a redox potential of -311 mV in plastids (Miuller-
Schiissele et al.2020 suggests that GRXs (with a midpoint potential of -263 mV, poplar GRXC1,
Couturier et al. 2013) push towards deglutathionylation and disulfide reduction. B Addition of
external H202 will trigger ROS scavenging and damage repair pathways producing GSSG which
will be reduced by GR. Oxidation-sensitive thiol groups (with low pKa) will be directly oxidized
by H202 (purple arrow) leading to the formation of sulfenic acid which can be further modified
by GSH to form a S-glutathionylation. In proteins with two cysteines in proximity (such as
roGFP2), further intramolecular disulfide formation might occur as a consequence of S-
glutathionylation. In conditions with less reducing Esst and lower GSH:GSSG ratios, GRXs might
rather push towards S-glutathionylation. A, B Oxidation-sensitive proteins undergoing S-
glutathionylation in plastids or in vivo targets for GRX-mediated disulfide reduction (such as
the artificial target protein roGFP2) still have to be identified.
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5. The thioredoxin redox state in mutants with impaired Egsy — a
potential link between the plastidial thioredoxin and glutathione
system?

Many enzymes identified as thioredoxin targets were also identified as potentially
S-glutathionylated for example the plastidial TRXf (Michelet et al. 2005), fructose 1.6-
bisphosphatase (Schurmann et al. 1981; Zaffagnini, Bedhomme, Groni, et al. 2012) and
phosphoribulokinase (Brandes et al. 1996; Zaffagnini, Bedhomme, Groni, et al. 2012). While
in the cytosol, the NADPH-dependent thioredoxin system was able to compensate for the loss
of the cytosolic GR, this was not the case in plastids (Marty et al. 2009, 2019; Miiller-Schiissele
et al. 2020). To better understand what happens in the organellar GR mutants of P. patens
(Agr1) and Arabidopsis (miao) and why the plastidial TRX system is unable to compensate, |
introduced the TRX-redox status sensing CROST2 sensor (Sugiura et al. 2019) into these lines.
The FRET-based sensor consists of a thioredoxin target protein CP12 of Anabaena sp
connecting mTurquoiseA11 (CFP) and a circular permuted-mVenus (cp173 mVenus (YFP))
(Sugiura et al. 2019). In vitro characterisation of CROST2 confirmed the interaction with
plastidial f and -m type thioredoxins from various plant species but also showed high pH

dependency in lower pH ranges (Sugiura et al. 2019).

5.1. Results

The CROST2 pRI201_AN was obtained from Prof. Toru Hisabori (Institute of Technology,
Tokyo, Japan) and used for transformation of A. tumefaciens and for floral dip of
Arabidopsis thaliana transformation (WT and miao). Agrobacteria containing CROST2 were
verified via PCR and sent for sequencing for further validation of the correct plasmid (Figure
46 A). Arabidopsis was transformed with clone #1 and the respective T1 generation was
screened for fluorescence and kanamycin resistance. T, was screened for a 3:1 fluorescence
and kanamycin resistance segregation. Plants showing this segregation were propagated and
T3 plants further screened for homozygosity via fluorescence. For WT lines 2 #10 and 4 #4
were verified as homozygous. 3 #9 and 5 #7 were homozygous for CROST2 expression in the
miao background. Homozygous Ts of all lines showed less to no fluorescence signal after ~4

weeks of growth. Progeny of these plants showed a regain in fluorescence in the following
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generation. This loss of fluorescence at the older stage might be consistent with CROST2

degradation observed in A. thaliana described in Sugiura et al. 2019.

For transformation of CROST2 into P. patens, CROST2 was amplified via PCR (for primers refer
to Table 7) and cloned into pDONR207 as Gateway entry vector. Via LR reaction, CROST2 was
cloned into PTA2_Act5_GW, sequenced and used for transformation of WT and Agrl #4
protoplasts (Figure 46 B). P. patens protoplast transformation with PTA2_Act5_GW_CROST2
and regeneration of vegetative tissue on neomycin selection media (G418) followed by
fluorescence screening was done by Alexa Brox (Prof. Frank Hochholdinger, INRES, University
of Bonn, Germany). Fluorescent moss colonies were transferred to fresh KNOP-ME plates and
numbered (CROST2 in Agrl #4: #11, #13, #12, #19, #22, #29, #34, #37, #42; CROST2 in WT:
#204, #250, #263).

A [ pri201_AN_CROST2inAGL1| B [PTA2_Act5_GW_CROST2 in DH5a

#1 #2 #3 #4 #5 . #1 #2 #3

3
T e e e 3000—I
) 2500=—
1500 =
1200 =
1000

Figure 46: Verification of CROST2 containing expression vectors in AGL1 and DH5a via colony
PCR

A CROST2 in the vector of pRI201AN (obtained from Prof. Tori Hisabori) expressed by
Agrobacterium tumefaciens (AGL1). Verification PCR was done using primers binding in the in
the 35S-promotor region (355_F) and within the CROST2 (CROST2_R), expecting a size of 2200
bp (see Table 4). The clone marked with an asterisk was used for floral dip transformation of A.
thaliana. B Expression of CROST2 in the gateway vector PTA2_Act5_GW in DH5a. Verification
PCR was done using primers binding in the NOS-T terminator of the vector and in the Act5
promotor region (see Table 4), expecting a size of 2200 bp. The clone marked with an asterisk
was used for further transformation of P. patens protoplasts.

5.1.1 Localization of the FRET-based thioredoxin sensor CROST2 in Arabidopsis

Homozygous Arabidopsis lines for CROST2 were analyzed with the CLSM regarding sensor
localization and fluorescence signal (Figure 47). CROST2 localized to plastids in WT and miao
verified by co-localization with chlorophyll autofluorescence. Chloroplasts with higher
fluorescence signal were detected similar to observations shown in Sugiura et al. 2019. To
verify for specific CROST2 signal an excitation and emission scan was carried out in a plate

reader-based set-up (Figure 48). CROST2 emission at 494-16 nm after excitation with
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wavelengths from 390-460 nm showed higher intensities in WT than in the miao background,
both displaying high standard deviations. The CROST2 sensor displayed two emission peaks at
530 nm (YFP) and 475 nm (CFP) after excitation with 430 nm.

A Localisation of CROST2 in WT

Chlorophyll

Localisation of CROST2 in miao

YFP control

Chlorophyll

Figure 47: Fluorescence signal of CROST2 in chloroplasts of A. thaliana WT and miao

7-day old A. thaliana seedlings with plastid-targeted CROST2. Cotyledons of stably transformed
CROST2 WT (Col-0) (A) and miao (B) plants were imaged using the CLSM. CFP fluorescence was
detected with excitation at 405 nm and emission at 464-490 nm. FRET was detected after
excitation with 405 nm and emission at 517-544 nm. YFP fluorescence was additionally collected
at 488 nm with emission at 517-544 nm (‘YFP control’). Chlorophyll was excited with 488 nm
and an emission wavelength 624-673 nm. Arrows point to bright fluorescence signal spots,
which may belong to plastids in pavement cells. Scale bars = 10 um.
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Figure 48: Excitation and emission scan of CROST2 expressed in A. thaliana leaf discs

A Excitation scan (Ex. 390-460-10 nm; Em.494-16) of 4-6 week old A. thaliana leaf discs
expressing plastid-targeted CROST2. On the left side, raw intensities are plotted against
excitation wavelengths. On the right site, intensities are normalized over intensities measured
at 430 nm (1/1430nm) B Emission scan (Em. 460-540 nm; Ex. 430-10 nm) of leaf discs of A. thaliana
expressing plastid-targeted CROST2. On the left side, raw intensities are plotted against
emission wavelengths. On the right site, intensities are normalized over intensities measured

at 480 nm (I1/lago nm). Shown are the mean + SD of n= 10.
5.1.2 Thioredoxin redox state in mutant lines with impairments in the plastidial
glutathione-dependent redox network

Arabidopsis leaf discs and 7-day-old seedlings were exposed to a light:dark regime, while

CROST2 fluorescence was imaged in the plate reader during the dark phase to compare
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thioredoxin redox status in miao with a less reducing Ecsn in the plastids with WT thioredoxin
redox status (Figure 49). The CROST2 sensor showed a high YFP/CFP ratio in the dark.
Subsequently after light treatment the ratio of the sensor is decreased about 0.2 and showed
an increase in sensor ratio to initial values within 3 to 5 min in darkness. This behavior was
observed independent of genotype (WT/miao) and tissue type (leaf, seedlings). miao showed
a tendency to a steeper increase directly after light compared to WT but revealed no

significant difference.
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Figure 49: Light-dependent response of CROST2 expressed in A. thaliana in WT (Col-0) and
miao

A A. thaliana leaf discs of WT 2 #10 and miao 3 #9 were pre-incubated in the dark for 20 min.
Fluorescence was followed for 1.5 min (black bar) with excitation at 430-10 nm and emission at
530-20 and 480-10 nm before treatment of the leaf discs with 200 uE/m? s for 20 min (white
bar). Fluorescence intensity was followed for a total of 50 min. (n=12-24 leaf disc samples of
two independent measurements, measured on different days) B 7-day old seedlings of A.
thaliana were imaged after pre-incubation in the dark for 20 min. Fluorescence was followed
for 1.5 min (black bar) with excitation at 430-10 nm and emission at 530-20 and 480-10 nm
before treatment with 200 uE/m?2 s for 20 min (white bar). Fluorescence intensity was followed
for a total of 48 min. (n= 6 wells with a pool of 10 seedlings of two independent measurements,
performed on different days)
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5.1.3 Localization and calibration of the FRET-based thioredoxin sensor CROST2 in

Physcomitrium patens

CROST2 (with a recA targeting peptide) in P. patens gametophores showed a clear plastidial
localization, verified by co-localization with chlorophyll autofluorescence (Figure 50 A, B). A
first calibration experiment was conducted using WT #204 and Agrl #11 incubated with 10
mM DTT and 5 mM DPS. Additional reduction of the sensor via the light-dependent pathway
involving the ferredoxin-dependent thioredoxin reductase (FTR) was further tested by
incubation of the gametophores for 30 min in the dark before imaging (Figure 50 C). DTT and
DPS treatment of the moss gametophores revealed dynamic ranges of 6 = 1.16 (WT #204) and
6 = 1.24 (Agrl #11). Prior dark incubation of gametophores did not lead to a significant
YFP/CFP ratio change in WT #204 or Agr1 #11. Excitation and emission scans were performed
on WT #204 and Agr1 #11 gametophores leading to a small peak of excitation at ~430 nm and
emission peak at 475 nm (CFP) and a weak peak at 530 nm (YFP) (Figure 51).
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Figure 50: Plastid-targeted CROST2 in P. patens WT and Agr1 #4

P. patens WT #204 (A) and Agr1 #11 (B) stably expressing CROST2. Gametophores were imaged
using the CLSM. FRET was detected with CFP (Ex. 405 nm; Em. 464-490 nm) and YFP (Ex. 405
nm; Em. 517-544 nm), YFP was additionally excited at 488 nm in a separate track (Em. 517-544
nm) (‘YFP control’). Chlorophyll was excited with 488 nm and emission wavelength of 624-673
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nm. Scale bars = 20 um. C Calibration of plastids of WT #204 and Agrl1 #11 using 10 mM DTT or
5 mM DPS or dark incubation (30 min) or imaging without pre-dark incubation (labeled as
‘light’). A minimum of 9 images were acquired of each treatment from at least three different
gametophores. Boxes show 25-75 percentile with whiskers as min and max values. The
horizontal line displays the median value. Intensities of the full image were extracted with the
RRA ratio software. Different lowercase letters depict significant differences of a one-way
ANOVA with Tukey’s multiple comparison analysis (p<0.012).
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Figure 51: Excitation and emission scan of plastid-targeted CROST2 in P. patens
gametophores

A Excitation scan (Ex. 390-460 nm; Em.494-16nm) of P. patens gametophores expressing
CROST2. WT lines #204 and #263 and Agrl lines #11, #12, #13 and #19 were used. On the left
side, raw intensities are plotted against excitation wavelengths. On the right site, intensities
are normalized over intensities measured at 430 nm (I/l430 nm). B Emission scan (Em. 460-540
nm; Ex. 430-10 nm) of P. patens gametophores expressing CROST2. WT lines #204 and #263 and
Agrllines #11, #12, #13 and #19 were used. On the left side, raw intensities are plotted against
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emission wavelengths. On the right site, intensities are normalized over intensities measured
at 480 nm (1/lago nm). The mean + SD of n=11-16 wells is shown with at least 3 wells /line.

5.2. Discussion

Application of dynamic redox sensors will further increase knowledge in the mechanism of
photosynthetic regulated redox processes in the plastids (Miller-Schissele, Schwarzlander, et
al. 2021). CROST?2 itself is a powerful tool for measuring thioredoxin redox state in plants,
however displaying a sensitivity in the lower pH range observed by a decrease in YFP-signal
(Sugiura et al. 2019). Arabidopsis leaves expressing CROST2 in light:dark transitions showed
dynamic changes in the 530/480 nm ratio. This dynamic was absent within the application of
DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) as photosynthesis inhibitor. Thus, CROST2

sensor response is specific to the photosynthetic electron flux (Sugiura et al. 2019).

In this study, CROST2 was successfully expressed in Arabidopsis (WT, miago) and
Physcomitrium (WT, Agr1) showing complete plastidial targeting (Figure 47, Figure 50 A,B) as
seen in Sugiura et al. 2019. Seedlings and young rosettes of Arabidopsis plants showed high
fluorescence while up to 4-6-week-old Arabidopsis leaves showed less to no remaining
fluorescence signal. Progeny of these Arabidopsis lines in young age showed high fluorescence
signal again. This unexpected loss of fluorescence can be explained by CROST2 sensor
degradation, detected with a western blot against GFP in Arabidopsis leaves (Sugiura et al.
2019). However, possible reasons may be the inhibition of de novo synthesis paired with
CROST2 proteolysis or silencing, resulting in a complete loss of fluorescence. Interestingly,
silencing was observed in multiple T-DNA transformed reporter lines in A. thaliana and linked
to multiple copy-numbers and higher expression levels (Schubert et al. 2004). CROST2 in
pRI201_AN is expressed under the 35S promotor, which is known to potentially induce gene
silencing in plants (review in Rajeevkumar et al. 2015). The likelihood for a higher copy number
of CROST2 was minimized by following a 3:1 segregation but cannot be excluded when

selecting for homozygous plants (see 5.1).

In response to a light to dark transition, CROST2 in Arabidopsis seedlings and leaf discs showed
a rapid increase in YFP/CFP ratio, indicating sensor oxidation by lack of illumination (Figure
49). No significant difference was detected between WT and the plastidial glutathione knock-
down mutant miao. From these results, a potential influence of plastidial GR-activity on TRXf

and TRXm activities measured by CROST2 might be rather unlikely or not detectable within
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this experimental set-up. However, we observed a non-significant trend of a more rapid
CROST2 oxidation after light to dark transition in the miao background. Light to dark
transitions and the effect on CROST2 oxidation might therefore be interesting to monitor in
Agrl. To further conclude if the activity of the thioredoxin system is influenced by the absence
or down-regulation of plastidial glutathione reductase, experiments also measuring during the
light phase might be of great interest. Testing the potential interaction of the glutathione
system with the thioredoxin system in plastids might be possible by introducing CROST2 in the
available P. patens knock-out of plastidial class | GRX (Agrxc5). Changes in kinetics in response
to light to dark transitions are expected, if the absence of GRXC5 influences thioredoxin redox

state.
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6. Measuring glutathione redox potential in the crop plant Hordeum

vulgare
Chapter six of this thesis is published on BioRxiv (open access)

Bohle F., Klaus A., Tegethof H., Schwarzldnder M., Hochholdinger F., Meyer A.J., Acosta I.F.,
Miiller-Schiissele S.J. (2022) High robustness of cytosolic glutathione redox potential under
combined salt and osmotic stress in barley as revealed by the biosensor Grx1-roGFP2.

https://doi.org/10.1101/2022.12.22.521445

6.1. Summary and personal contribution

Genetically encoded biosensors have been in use for over a decade and enabled the study of
redox-related physiological parameters in planta (reviewed in Meyer et al. 2021; Miller-
Schissele, Schwarzlander, et al. 2021). The application of redox sensors has been primarily
focused on easily transformable model plants such as Arabidopsis thaliana or
Physcomitrium patens (Meyer et al. 2007; Schwarzlander et al. 2008; Miiller-Schiissele et al.
2020; Ugalde, Fuchs, et al. 2021), but interest is increasing in establishing genetically encoded
biosensors in crop plants like potato (Hipsch et al. 2021), tobacco (Moreno-Garcia et al. 2022)
and barley (Kirschner et al. 2018; Giridhar et al. 2022). Grx1-roGFP2 is a frequently used sensor
to monitor glutathione redox potential and is well characterized in vitro and in vivo (Meyer et
al. 2007; Gutscher et al. 2008; Schwarzlander et al. 2008). The glutathione buffer functions as
electron source for enzymes involved in ROS scavenging and oxidative damage repair (Foyer
& Noctor 2011; Miller-Schiissele, Bohle, et al. 2021) and is kept at a highly negative redox
potential in animals, fungi and plants (Schwarzlander et al. 2016). For example the Arabidopsis
cytosol displayed a redox potential of -320 mV (Meyer et al. 2007). Shifts in cytosolic EgsH of
Arabidopsis were observed upon exposure to heat or heavy metal stresses (Schwarzlander et
al. 2009), oxygen deficiency (Wagner et al. 2019), pathogens and their elicitors (Arnaud et al.
2022) or in mutants with impairments in the glutathione homeostasis like the cytosolic and
peroxisomal glutathione reductase mutant gri-1 (Marty et al. 2009). Within this study, we
introduced Grx1-roGFP2 in the crop model plant barley (Hordeum vulgare; var. Golden
Promise fast) to study cytosolic Egsy shifts. We obtained homozygous reporter lines and

characterized two independent lines named 2#1 and 5#39 with specific, cytosolic, and nuclear
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GFP signal. We observed a high autofluorescence after excitation at 405 nm in vacuoles and
cell walls. However, by focusing on fluorescence intensities of the nucleus, we were able to
determine the dynamic range of Grx1-roGFP2 to vary between ca. 1.3 in leaf to ca. 2.3 fold
change in root tissues with a cytosolic Egsy estimated between -308 and -320 mV. Variations
between tissue types might be most likely due to differences in permeability of solutes
through the cell wall or different composition of autofluorescence emitting substances. A
previously performed transcriptomic analysis of differently expressed genes under osmotic
and salt stress revealed a change in GR expression after 24 h in root cells of barley (Osthoff et
al. 2019). Upon replication of these osmotic and salt conditions, the here tested barley cultivar
showed phenotypic impairments in root growth similar to Osthoff et al. 2019. Nevertheless,
we observed a robust Egsy with only minor changes in the roGFP2 oxidation after 96 h. To
determine the cause of the robust Egsy, we investigated whether Egsy is counterbalanced by
increased activity of GR or an overall increase in GSH concentrations under stress conditions.
A significant upregulation of total GR activity in roots was not supported by DNTB (5,5'-
dithiobis(2-nitrobenzoic acid))-based GR activity assays, which revealed GR activities to be
around 92-105 nmol TNB/min/mg protein. An increase in glutathione amounts as source for
the robust Ecsw was analyzed by labeling the total glutathione pool of barley roots with
monochlorobimane (MCB). Here, similar staining intensities were observed for stressed and
non-stressed plants. Within Golden Promise (fast), a very drought resilient barley variety (Gol
et al. 2021), we did not observe a condition where the Egst shifted to less reducing conditions
after stress. Our study emphasizes the need for further experiments analyzing the mechanism

behind the high robustness of Egsn in barley.

Within this study | performed all experiments involving the Grx1-roGFP2 transformed barley
(seeds provided by Ivan Acosta, Max Planck Institute for Plant Breeding Research, Cologne). |
further screened barley seeds for generating homozygous candidates. | conducted the seed
propagation in the green house and characterized the candidates based on their fluorescence
signal (Supplemental Fig 1). | conducted the roGFP2 calibration in vivo (Fig. 1, 2) and
performed the osmotic and salt stress related experiments and the following analyses (Fig. 3,

4,5, 6). | designed all figures and largely contributed to the writing of the manuscript.

6.2. Manuscript 2
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Abstract

e Barleyis a staple crop of major global importance and relatively resilient to a wide range
of stress factors in the field. Transgenic reporter lines to investigate physiological
parameters during stress treatments remain scarce.

e We generated and characterized stable homozygous barley lines (cv. Golden Promise
Fast) expressing the genetically-encoded biosensor Grx1-roGFP2, which indicates the
redox potential of the major antioxidant glutathione in the cytosol.

e Our results demonstrate functionality of the sensor in living barley plants. We
determined the glutathione redox potential (Ecsn) of the cytosol to be in the range
of -308 to -320 mV. Egsn Was robust against a combined NaCl (150 mM) and water
deficit treatment (-0.8 MPa) that caused growth retardation and showed only a minor
oxidation after 96 h of treatment.

e We conclude that the generated reporter lines are a novel resource to study stress

resilience in barley.

INTRODUCTION

Barley is among the most important crop species worldwide (Newton et al. 2011) and exhibits
a high abiotic stress tolerance as compared to other cereal crops (FAO,
https://www.fao.org/3/Y4263E/y4263e0e.htm; Munns et al. 2006). Varieties, landraces and

wild barley accessions form a valuable genetic reservoir to screen for factors influencing

resilience to the extreme conditions associated to climate change (Dawson et al. 2015;
Muzammil et al. 2018). Several markers affecting winter survival, flowering time and abiotic
stress tolerance have already been identified and are used in breeding (Newton et al. 2011;
Dawson et al. 2015; Muzammil et al. 2018). Transcriptomic datasets investigating the response
of barley to salt and/or water deficit identified oxidation-reduction processes as part of the
stress response, especially after several days of stress exposure (Kreszies et al. 2019; Osthoff
et al. 2019).

With its diploid, sequenced genome (Mascher et al. 2017), barley is a prime genetic model for
the cereal grasses of the Triticeae tribe. Moreover, the variety Golden Promise is genetically
accessible via embryo transformation (Imani et al. 2011; Amanda et al. 2022). Drought stress
affects plant height, developmental timing and spikelet development with a role of
PHOTOPERIOD-H1 (Ppd-H1), as demonstrated via introgression lines (Gol et al. 2021).
However, while transgenic reporter lines are a standard research tool in other model plants,
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66  only few fluorescent reporter lines have been generated to gain insight into barley growth and
67  physiology, as e.g. for auxin and cytokinin signalling (Kirschner et al. 2018; Amanda et al.
68  2022) or calcium signatures (Giridhar et al. 2022).

69  Genetically encoded biosensors are fluorescent proteins (or protein pairs) that change their
70  properties specifically in response to a physiological parameter. As any other protein, they can
71  be targeted to specific subcellular localizations with targeting signals. The development and
72  characterization of biosensors for a wide array of physiological parameters has paved the way
73  for the specific assessment of physiological states of subcellular compartments, ultimately
74  challenging and shifting many paradigms of cell biology (reviewed in Meyer et al. 2021; Muller-
75  Schissele, Schwarzlander, et al. 2021). For example, the redox potential of the redox pair of
76  glutathione (GSH) and its oxidized form glutathione disulfide (GSSG) has been revealed to be
77  far from its midpoint potential in subcellular compartments harboring a glutathione reductase
78 (GR), with only nanomolar amounts of GSSG present. This results in glutathione redox
79  potentials (Ecsn) as low as c¢. -320 mV in the cytosol of plant cells, making the largely reduced
80 pool of glutathione a versatile electron donor reservoir for enzymes that draw electrons from
81 GSH to perform reduction reactions. This includes enzymes involved in the scavenging of
82  reactive oxygen species (ROS) or oxidative damage repair, e.g. dehydroascorbate reductase
83 (DHAR) or atypical methionine sulfoxide reductases B (MSRB1) (Foyer & Noctor 2011; Rey &
84  Tarrago 2018; Miiller-Schissele, Bohle, et al. 2021). The compartment-specific study of Ecsn
85 has been largely driven by the characterization of redox-sensitive GFP2 (Meyer et al. 2007;
86  Schwarzlénder et al. 2008) that contains a GSH-dependent thiol switch on the outer face of
87 the GFP beta-barrel structure. The redox status of this cysteine pair is dependent on Egsn While
88  reaction kinetics are accelerated by class | glutaredoxin (GRX) catalysis, resulting in roGFP2
89 linked to human glutaredoxin 1 (Grx1-roGFP2) as the most widely used Egsy biosensor
90 (Gutscher et al. 2008; Schwarzléander et al. 2016; Miller-Schiissele, Schwarzlander, et al.
91  2021).

92  The study of redox networks in Arabidopsis thaliana has already revealed that glutathione-
93 dependent and thioredoxin-dependent systems can at least partially compensate for each
94  other in mitochondria and the cytosol (Marty et al. 2009, 2019). This partially redundant input
95  of electrons via glutathione reductase or the NADPH-dependent thioredoxin reductase A and
96 B (NTRA, NTRB) largely prohibits oxidation of the glutathione pool. Nevertheless, null mutants
97 of the cytosolic/peroxisomal glutathione reductase 1 (grl-1, grl-2) show a less negative
98 cytosolic Ecsh than the wild type (WT) (Marty et al. 2009) with enhanced oxidation after osmotic
99 stress (300 mM mannitol) (Bangash et al. 2019). In wildtype A. thaliana, oxidative shifts in

100 cytosolic Essh have been observed under oxygen deprivation (Wagner et al. 2019), heat or
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101  heavy metal stress (Schwarzlander et al. 2009) and after herbicide treatment of chloroplasts
102 (Ugalde et al. 2021).

103  While transgenic sensor lines in the model dicotyledon A. thaliana are in use since more than
104  a decade, the progress in other genetically accessible model plants has only recently started
105 to gain momentum (Kirschner et al. 2018; Miller-Schiissele et al. 2020; Hipsch et al. 2021,
106  Giridhar et al. 2022). To start filling this gap in temperate cereal crops, we created transgenic
107 barley lines expressing the genetically-encoded redox biosensor cytosolic Grx1-roGFP2 for
108 Ecsni. We aimed to investigate stress resilience in barley and to monitor Egsy changes in
109 different tissues in vivo. In this article, we characterise the obtained sensor lines and expose
110 them to different stress treatments, revealing remarkable robustness of the cytosolic Egsn in

111  barley (cv. Golden Promise Fast).
112 MATERIAL AND METHODS
113 Plant materials and growth conditions

114  Experiments were conducted in “Golden Promise Fast”, the Ppd-H1 introgression line of the
115 transformable barley (Hordeum vulgare L.) cultivar Golden Promise (Gol et al. 2021; Amanda
116 et al. 2022). After 3 days of stratification at 4°C on wet filter paper, seeds were transferred to
117  germination paper (Anchor Paper Co, Saint Louis, USA). Barley was grown for up to 7 days in
118 germination paper rolls with %2 strength Hoagland solution (Hoagland and Arnon, 1938). Stress
119 treatments were carried out as described in Osthoff et al. (2019) with three days of growth in
120 % strength Hoagland solution before transfer to nutrient solution with 150 mM NacCl
121  and -0.8 MPa water potential (adjusted with PEG8000). Paper rolls were grown upright in a
122  beaker in a climate cabinet under 16 h light (120 pmol photons m™ s™) at 22°C and 8 h dark
123  at 18°C.

124  For propagation and seed production, 7-10-day-old barley seedlings were transferred to the
125  green house and soil-grown with 15 h of light (1000-6000 lux) at 22°C and 9 h of dark at 18°C.

126  Generation of barley Grx1-roGFP2 lines

127 A barley-compatible expression vector for Grx1-roGFP2 was constructed by restriction
128 enzyme-based cloning in the binary vector p6i-2x35s-TE9, kindly provided by Jochen Kumlehn
129 (Himmelbach et al. 2007), along with the pUBI-ABM (Watanabe et al. 2016), as source of the
130 maize (Zea mays) ubiquitin promoter ZmuUbil and the nos terminator. A Grx1-roGFP2
131 fragment with BamHI and Sall restriction sites was ligated into the linearized UBIp-ABM
132  (BamHlI, Sall) with the ClonJet kit (ThermoFisher), to produce pZmUBI1pro-Grx1roGFP2-nosT.
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133  The ZmUBI1pro-Grx1roGFP2-nosT cassette was released by digestion with Sfil and ligated
134  into binary vector p6i-d35STE9 previously cut with the same enzyme. The resulting expression
135 plasmid was transformed in Golden Promise Fast as described in Amanda et al. (2022) and To
136 hemizygous regenerants from 8 independent events were produced. We screened the T;
137  progenies from 5 out of the 8 independent events for roGFP2 fluorescence with a confocal
138 laser scanning microscope and selected lines with 3:1 segregation of positive:negative
139 fluorescence. T, progenies of positive-fluorescent plants were further screened for 100%
140 fluorescence expression to obtain homozygous transgenics. This procedure resulted in
141  selecting two independent lines (5-3#39 and 2-1#1). We conducted all reported experiments

142  in homozygous Ts progenies of these lines.

143  Excitation scan of young barley leaves

144  Leaf discs were transferred into the wells of a 96-well plate containing 200 uL imaging buffer
145 (10 mM MES, 5 mM KCI, 10 mM CaClz, 10 mM MgCl, pH 5.8). For reduction and oxidation of
146  Grx1-roGFP2 the imaging buffer was supplemented with 1.5 M H;O,, 5 mM 2,2’-dipyridyl
147  disulfide (DPS) or 10 mM dithiothreitol (DTT) to obtain total reduction and oxidation of the
148 sensor. Leaf discs were vacuum infiltrated for 10 min and further incubated for 30 min.
149  Fluorescence spectra were recorded with a plate reader (Clariostar®, BMG) with excitation
150 wavelengths from 386-495 nm and emission set to 530/40 nm. Fluorescence was normalized

151  over the fluorescence intensity at the isosbestic point (IP) of roGFP2 at 425 nm.

152  Confocal laser scanning microscopy of Grx1-roGFP2

153  Confocal laser scanning microscopy of Grx1-roGFP2 in barley roots and leaves was conducted
154  with a LSM780 (Axio Observer.Z1, Carl Zeiss, Oberkochen, Germany) using a 25x (Plan-
155  Apochromat 25x/0.8) or 40x (C-Apochromat 40x/1.2W) objective by exciting roGFP2 at 405
156 nm (diode laser, 3%) and 488 nm (argon laser (1.5 %) and collecting roGFP2 fluorescence
157  between 508 and 535 nm. Autofluorescence was detected at 430 to 470 nm after excitation at
158 405 nm. Ratio calculations and further image analysis was performed in a MATLAB-based
159 ratio software (RRA) (Fricker 2016). Where indicated, regions of interest were set to nuclei as
160  shown in Suppl. Fig. 1. Oxidation degree of roGFP2 (OxD) was calculated according to
161  Schwarzlander et al. (2008).

162  Glutathione detection in barley roots

163  After 96 h of stress treatment (see above), roots were incubated in 100 uM MCB
164  (monochlorobimane) for exactly 30 min to label glutathione and subsequently transferred to a

165 50 uM propidium iodide (PI) solution for 5 min to label cell walls and prove cell viability (Meyer
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166 et al. 2001). After the labelling procedure, residual dyes were washed out in deionised water.
167  Fluorescence was imaged after excitation at 405 nm at emission wavelengths of 449-613 nm
168 (MCB) and after 543 nm excitation with emission wavelengths of 613-704 nm (PI). Confocal z-
169  stacks were taken with identical settings with the confocal laser scanning microscope covering
170 270 um of root tissue in 10 um slices/image. Gain and laser settings were kept constant
171  throughout the imaging process. Only roots showing no severe cell damage indicated by PI
172  staining were further analysed in ImageJ as 8-bit images of maximum intensity projections of
173  the z-stacks. The mean pixel intensity was extracted of the area of the root tip in each image
174  and blotted as boxplot using GraphPad Prism 9.

175 Glutathione reductase activity assay in barley root extracts

176  Flash-frozen and pulverized (TissuelLyser (Qiagen) for 1.5 min, 30000 Hz) root material was
177  dissolved in 100 pL of 100 mM KoHPO4/KH2PO,4 at pH 7.5 supplemented with 0.5 mM EDTA
178 and 0.1% of Plant Protease Inhibitor Cocktail P9599 (Sigma). Samples were vortexed and
179  centrifuged at 20.000 x g 5 min at 4°C. The supernatant was transferred into a new tube and
180 the centrifugation step was repeated. Protein concentration was determined in a Bradford
181  assay (Bradford 1976). Extract containing 5 ug of protein was used in a total assay volume of
182 250 pL for the DTNB (5,5'-dithiobis(2-nitrobenzoic acid))-based GR activity assay (Smith et al.
183  1988; Marty et al. 2009), together with 1 mM EDTA, 750 uM DTNB, 1 mM GSSG in 100 mM
184  K;HPO./KH:PO4 at pH 7.5. TNB absorbance was followed at 412 nm using a plate reader
185 (Clariostar®, BMG). After 5 min of measuring background activity, NADPH was added to a
186 final concentration of 200 uM. Glutathione reductase activity was calculated via the increase

187  of Asznm/min and the molar extinction coefficient of TNB.

188
189 RESULTS

190 Generation of stable barley lines expressing cytosolic Grx1-roGFP2

191 We generated barley (cv. Golden Promise Fast) lines constitutively expressing Grx1-roGFP2
192  under the control of the maize ubiquitin promotor (ZmUbi), including the 5’UTR intron. Two
193 independent lines originating from shoots from different calli were chosen based on consistent
194  GFP fluorescence (5-3 #39 and 2-1 #1) and brought to homozygosity. In the chosen
195 homozygous lines, we observed Grx1-roGFP2 signal, independent of tissue type or
196 developmental stage (Suppl. Fig. 1). No phenotypic difference in growth was observed

197  between barley expressing the sensor and the Golden Promise Fast background.
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198 The epidermal layer of barley leaves showed the typical sensor fluorescence signal in the
199 nucleus and cytosol (Fig. 1A). High autofluorescence signal was detected after excitation at

200 405 nm in guard cells and in vacuoles of mesophyll cells, as well as in the wall of root cells.

201 Cytosolic Grx1-roGFP2 reacts to oxidising and reducing agents in barley shoots

202 and roots

203 To assess if the sensor is responsive to exogenously induced reduction or oxidation, leaf discs
204  of 7-day-old barley plants were exposed to oxidising and reducing agents. We observed a
205 roGFP2-typical in planta excitation spectrum after excitation of the leaf discs at 386 to 495 nm
206  (Fig. 1B). Reduction of the sensor with DTT lead to a higher excitation peak while oxidation
207  with H>O; or DPS lead to a lower excitation peak in the spectral range above the isosbestic
208  point (IP) at 425 nm. Below the IP, the influence of sensor oxidation or reduction on in vivo
209  excitation spectra was only low, resulting in a minor contribution to 405/488 ratio changes. The
210 invivo spectroscopic dynamic range (8) of Grx1-roGFP2 was calculated to be around 2- to -3-
211  fold (405/488) (x2.79 2-1 #1; x2.65 5-3 #39). Untreated barley leaves showed a similar spectral
212  signal as the DTT-treated leaves, suggesting a largely reduced sensor under physiological
213 conditions. Furthermore, the sensor did not behave significantly different between the two

214  independent lines.

215  We further determined the in vivo dynamic range of Grx1-roGFP2 in barley plants based on
216  confocal microscopy. As the nuclear roGFP2 signal in root and leaf tissue was not affected by
217  interfering autofluorescence signals we used nuclear regions of interest during image analysis
218 to minimize cell wall and vacuole fluorescence interference (Fig. 2, Suppl. Figs. 2 and 3). We
219 calibrated Grx1-roGFP2 in root and leaf tissue of young barley seedlings and observed tissue-
220 dependent differences (Suppl. Fig. 2). While the calibration of line 5-3 #39 and line 2-1 #1 in
221 leaves resulted in a dynamic range of & = 1.3-1.5, calibration of the root tissue resulted in a
222  dynamic range of & = 2.3-2.7 depending on the used oxidizing agent. Furthermore, the
223  physiological state of Grx1-roGFP2 in roots revealed a higher 405/488 nm ratio of 0.93 + 0.50
224  (2-1#1) and 1.05 £ 0.61 (5-3 #39) compared to leaves with a ratio of 0.63 + 0.27 (2-1 #1) and

225 0.60 £ 0.18 (5-3 #39), suggesting a slightly more oxidized sensor in roots than in leaves.

226  Cytosolic EcsH reacts only slowly and mildly to severe growth-impairing osmotic

227 and salt stress

228  Arecent transcriptomic study (Osthoff et al. 2019) showed that barley seedlings treated with a
229 combination of salt and osmotic stress in a paper roll system upregulate transcript encoding
230 the cytosolic isoform of glutathione reductase (GR1; HORVUG6Hr1G089780) after 24 h of
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231  stress exposure. As the expression of the most important enzyme for maintaining a highly
232  reduced cytosolic glutathione redox status was affected under these conditions and the used
233  paper roll system allows for soil-free imaging of barley plants, we chose the same experimental
234  conditions for barley expressing Grx1-roGFP2 to assess potential effects of this stress
235 treatment on the cytosolic Egsh.

236  Asreported by Osthoff et al. (2019), barley seedlings treated with a combined stress of 150 mM
237  NaCl and a water potential of -0.8 MPa (adjusted using PEG8000) showed a decrease in root
238  growth (Fig. 3). While the mean root growth of barley grown for 7 days in %2 strength Hoagland
239  solution showed root lengths between 57.47 = 22.05 mm (mean of 5-3 #39 and 2-1 #1, control),
240  root growth decreased significantly after a combined salt and osmotic stress for 96 h to 34.7
241  14.81 mm (mean of 5-3 #39 and 2-1 #1, 150 mM NacCl, -0.8 MPa PEG8000).

242  Next, we followed the redox state of the Grx1-roGFP2 sensor at 24 h, 48 h and 96 h after the
243  start of the stress (Osthoff et al. 2019). Grx1-roGFP2 redox state was read out via confocal
244  laser scanning microscopy and quantified via ratio image analysis of nuclei as regions of
245  interest (ROIs). We found that cytosolic Egsy is maintained during the first 48 After 96 ha
246  significant but small oxidative shift in the 405/488 nm ratio between stressed (1.05) and non-
247  stressed (0.86) plants (Fig. 4, Suppl. Figs. 4, 5, 6). The measured difference in 405/488 nm
248  ratio corresponds to only a 3% shift in degree of sensor oxidation.

249 Investigating the molecular basis for EcsH robustness under stress

250  According to the Nernst equation, EcsH is dependent on both the total concentration of GSH
251  and the amount of glutathione disulfide (GSSG). Thus, a less negative local Egsy as measured
252  via roGFP2 redox state could be caused by either increased GSSG levels or decreased total
253  glutathione content in the cytosol. Glutathione reductase recycles GSSG back to GSH, using
254  NADPH as electron donor. As the Kn, of this important enzyme is in the nanomolar range,
255 [GSSG] would only rise if enzymatic capacity of GR is not sufficient to reduce GSSG
256  immediately or if there is a shortage of NADPH. Transcriptomic analyses of Osthoff et al.
257  (2019) identified the transcripts of both barley GR isoforms as differentially upregulated after
258 24 h of combined salt and osmotic stress (GR1: HORVU6Hr1G089780 log.FC 1.3; GR2:
259 HORVU4Hr1G073930 log.FC 1.5). In contrast, transcripts encoding barley orthologs of the
260 two proteins involved in GSH biosynthesis (GSH1 HORVU1HriG015590 and GSH2
261 HORVUS5Hr1G027100) were not differentially expressed under those conditions (Osthoff et al.
262  2019).

263  Thus, we used an enzymatic assay for GR activity in plant extracts to test if total GR activity is

264  increased in response to the same stress treatment. We did not find significantly reduced or
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265 increased total GR activity in the 96 h stress treatment samples (Fig. 5 A). The GR activity of
266 the 2-1 #1 line under control and stress conditions remained constant with values of 105.5 +
267  36.4 and 105.9 + 39.8 nmol TNB/min/mg protein, similar to the 5-3 #39 line with a slightly lower
268 measured GR activity of 98.9 £ 46.7 and 92.3 + 43 nmol TNB/min/mg protein. To compensate
269  for possible differences in the individual measurements, we normalized the measured activities
270  after stress treatment with those of the corresponding control treatment (Fig. 5 B). The
271  resulting normalized ratio values of 1.1 + 0.5 (2-1 #1) and 1.0 £ 0.6 (5-3 #39) did not show

272  significant differences in response to the stress treatment and maintained a high variance.

273  We additionally tested if the stress treatment modifies the total glutathione content after 96 h
274  (Fig. 6). emitting fluorescence at 449-613 nm after excitation at 405 nm; Haugland et al. 1996).
275 MCB-stained roots of stressed (150 mM NacCl, -0.8 MPa PEG8000, 96 h) and unstressed
276  seedlings were imaged with a confocal laser scanning microscope. , excluding a large increase

277  in glutathione content after stress treatment

278 DISCUSSION

279 In this study we generated and characterised two independent transgenic barley (Hordeum
280 vulgare, cv. Golden Promise Fast) lines expressing the genetically encoded biosensor Grx1-
281 roGFP2 under the control of the Zea mays Ubiquitin promoter including the 5 UTR intron
282  (Christensen & Quail 1996). As expected, the biosensor was constitutively expressed and
283 localised to the cytosol and nucleus. The fluorescence intensity was sufficiently high for
284  ratiometric sensor read-out in all examined tissues. As we observed high autofluorescence
285  after excitation with UV light (405 nm) in the apoplast and sometimes the vacuole and cell
286  walls, we preferably calculated 405/488 nm ratios from regions of interest set to nuclei. Using
287  this approach, we determined that the in vivo dynamic range of cytosolic Grx1-roGFP is c. 1.3
288 - 1.5 inleaves and c. 2.3 - 2.7 in roots. The previously reported in vitro dynamic range of
289 roGFP2 was c. 8.2 - 9.2 (405/488 nm) (Schwarzlander et al. 2008; Aller et al. 2013) while in
290 vivo samples often displayed decreased dynamic ranges of c. 5 in confocal microscopy or c. 3
291 in plate reader-based sensor read-out (Ugalde et al. 2021, 2022). This difference in dynamic
292  range between in vitro and in vivo sensor read-out can be explained by interference of plant
293 compounds that overlay the changes in sensor absorption in the UV range (below the
294  isosbestic point at c. 425 nm). This is also the case for barley, where the change in roGFP2
295  excitation in the UV range between fully reduced and fully oxidized plant samples is very small
296 (Fig. 1B). Thus, the 405/488 sensor ratio displays a lower dynamic range in vivo than in vitro.
297  The observed differences in calibration between leaf samples and root samples (Fig. 2) could
298 be attributed to insufficient penetration of the oxidants H.O. and DPS into barley leaves.

299  However, within each tissue sensor oxidation caused by 1.5 M H,O, or 5 mM DPS were not
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300 significantly different. Usually, lower concentrations of H>,O, (10-100 mM) are used for in vivo
301 roGFP2 sensor calibration but were not effective in barley (this study) and potato (Hipsch et
302 al. 2021). Generally, it is very important to identify the optimal conditions for sensor calibration
303 that allow both determination of the 405/488 nm ratio values for 0% and 100% roGFP oxidation
304 (OxD), especially when mV values for the glutathione redox potential are to be calculated
305 (reviewed in Miller-Schissele et al. 2021, Schwarzlander, et al. 2021). Using the sensor
306 calibration in roots and the untreated (physiological) root samples, we calculated that the
307  cytosolic Egsh of the barley cytosol is c. -308 to -320 mV assuming a pH of 7.2 (Suppl. Fig. 2).
308 This is close to the cytosolic Egsy in A. thaliana, which was measured as c. -320 to -310 mV
309 (Meyer et al. 2007; Schwarzlander et al. 2008; Aller et al. 2013). This Egsh in the barley cytosol
310 results in mostly reduced Grx1-roGFP2, supporting the suitability of Grx1-roGFP2 to sense
311  oxidative changes in this compartment.

312  We also observed a small, but statistically significant difference in the 405/488 nm sensor ratio
313 between barley roots and leaves (Fig. 2, Suppl. Fig. 2), which suggests a slightly more
314  reduced physiological steady state of Grx1-roGFP2 in leaves than in roots, corresponding to a
315 5-10 mV difference. However, we cannot rule out that read-out of roGFP2 excitation ratios
316 differs slightly between these organs due to tissue-specific differences in wavelength

317  penetration or autofluorescence.

318 Many molecules in plants emit fluorescence after excitation in the UV range such as
319  chlorophyll, lignin or alkaloids (Donaldson, 2020). We detected high levels of autofluorescence
320 in barley leaves and roots excited with 405 nm. Since cells may contain multiple
321  autofluorescent compounds, we cannot narrow down the exact source of autofluorescence in
322  these tissues after excitation with 405 nm. Barley tissues are rich in phenolic compounds such
323  as the phenylpropanoid ferulic acid (4-hydroxy-3-methoxy-cinnamicacid) with concentrations
324  ranging from 359-624 pg/g dry weight (Hernanz et al., 2001; Bonoli et al., 2004).

325 By applying stress to the generated reporter lines, we observed shorter seminal root lengths
326  after 96 h (4 days) of combined salt and osmotic stress comparable to Osthoff et al. (2019).
327  We therefore used this time point to asses shifts in the cytosolic glutathione redox potential.
328  We first monitored the roGFP2 redox state 24 h, 48 h and 96 h after combined stress treatment
329 and where able to detect significant but small changes in the roGFP2 oxidation degree after
330 96 h. The measured shift in roGFP2 405/488 nm ratio corresponds to a 3% shift in degree of
331  oxidation, implying a + 2.1 mV shift from -314 mV (control 96 h) to -311.9 mV (150 mM NacCl,
332 -0.8 MPa PEG8000) (pH 7.2, calibration values of 2-1 #1 root).

333  Water deficit and salt stress caused upregulation of transcripts related to the response to an
334  oxidative challenge (Osthoff et al. 2019). Several enzymes involved in the response to
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335  oxidative stress draw electrons from the glutathione pool, generating local GSSG. The highest
336  flux of electrons can arguably be expected from DHAR, which re-reduces dehydroascorbate
337 to ascorbate in the ascorbate/glutathione cycle that scavenges H.O, (Foyer & Noctor 2011).
338 As we detected only a slight oxidative response of Grx1-roGFP2 after 96 h of combined water
339 deficit and salt stress, the cytosolic Ecsy in barley seems highly robust against oxidative
340 changes. Possible reasons could be that (1) GSH does not serve as electron donor to mitigate
341 these stress conditions or (2) GSH serves as electron donor and generates GSSG but
342  compensatory mechanisms keep Ecsn constant. According to the Nernst equation, Egsn could
343  be kept constant via an increase in total GSH or removal of GSSG. To test these scenarios,
344  we assessed total glutathione content and total glutathione reductase activity, but we found no
345 changes in these parameters under the tested stress conditions. However, it should be noted
346 that our imaging-based approach is limited regarding the investigated tissue type and that the
347  enzyme activity-based approach can only assess total glutathione reductase activity (i.e. GR1
348 and GR2). Thus, we cannot completely rule out an increase in activity of cytosolic GR1 under
349 osmotic and salt stress. Another, untested possibility is an efficient export of GSSG from the
350 cytosol, e.g. to the vacuole (Morgan et al. 2013; Marty et al. 2019).

351  We created our reporter lines in the transformable background Golden Promise Fast, which
352  has shown resilience under drought stress (Gol et al. 2021). Our lines in this background
353  showed reductions in root growth under combined salt and osmotic stress, similarly to the
354  German spring barley cultivar Scarlett (Osthoff et al. 2019), indicating that Golden Promise
355  Fast does respond to these abiotic stresses. However, it is formally possible that the robust
356 redox state displayed by Golden Promise Fast under our combined stress treatments are a
357  patrticularity of this genetic background. Thus, it may be of interest to introgress the reporter in

358  other cultivars and study its response to similar stresses.

359 In conclusion, we generated barley reporter lines that allow to monitor the cytosolic Egsn via
360 Grx1-roGFP2 oxidation state and that can be used to further investigate stress tolerance in
361 Dbarley. To further dissect if the high robustness of cytosolic Egsn correlates with high stress
362 resilience further investigations will be required, such as genetic analyses of different redox

363 enzyme mutants.

364 In general, the glutathione-dependent redox system is viewed as a house-keeping redox
365  system and Egsn as a relatively constant parameter in the plant cytosol. Given the robustness
366 of Ecsh, it may be tempting to propose that this parameter could be a strong predictor of
367 irreversible damage and imminent cell death. In this regard, Egsn reporter lines would be

368 interesting resources to screen for higher stress resilience.
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522  Figure 1: Grx1-roGFP2 expression in barley leaf and root tissue

523 A Confocal microscopy images of roGFP2 (405 nm and 488 nm excitation; 508-535 nm emission) and
524 autofluorescence (auto, 405 nm excitation, 430-470 nm emission). The merge image displays the overlay of 405
525 and 488 intensities. TL displays the transmitted light image. Arrowheads indicate nucleus- and cytosol-localized
526 sensor signal, and the asterisks show regions of high autofluorescence. Scale bar = 40 um. B Excitation scan (386-
527 495 nm; emission: 530-40 nm) of barley leaf discs treated with 10 mM DTT, 5 mM DPS or 1.5 M Hz202. Fluorescence
528 was normalized over the fluorescence intensity at the isosbestic point (IP) of roGFP2 at 425 nm. Significance
529 between genotypes and treatments of the 405 and 488 nm peak intensity was tested with a Two-way ANOVA and
530 Tukey’s post hoc test with a<0.05. No significant differences were observed between the lines within one treatment
531  while peak intensities of 488 nm were significantly different in reducing (DTT) and oxidizing (H202 and DPS)
532  treatments.
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533

534  Figure 2: Grx1-roGFP2 sensor calibration in barley leaf and root tissue

535 Box plots of Grx1-roGFP2 signal ratios (405/408) calculated from fluorescence intensities in nuclei of leaf (A) and
536 root (B) tissue treated with 10 mM DTT, 5 mM DPS or 1.5 M H202 and imaged via confocal microscopy. A one-way
537 ANOVA and Tukey’s multiple comparison test was conducted on log transformed ratio values. Significantly different
538 treatments (p < 0,0001) are indicated by different letters. Boxes display 25 to 75 percentiles with whiskers showing
539 min to max values. The middle line indicates the median and dots represent the data of every nucleus obtained
540  from 2 to 5 seedlings per treatment.
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Figure 3: Effect of combined osmotic and salt stress on barley seedling root growth

root length (mm)

A Root length of 7-day old barley plants after 96 h of combined osmotic and salt stress. Boxes display 25 to 75
percentiles with whiskers showing min to max values. The median is indicated by the horizontal line. Dots show
individual root lengths measured of 21-26 individual seedlings. B Example images of Grx1-roGFP2 sensor lines
under control and stress conditions, 96 h after beginning of the stress.
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548 Figure 4: roGFP2 ration in roots of barley seedlings after 24, 48 or 96 h of combined osmotic and salt stress

549  Box plots of roGFP2 nuclear signal ratio (405/488). Boxes display 25 to 75 percentiles with whiskers showing min
550 to max values. The median is displayed as horizontal line and the mean is indicated with the ‘+" sign. Dotted lines
551 indicate 100 % oxidation and reduction of the sensor (calibration with line 2-1 #1 root values, see Fig. 2). Two-way
552  ANOVA was conducted on log-transformed values with a = 0.05, different letters indicate significantly different
553 categories. Between 170-256 nuclei were analysed from 3-5 seedlings per line and treatment.


https://doi.org/10.1101/2022.12.22.521445
https://doi.org/10.1101/2022.12.22.521445
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

554

555

556
557
558
559
560

194

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.22.521445; this version posted December 22, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

>

B

c 250 2.5
Q ——
o]
5 200 2.0 e !
£ J
.E 150 ? o 1.5 :
E : . ©
m 100— ! : . 1.0_ ,,,,,,,,,,, [T R N
E : : . L] o..
S 50 T b I 4 0.5 3 °F
S 1
c

0 1 T 1 1 0.0 T T

2-1 5-3 2-1 5-3 2-1 (S/C) 5-3 (S/C)
control 150 mM NacCl,

-0.8 MPa PEG8000

Figure 5: DTNB — based glutathione reductase assay in barley roots after osmotic and salt stress

A Absolute GR activity under control and 96 h of stress conditions displayed as box plots with boxes displaying 25
to 75 percentiles and whiskers showing min to max. Median is shown as horizontal line. Individual GR activities of
12 biological replicates for each line and condition are shown as dots. B GR activity in stressed samples was divided
by the corresponding control activity. A Two-way ANOVA (A) and T-test (B) was conducted on data sets A and B
with a = 0.05 and no significant differences were observed.
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561
562 Figure 6: In situ detection of total glutathione and cell damage in stressed barley root tips (96 h).

563 A Mean pixel intensities of root tips stained with MCB were extracted with ImageJ (8-bit,0-255 display range). Boxes
564 display 25 to 75 percentiles with whiskers showing min to max values, the median is displayed as constant line.
565 The mean of all data points is shown as ‘+’ (n = 10). No significant differences were detected (T-test). B Maximum
566 intensity projection of barley root tips stained with monochlorobimane (MCB) (excitation: 405 nm, emission: 449-

567 613 nm) and propidium iodide (PI, excitation: 543 nm, emission: 613-704 nm). Scale bar = 100 pm.
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Supplemental Figures

Bohle et al., High robustness of cytosolic glutathione redox potential under combined

salt and osmotic stress in barley as revealed by the biosensor Grx1-roGFP2
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Supplemental Figure 1: Screening and analysis of Grx1-roGFP2 signal in barley

A Localisation and fluorescence signal of Grx1-roGFP2 in barley leaves. White arrowheads indicate specific
roGFP2 signal, asterisks show positions of high autofluorescence signal. B Regions of interest (ROI, black circles)
set in nuclei for ratio calculation with the RRA software in the Grx1-roGFP2 channels (405 nm, 488 nm) and the
false coloured ratio image (ratio). Black asterisks show autofluorescence signal, seen as red false colouring in the

ratio image.
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Supplemental Figure 2: Physiological glutathione redox potential as indicated by Grx1-roGFP2 in barely

root and leaf tissue

A Box plots of Grx1-roGFP2 signal ratios (405/488) under physiological conditions (same data as in Fig. 2, but with
a different scale in the y-axis to facilitate visualization). B The redox potential of each ratio point depicted in A was
translated into mV by setting the calibration of line 2-1 #1 (DTT and DPS root values) as 100 % oxidized and
reduced for a pH of 7.2 (Schwarzlander et al. 2008). Box plot features and statistics are as described in Fig. 2 A.
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Supplemental Figure 3: Calibration of barley root and leaf tissue

Representative examples of the type of confocal microscopy images used to collect the data in Fig. 2 for A leaf and
B root tissues. Confocal laser scanning microscopy of barley seedlings treated with 10 mM DTT or 1.5 M H20:2 or
5 mM DPS for 30 min. roGFP2 was excited at 405 and 488 nm while emission was set to 508-535 nm.
Autofluorescence was collected after excitation at 405 nm and emission between 430 to 470 nm. Overlay of
channels 405 and 488 are shown as ‘merge’. Transmitted light (TL). Ratios were calculated with the ratio imaging
software RRA and are false color coded. Scale bar = 40 um.

3
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Supplemental Figure 4: Grx1-roGFP2 ratio after 24 h of combined stress treatment

Representative examples of the type of confocal microscopy images used to collect the data in Fig.4 for A control
and B stressed samples treated with 150 mM NaCl and -0.8 MPa PEG800 for 24 h. roGFP2 was excited at 405
and 488 nm and emission set to 508-535 nm. Autofluorescence was collected after excitation at 405 nm and
emission set to 430 to 470 nm. Overlay of channels 405 and 488 are shown as ‘merge’. Transmitted light (TL).
Ratios were calculated with the ratio imaging software RRA and are false color coded. Scale bar = 40 um.
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Supplemental Figure 5: Grx1-roGFP2 ratio after 48 h of combined stress treatment

Representative examples of the type of confocal microscopy images used to collect the data in Fig.4 for A control
and B stressed samples treated with 150 mM NaCl and -0.8 MPa PEG800 for 48 h. roGFP2 was excited at 405
and 488 nm and emission set to 508-535 nm. Autofluorescence was collected after excitation at 405 nm and
emission set to 430 to 470 nm. Overlay of channels 405 and 488 are shown as ‘merge’. Transmitted light (TL).
Ratios were calculated with the ratio imaging software RRA and are false color coded. Scale bar = 40 um.
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Supplemental Figure 6: Grx1-roGFP2 ratio after 96 h of combined stress treatment

Representative examples of the type of confocal microscopy images used to collect the data in Fig.4 for A control
and B stressed samples treated with 150 mM NaCl and -0.8 MPa PEG800 for 96 h. roGFP2 was excited at 405
and 488 nm and emission set to 508-535 nm. Autofluorescence was collected after excitation at 405 nm and
emission set to 430 to 470 nm. Overlay of channels 405 and 488 are shown as ‘merge’. Transmitted light (TL).
Ratios were calculated with the ratio imaging software RRA and are false color coded. Scale bar = 40 um.
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6.3. Associated Results

Additional experiments were performed with the aim to induce a detectable shift in the
cytosolic Egsn of Hordeum vulgare (var. Golden Promise Fast) expressing Grx1-roGFP2. Faralli
et al. 2015 found that under elevated temperatures applied for 30 min (>45°C) and additional
growth on salt-supplemented media (200 mM NaCl) barley (Hordeum vulgare L.) was not able

to survive.

We added a third stress after 96 h of the osmotic (-0.8 MPa PEG8000) and salt (150 mM NacCl)
treatments already described in section 6.2 by subjecting the barley plants to 48°C for O, 1,
and 2 h, respectively and measured roGFP2 oxidation state immediately after heat stress.
Hoagland solution with and without salt and PEG8000 was preheated at 48°C. Barley grown in
paper-rolls were transferred to the heated solution for 1 or 2 h and subsequently imaged with

the CLSM.

6.3.1 Osmotic, salt and heat stress treatment of barley

The addition of a heat shock at 48°C for 1 or 2 h did not lead to a difference in 405 nm/488
nm ratio change. We detected a larger spread of roGFP2 ratio values for line 5-3 #39. However,
this scatter occurred with and without heat application for 1 or 2 h (Figure 52). Ratios showed
similar ranges in root and shoot tissue. We were able to detect growth impairments in form
of shoot reduction and smaller roots after osmotic, salt and heat treatments (Figure 53).
However, an overall heterogeneity of barley growth was detected as well under control (non-

stressed) conditions as seen for the growth of 2-1 #1 (Figure 53; RT, control).

The obtained results do not alter or lead to changes in the statements made in section 6.2.



CHAPTER 6: ASSOCIATED RESULTS 203

A | Salt, osmotic and heat stress of barley - root |
8
i ns ns ns ns
7- —o—
g 67
= 4
g 5
S =
g 4+
e -
8 3
<
. l
" ol s e e v
] et o i =
0 | l l | l l I | I I I I
RT 1h 2h RT 1h 2h RT 1h 2h RT 1h 2h
48°C 48°C 48°C 48°C 48°C 48°C 48°C 48°C
2-1 #1 2-1 #1 5-3 #39 5-3 #39
control -0.8 MPa PEG 8000 control -0.8 MPa PEG 8000
150 mM NacCl 150 mM NacCl
B | Salt, osmotic and heat stress of barley - leaf
8
< ns ns ns
7_
il
C
o 5
[e0]
g -
4
E" b
9 34
< A
2_.
g s :
il a
0 I I I 1 I 1 | | ] T T
RT 1h 2h RT 1h 2h RT 1h 2h RT 1h
48°C 48°C 48°C 48°C 48°C 48°C 48°C
2-1#1 2-1#1 5-3 #39 5-3 #39
control -0.8 MPa PEG 8000 control -0.8 MPa PEG 8000
150 mM NaCl 150 mM NaCl

Figure 52: Osmotic, salt and heat stress of barley expressing Grx1-roGFP2

Grx1-roGFP2 nuclear signal upon a combined osmotic, salt (150 mM) and heat stress. Barley
was subjected to 96 h of growth on Hoagland solution containing 150 mM salt and an osmotic
potential -0.8 MPa adjusted with PEG8000. Boxplots display min to max values with boxes
indicating 25-75 percentiles. The median is indicated by a horizontal line. Dots represent single
measured nuclei intensities (nuclei n= 14-57). Intensities were extracted from confocal images
using RRA imaging software. Significance of ratio change depending of treatment was tested
via one-way ANOVA with Tukey’s multiple comparison analysis (a=0.05). Differing lowercase
letters depict significance, ns = non significant.
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Figure 53: Phenotypic images of barley seedlings after 96 h of osmotic and salt stress
combined with 1-2 h of elevated temperature

7-day old barley seedlings expressing Grx1-roGFP2 treated for 96 h with 150 mM NaCl and -0.8
MPa osmotic potential (adjusted by PEG8000) combined with 1 or 2 h treatment 48°C. Barley
was incubated at room temperature (22-25°C;RT) as control. A 96 h salt and osmotic stress,
without additional heat treatment. B 96 h salt and osmotic stress, with 1 h treatment at 48°C.
C 96 h salt and osmotic stress, with 2 h treatment at 48°C. Scale bar = 4 cm. Seedlings were
used for monitoring EcsH
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7. Conclusion and Outlook

Based on the results obtained in this study, this work has contributed to expand the current
understanding of protein S-glutathionylation in vivo and in vitro and provided a starting point
for future research. This work provides resources for analyzing redox processes by the
introduction of the genetically encoded biosensors GRX1-roGFP2 in the model crop H. vulgare
Especially for crop science, the introduction of the GRX1-roGFP2 sensor in H. vulgare will
support future work linked to redox research and stress resilience in crop plants. First
characterization of GRX1-roGFP2 in H. vulgare revealed a highly robust cytosolic Egsn, even
after severe osmotic and salt stress treatments. Furthermore, the introduction of the
thioredoxin sensor CROST2 in A. thaliana and P. patens has the potential to enable research
guestions regarding a potential crosstalk between the plastidial glutathione and thioredoxin
system. Here, first experiments with CROST2 in mutants with impaired stromal Egsy (miao)
showed a non-significant but observable trend to faster sensor oxidation in light to dark
transitions, paving the way for future experiments regarding the thioredoxin and glutathione

system crosstalk.

Furthermore, this work contributes to an integrated understanding of protein S-

(de)glutathionylation:

e by summarizing plastid-localized target proteins via literature screening in
combination with phylogenetic reconstruction of GSH-dependent redox networks in
plastids from algae to flowering plants. Here, GRXs and GR showed the formation of
evolutionary ancient clades, suggesting an important and conserved function within
the GSH-dependent network.

e by mapping the influence of GSH:GSSG ratio and Egsn on oxidation of roGFP2 in vitro.
Plate reader-based in vitro experiments with roGFP2 revealed that under constant Egsh
the GSH:GSSG ratio has a significant effect on the rate of GRX-dependent and
independent disulfide formation. A lower GSH:GSSG ratio (5.25) with a high
concentration of reduced glutathione in the mM range showed slower oxidation
kinetics. The GRX-catalyzed reduction of glutathionylated roGFFP2 to reduced roGFP2
was excluded as source of slowed down oxidation kinetics based on AtGRXS15, a GRX
only catalyzing the oxidative half reaction. However, the reduction of the roGFP2

intramolecular disulfide by GSH has not been shown to be GRX dependent so far and
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may increase in the GSH:GSSG ratios with higher concentrations of reduced
glutathione, competing with the GRX catalyzed oxidation reaction and leading to
overall slowed down oxidation kinetics. Thus, at constant Egsy and in presence of class
| GRX, lower GSSG concentrations within a GSH:GSSG ratio are sufficient to drive
oxidation kinetics, while higher GSSG concentrations are required in the absence of
GRX.

The glutathionylation target roGFP2-C204S, a roGFP2 cysteine mutant, is unable to
form an intramolecular disulfide. It also shows a loss of the roGFP2-specific
fluorescence-based ratiometric read-out. An SDS-PAGE and MPEG-Mal induced size-
shift based approach to differentiate between glutathionylated and non-
glutathionylated roGFP2-C204S revealed difficulties in the MPEG-Mal labelling of the
monocysteinic roGFP2 variant. As the control treatment with roGFP2 and MPEG-Mal
was successful in all tested conditions, the reason for inefficient labeling may rather
be specific to properties of Cys147 in roGFP2-C204S. To successfully utilize the here
developed read-out technique of roGFP2-C204S, the reduced controls must
successfully result in 100% MPEG-Mal labelling.

by analyzing class | GRX function in the stroma. GRXC5/512, MSRB1, DHAR, GSTI/L and
PRXIIE require GSH for reduction. Inefficient GSH regeneration observed in the P.
patens knock-out mutant of organellar GR (Agrl) results in a dwarfed and stress-
sensitive phenotype. The knock-out of GRXC5 (Agrxc5), the only plastidial class | GRX
in P. patens, revealed a WT-like phenotype. Thus, stromal class | GRX malfunction can
be excluded as source for the dwarfed and stress-sensitive Agrl phenotype. Future
experiments based on a reverse genetic approach can target the plastidial enzymes
MSRB1, PRXIIE, DHAR and GSTI/L and generate knock-out mutants. Phenotypic
characterization of the respective knock-out mutants will provide information on
whether the respective enzyme dysfunction is the cause of the Agrl phenotype.
Interestingly, GSH-dependent roGFP2 reduction after oxidative stress was significantly
impaired in Agrxc5, concluding, that in plastids of Agrxc5 the cysteine redox state of
roGFP2 is kinetically uncoupled from the stromal Egsn. A remaining open question is
the effect of inefficient deglutathionylation on plastidial S-glutathionylation target
proteins in Agrxc5, since no impact on photosynthetic performance, non-

photochemical quenching or respiration (CO2 release and uptake) was observed.
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However, with the Agrxc5 mutant in P. patens, we have provided a first tool to study
the effect of a complete loss of class | GRX activity within an organelle. This allows
further research of class | GRX function in vivo without interference from redundant
isoforms as is often the case in higher plants.

by monitoring total S-glutathionylation levels after oxidative challenge in combination
with GR and GRX mutants. In vivo experiments exploring the effect of less reducing
Esst in GR mutants such as Agrl (P. patens), gr1-1 (A. thaliana) or in the class | GRX
mutant (Agrxc5) on the level of protein S-glutathionylation, did not reveal a consistent
increase in steady-state protein S-glutathionylation levels. Furthermore, the WT-like S-
glutathionylation level under oxidative stress conditions of Agrxc5 demonstrates, that
class | GRX activity in the plastid stroma was not necessary for S-glutathionylation in
vivo within the tested conditions. ldentifying physiological stresses triggering S-
glutathionylation may offer new insights in the mechanisms of protein

(de)glutathionylation and are more relatable to in vivo conditions.
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Supplemental Figure 1 Intensity peaks of MS/MS runs 1,2,3,4 divided by detected cysteine
modifications.

Peaks of intensity of each modification detected in the MS/MS in the peptide sequence of
roGFP2-C204S LEYNYNCHNVYIMADK and LEYNYNCHNVYIMADKQK (missed lysin (K) cleavage
(MK)) are shown for all the modification (SNEM, SOH, SO3H, SSG ,SH) detected in the Runs. In
each graph, Run 1 (blue) contains the sample of roGFP2-C204S treated with DTT. run 2 (pink)
contained the upper band of roGFP2-C204S treated with H202, run 3 (orange) contains the band
of roGFP2_c204S treated with 40 uM GSSG and 1 uM GRXC1, run 4 (green) contains the lower
band of roGFP2-C204S treated with H202. X-axis shows the time, y-axis shows the intensity
detected.
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Supplemental Figure 2: Detection of glutathionylated proteins (aGSH) in protonema extract
treated with H.0;

immunoblots with aGSH (ThermoFisher) of proteins extracted from P. patens protonema tissue
treated with 10 mM H:02 and harvested at different time points (To, T1, T30). Proteins were

extracted in the presence of 20 mM NEM and 10 pg total protein was loaded onto a 4-20%
gradient SDS-PAGE as loading control.
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Supplemental Figure 3: Detection of glutathionylated proteins in gametophore extract
treated with H,0; in falcon tubes

Western blot of glutathionylated proteins extracted from P. patens gametophore tissue treated
with 10 mM H202 and harvested at different time points (To, T1, T30). Proteins were extracted

in the presence of 20 mM NEM and 5 pg total protein was loaded onto a 4-20% gradient SDS-
PAGE as loading control.
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kecat rate constant

Km Michaelis constant

MeOH methanol

MPEG-Mal Methoxy polyethylene glycol maleimide
n sample size

NADPH nicotinamide adenine dinucleotide phosphate
ns non significant

NEM N-ethylmaleimide

NPQ non-photochemical quenching

NTR NADPH-dependent thioredoxin reductase
oD optical density

Ox oxidized

OxD oxidation degree

p probability value

PAR photosynthetically active radiation

pKa -log10 of the acid dissociation constant
Pp Physcomitrium patens

PRX peroxiredoxin

RBCL RuBisCO large subunit

roGFP2 reduction-oxidation sensitive GFP2

ROS reactive oxygen species

TCEP tris(2-carboxyethyl)phosphine

TKTP transketolase targeting peptide

Tris 2-amino-2-(hydroxymethyl)propane-1,3-diol
TRX thioredoxin

WT wild type

v/v volume per volume

w/v weight per volume

YFP yellow fluorescent protein
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e Chapter 13

Quantification of Redox-Sensitive GFP Cysteine Redox State
via Gel-Based Read-Out

Finja Bohle, Andreas J. Meyer, and Stefanie J. Mueller-Schuessele

Abstract

To date, fluorescent protein biosensors are widely used in research. In vivo, they can be applied to
dynamically monitor several physiological parameters in various subcellular compartments. Redox-sensitive
green fluorescent protein 2 (roGFP2) senses the glutathione redox potential via a disulfide bridge formed
between neighboring beta-strands of its beta-barrel structure. As changes in redox state affect both
excitation maxima of roGFP2 oppositely, sensor responses are ratiometric. The reaction mechanism of
roGFP2 is well characterized and involves an intermediate S-glutathionylation step. Thus, roGFP2 is also
used in enzymatic in vitro assays, e.g., assessing glutaredoxin kinetics. In addition to the fluorescent read-
out, the roGFP2 redox state can also be determined by differential migration on a non-reducing
SDS-PAGE. This read-out mode may be beneficial in some applications, e.g., if mass-spectrometric analysis
of posttranslational cysteine modifications is desired. Here, we describe a protocol for gel-based fluorescent
read-out of the roGFP2 redox state, as well as modification of free cysteines by maleimide-based reagents.

Key words Fluorescent biosensor, Redox-sensitive GFP, Cysteine modification, S-glutathionylation,
MPEG-Mal

1 Introduction

Redox-sensitive green fluorescent protein (roGFP)-based biosen-
sors constitute a family of fluorescent proteins that sense redox
dynamics via redox-dependent changes of their excitation spectrum
[1-4]. Based on optical and biophysical properties, the variant
roGFP2 has developed into the most frequently used roGFP [5-
7]. As the absorption of light changes in opposite directions below
and above the isosbestic point of the excitation spectrum
(c. 425 nm for roGFP2 [2]), the sensor redox state can be read
out ratiometrically by quantifying green fluorescence intensities
occurring after excitation with UV light compared to blue light
(e.g., the 405,/488 nm ratio when using laser excitation [8]). On
the molecular level, changes in absorption are caused by ionization
shifts of the chromophore in response to structural constraints on

Mayank Sharma (ed.), Fluorescent Proteins: Methods and Protocols, Methods in Molecular Biology, vol. 2564,
https://doi.org/10.1007/978-1-0716-2667-2_13,
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Fig. 1 Schematic overview of roGFP2 oxidation/reduction via S-glutathionylation. The thiol group (-SH) of
Cys147 in roGFP2 can be S-glutathionylated (-SSG) upon reaction of the thiolate anion (S™) with oxidized
glutathione (glutathione disulfide, GSSG). This S-glutathionylation on Cys147 is effectively resolved by the thiol
group of Cys204 from the neighboring beta-strand, resulting in a disulfide bridge between Cys204 and
Cys147. This disulfide formation results in changes of the absorption properties of the chromophore

the protein beta-barrel. These redox-dependent structural con-
straints are created by formation and reduction of a disulfide bridge
between two neighboring beta-strands on the outer surface of the
beta-barrel [1] (for review, see [7]).

Further investigations of roGFP2 properties have shown that
disulfide formation occurs via an S-glutathionylation intermediate
(see Fig. 1) and that roGFP2 equilibrates with the glutathione redox
potential (Egsy) (for review, see [9, 10]). This equilibration can be
kinetically accelerated by the action of class I glutaredoxins (GRX),
small thiol oxidases that mediate protein (de)glutathionylation
[11,12]. The linear response of roGFP2 is limited to approximately
+/— 30 mVaround its midpoint potential with a consensus value of
—280 mV (for review, see [7]). As a protein biosensor, roGFP2 was
consequently used to reveal the Egsy dynamics of various cell
compartments in vivo using confocal microscopy set-ups or parallel
multiplexing in fluorescence plate-reader set-ups [5, 6, 13, 14]. For
detailed protocols regarding in vivo experiments using roGFP2-
based redox sensors, please see [8].

Many redox relays occurring in vivo can be recreated in vitro
with purified proteins and buffer solutions with specific redox
potentials. Thus, roGFP2 has also been used in biochemical assays,
e.g., to characterize GRX properties [11, 15, 16]. As the oxidation
state of roGFP2 can be monitored and quantified via changes of'its
ratiometric fluorescence read-out, reaction kinetics can be followed
in real-time using a fluorescence plate reader-based set-up. Figure 2
shows an oxidation assay where reduced roGFP2 is oxidized in the
presence of a class I GRX after addition of GSSG or in a
GSH/GSSG bufter with a specific Egsy. For the demonstrative
purpose, an Egsyg near the midpoint potential of roGFP2 was
chosen, resulting in 50% oxidation and 50% reduction of the sensor.

Some applications, such as further analysis via mass spectrome-
try, may require a gel-based read-out of roGFP2 redox state. This is
feasible, as the migration behavior of the reduced and oxidized
sensors differs in non-reducing SDS-PAGE (sodium dodecyl-
sulfate polyacrylamide gel electrophoresis).
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Fig. 2 Oxidation assay of roGFP2 with 40 pM GSSG. (a) 1 uM of pre-reduced roGFP2 was oxidized with 40 pM
GSSG and the fluorescence intensity was followed at 520—10 nm after excitation with 400-10 nm (circle) and
480-16 nm (triangle) using the CLARIOstar plate-reader (BMG). Fluorescence after excitation at 400 nm
increases while fluorescence after excitation at 480 nm decreases, leading to an increase of the 400/480
ratio. (b) 1 uM roGFP2 was oxidized with 10 mM H,0, (red circle) or reduced with 10 mM DTT (blue circle).
After reduction, roGFP2 was treated with 40 pM GSSG and 1 pM A{GRXC1 (dark grey) or 6.6 mM GSH and
0.04 pM GSSG (redox potential of —280.5 mV) and 1 puM AIGRXC1 (light grey). Individual fluorescence
intensities were followed, the ratio after excitation at 400 and 480 nm calculated and transformed into the
degree of roGFP2 oxidation (%) (for review, see [7])

This chapter gives an example of the gel-based read-out of the
redox state of roGFP2, including the modification of reduced
cysteines with either NEM or MPEG-Maleimide (MPEG-Mal).
We further detail how a roGFP2 assay with a specific redox poten-
tial of the buffer can be realized. These methods can also be
transferred to other roGFEP variants.

2 Materials

2.1 Affinity-Purified For appropriate protocols for protein purification, see, e.g., [17].

Proteins 1. roGEP2 [1].

2. ArGRXCI (At5g63030) or other class I glutaredoxin [9, 12].
2.2 Prereduction or 1. Zeba™ spin-desalting columns, molecular weight cutoft
Oxidation of Purified 7 kDa, 0.5 mL.
roGFP2 2. KPE buffer 1: 100 mM potassium phosphate buffer, pH 7.4,

0.5 mM ethylenediaminetetraacetic acid (EDTA).
3. 100 pL of 20 pM roGFP2 in KPE buffer 1.
4. 1 M dithiothreitol (DTT) stock in KPE buffer 1.

5. 1 M hydrogen peroxide (H,O,) stock in KPE buffer 1 (see
Note 1).
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For a glutathione redox potential (Egsy) of —280 mV at pH 7.4

of roGPF2 Using GSH/ (see Note 2):
gssgfiugers with a 1. KP buffer 2: 200 mM potassium phosphate bufter, pH 7 4.
ifi
P osH 2. 160 mM reduced glutathione (GSH) stock in KP buffer 2 (see
Note 3).
3. 10 mM glutathione disulfide (GSSG) stock in KP buffer 2.
4. 10 pM class I glutaredoxin, e.g., Arabidopsis thaliana GRXCI1
in KPE buffer 1 (see Note 4).
2.4 Labelling of 1. 100 mM N-ethylmaleimide (NEM) stock in KPE buffer 1.
Reduced Thiol Groups 2. 20 mM methoxypolyethylene glycol maleimide 5000 (MPEG-
Mal; PEG average M,, 5000, Sigma-Aldrich CAS: 99126-64-4)
in KPE buffer 1.
2.5 SDS- 1. 5x non-reducing loading buffer: 10% sodium dodecyl sulfate
Polyacrylamide Gel (SDS), 50% glycerol, 0.02% bromophenol blue, and 0.3125 M
Components and Gel Tris-HCI, pH 6.8.
Imaging 2. 10x SDS running buffer: 30.0 g of Tris—HCI, 144 g of glycine,
10 g of SDS, volume adjust to 1 L with H,O.
3. E.g., Mini-PROTEAN TGX precast gel, 10% (Bio-Rad).
4. E.g., PageRuler™ prestained protein ladder, 10 to 180 kDa.
5. UV light table or fluorescence imager.
6. Image] Software (version 1.53n7 was used here).
3 Methods
3.1 Preparation of 1. Determine protein amount of affinity-purified proteins, e.g., by

Protein Solutions

3.2 Prereduction or
Oxidation of Purified
roGFP2

Bradford assay (see Note 5).

2. Dilute roGFP2 in KPE butffer 1 to 20 pM in 99 pl.

. Dilute A#*GRXC1 in KPE buffer 1 to 10 pM in 100 pL.

. For complete sensor reduction, add 1 pL. 1 M DTT (final

¢ = 10 mM) to 99 pL of 20 pM roGFP2 to obtain a final
volume of 100 pL. Alternatively, a final concentration of
10 mM tris(2-carboxyethyl)phosphine (TCEP) can be used.
Incubate for 30 min at room temperature.

. For complete sensor oxidation, add 1 pLL 1 M H,0O, (final

¢ = 10 mM) to 99 pL of 20 pM roGFP2 to obtain a final
volume of 100 pL. Incubate for 30 min at room temperature.

. Use Zeba™ spin-desalting columns to remove DTT, TCEP, or

H,O, from the samples according to the user manual. After
desalting, use KPE buffer 1 and a volume of 100 pL to
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re-buffer your protein. Proceed immediately with the next
steps to minimize reoxidation of the pre-reduced roGFP2.

. For calculation of a specific redox potential, e.g., —280.5 mV

(see Note 6), use the Nernst equation (Eq. 1) with
R=8.315JK 'mol™!, T=298.15K,z=2,F =96.485 C
mol ™ (= 96,485 J V! mol™!), and Ey’ = —240 mV at
pH 7 [6]. For KPE buffer 1 with a pH of 7.4, the
pH-adjusted redox potential of glutathione (Ey’*™) would be
equal to —251.8 mV following Eq. 2 [1, 5]

2

_ LpH 2.303RT [GSH]
Egsu = E ZF 0B10[GssG) )
EP™ = E) —29.5mV x (pH—7), (2)

. To determine the concentration of GSH and GSSG to adjust a

specific Egsyg, Eq. 1 is modified and solved by inserting the
concentration of GSSG (use unit M) from which the concen-
tration of GSH can be calculated:

_ 2.303RT [GSH]?
B - B [GSH]?
—295mV = -295mV x lo M
' - £101GSSG]
[GSH]”
log 10 1GssG) =
2
1o — [GSH]"
[GSSG]

[GSH] = /10 * [GSSG]

3. Various concentrations are possible for a specific Egsy, result-

ing in different ratios of GSH to GSSG, and a different total
amount of glutathione in the buffer (see Note 7) (Table 1).
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Table 1

Example concentrations of GSSG and GSH to adjust a GSH/GSSG mixture to —280.5 mV

If [GSSG] is set to

GSH concentration is calculated according to [GSSG]

0.0004 M
0.0000399 M
0.0000044 M

0.063 M
0.0199 M
0.0066633 M

3.4 In Vitro
Treatment of roGFP2 to
Modify Free Cysteines

3.5 Blocking of Free
Thiol Groups with NEM
or MPEG-Mal

. Add 25 pL of 20 pM reduced and desalted roGFP2 to 75 pL. of

KPE buffer 1 for the fully reduced control. Add 25 pL of
20 pM oxidized and desalted roGFP2 to 75 pL of KPE buffer
1 for the fully oxidized control. Mix by pipetting up and down.
The final volume is 100 pL.

. The pipetting order of the assay samples should be in the

following order: start with preparing the buffer, add the gluta-
thione solutions, add the GRX, and as a final step, add roGFP2,
so that the starting point of the assay is kept as simultaneous as
possible.

. For an assay reaching 100% roGFP2 oxidation (see Fig. 2), add

10 pL of 0.4 mM GSSG to 10 pL of 10pM A*GRXC1 (final
concentration = 1 pM). Add KPE buffer 1 until a volume of
75 pL is reached.

. Mix 13.32 pL of 50 mM GSH with 4.4 pL of 0.1 mM GSSG to

obtain a redox potential of —280.5 mV (see Fig. 2). Add 10 pl
of 10 pM A#GRXCI1 (final concentration of 1 pM). Add KPE
buffer 1 until a total volume of 75 pL is reached.

. Add 25 pL of reduced and desalted roGFP2 (5 pM final con-

centration) to all assay samples, reaching the final volume of
100 pL per sample. Mix by pipetting up and down, and incu-
bate the samples for ~1 h at room temperature (25 °C) (see
Note 8).

. Take 15 pL of the samples (containing 5 pM roGFP2), and

incubate them with 5 pLL of NEM (100 mM) or MPEG-Mal
(20 mM) to obtain final concentrations of 3 pM roGFP2 with
20 mM NEM and 4 mM MPEG-Mal (in a total volume of
25 pL after the addition of loading-dye (see step 3).

. Mix by pipetting up and down. Incubate the samples with the

MPEG-Mal or NEM for 1-2 h at 21 °C under shaking in a
thermomixer.

. Add 5 pL 5 x non-reducing loading dye to obtain a volume of

25 pL (see Note 9).
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Fig. 3 roGFP2 gel-based read-out of oxidation assay. (a) Left panel: roGFP2 was pre-reduced with 10 mM DTT
before oxidation with 40 uM GSSG +1 uM AfGRXC1 (40 uM GSSG) or 6.6 mM GSH + 40 pM GSSG +1 pM
AIGRXC1 (glutathione buffer with Eggy = —280.5 mV at pH 7.4). Reduced cysteines were blocked with 20 mM
NEM before the gel run to avoid reoxidation. 2.1 pug roGFP2 (MW = 28 kDa) (5 piL of 3 uM roGFP2) were loaded
on a 10% SDS-PAGE. Right panel: schematic overview of redox states in A. (b) Left panel: free cysteines were
labeled with 4 mM MPEG-Mal (adding c. 5 kDa for each reduced cysteine). 2.1 pug roGFP2 were loaded on a
10% SDS-PAGE. Right panel: schematic overview of redox states in B (see Note 10)

3.6 Gel-Based Size 1. Perform SDS-PAGE, e.g., using a Mini-PROTEAN TGX pre-
Shift Read-0ut of cast gel (10%) loading up to 30 pL of your sample. Add your
roGFP2 Redox State protein ladder of choice (prestained). Fill up your chamber

with 1x SDS running buffer, and let the gel run forupto 1 h
at 120 V or until the running front reaches the end of your gel.

2. Take the gel out of the cast and shortly wash it in water before
proceeding to gel imaging.

3. Detect fluorescent protein bands under UV light (or blue light
with GFP filter settings in a fluorescence imager) (Fig. 3). Use a
prestained marker to identify the sizes of your protein: Take a
photo of the gel to overlay the marker for analysis.
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Fig. 4 Analyzing gel band intensities with ImagedJ. The image of the protein gel is opened in ImageJ and bands
of interest are selected (see Fig. 3a, lane 4). The selection (yellow) will be plotted as intensity curves and the
area below the curves calculated. In this example, a roGFP2 oxidation assay using a GSH/GSSG redox buffer
with —280.5 mV leads to ¢. 50% oxidation of roGFP2 (which has a midpoint potential of —280 mV)

3.7 Quantification of
Band Intensities by
ImageJ

1. Analysis of roGFP2 redox state from gel images can be per-

formed using software such as Image]J, quantifying band inten-
sities of the reduced and oxidized forms that show a different
migration behavior on a nonreducing SDS-PAGE (see Figs. 3
and 4).

. Open the gel image in Image]. Select bands of interest via the

selection rectangle tool (see Note 11).

. Select: analyze —gel—plot lanes to plot intensities of selected

bands. Use the wand (tracing) tool to obtain the values in a
table. Subsequently, you can calculate the ratio and percentage
of oxidation using the obtained intensity values.

4 Notes

. Calculating the molar concentration of a 30% hydrogen perox-

ide solution using the density (p): exact numbers might vary
depending on the supplier. Check the technical data sheets for
exact values.

H,0, Roth (30% (w/w)):p=1.1g/mL, MW =34.01 g/
mol

1L=1100g

1100g x 0.3 =330g

330g
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2. Depending on the calculated redox potential and glutathione
ratios, concentrations of GSH and GSSG stock solutions can be
upscaled or downscaled depending on the required concentra-
tion. Be aware of the GSH and GSSG solubilities in aqueous
solution as provided by the manufacturer’s instructions. (GSH:
100 g/L (= 320 mM) (Roth), GSSG: ~100 mM (Abcam)).

3. Use an appropriate buffer as basis for the stock solution, and
control the pH before using it.

4. Any GRX that can glutathionylate /deglutathionylate proteins
(generally class I GRX) can be used. Depending on the GRX,
reaction times may have to be adjusted.

5. Any method determining the protein concentration is suitable.

6. Aredox potential of —280.5 mV was chosen as an example due
to the midpoint redox potential of roGFP2 at —280 mV.
Around 50% of roGFP2 are oxidized at —280 mV.

7. Use molar concentrations (mol/L) for calculations in the
Nernst equation. GSSG concentrations might be too low to
accurately pipet (do not go lower than 1 pl). As an alternative,
either change the redox potential, or decide for a different
concentration.

8. If using roGFP2 you can follow the oxidation state with a
fluorescence plate-reader. The assay can be stopped when all
samples reached a plateau. The reaction kinetics depend on the
activity and concentration of the used GRX, as well as the
roGFP2 concentration. For the conditions described in this
protocol, a plateau is reached after approximately 30 min.

9. Do not boil the samples or add a reductant prior to loading.
Boiling the samples containing roGFP2 will prevent a
UV-based read-out, as it causes denaturation of the protein.
The UV-based read-out offers the advantage that denatured or
degraded fluorescent protein is not visible, in contrast to pro-
tein staining methods.

10. MPEG-Mal can lead to smears in lanes [ 18] and changes the
running behavior of bands. The apparent protein sizes on
non-reducing gels do not correspond to the known molecular
weights.

11. Do not use a high contrast for intensity calculation in Image].
Differences might be masked due to oversaturation.
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1.

HED ASSAY

Material:

GRX (freshly isolated on the same day, in Tris-HCL pH 7.9)

GR (stock 1,3 mg/ml; can be calculated from manufacturer, (GR, Saccharomyces
cerevisiae, Sigma CAS-9001-48-3, Nr. G3664 Concentration and activity is written on
the vial (u/mg protein and ml)).

NADPH (10 mM in Tris-HCL pH 7.9 B check concentration using the molar extinction
coefficient of NADPH. The molar extinction coefficient for NADH or NADPH at 340 nm
is 6.22 |/mmol/cm.

GSH (50 mM in Tris-HCL pH 7.9) in 100 mM Tris pH 7.9

HED (100 mM in Tris-HCL pH 7.9) bis(2-hydroxyethyl) disulfide, Alfa Aesar L11800
Nanodrop 2000c/spectrophotometer

1 ml plastic cuvettes (Polystyrol, Sarstedt, REF 67.742) or any other cuvette allowing
measurements at 340 nm.

100 mM Tris, 1 mM EDTA pH 7.9

Procedure:

Before starting. Check for the optimal concentration of your GRX. Perform the HED assay (see

below) using 1 mM GSH and 0.7 mM HED with various concentrations of your GRX (varying

from 10-50 nM) and go for the concentration where your GRX shows a linear activity (example

in Supplemental Figure. 4: below 30 nM). Perform a Bradford assay after every freeze and

thaw cycle to be sure about your enzyme concentration!
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Supplemental Figure 4: HED assay: Determining the linear activity of GRXC5

HED assay performed with varying concentrations of PpGRXC5 to determine the linear activity
of PpGRXCS.
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NOTE 1 Check NADPH stock concentration in the nanodrop 2000c by using the NADPH
coefficient (molar extinction coefficient for NADH or NADPH at 340 nm is 6.22 |/mmol/cm).
NOTE 2 If performing experiments via the Nanodrop 2000c: Open the Nanodrop 2000c kinetic

editor. Set the program to measure at 340 nm every 2 sec for 1 min.
Pipette into a 1 ml cuvette to a final concentration:

Tris-HCL pH 7.9 =100 mM

NADPH = 0.2 mM

GSH =1 mM (or var. from 0.5-5 mM, use the same stock)
HED = 0.7 mM (or var. from 0.3-2 mM, use the same stock)

As soon as you added HED and GSH, incubate for exactly 3 min! Important! Within the three
minutes, the spontaneous reaction of GSH with HED leads to the formation of glutathionylated
R-ME (R-ME-SSG). To ensure that R-ME-SSG concentrations are comparable between the
experiments, the time for the spontaneous reaction has to be kept constant. Then add GR (to
a final concentration of 6 pg/mL) and GRX (final c = x nM), mix with a pipette. Your final volume

here is 1 mL.

Exemplary volumes (adjust to your stock concentrations) to obtain your final concentrations

in 1 mL of assay:

10 pL of a 20 mM NADPH stock in 1 mL assay
20 pL of a 50 mM GSH stock in 1 mL assay
10 pL of a 70 mM HED stock in 1 mL assay

Adjust with Tris-HCL to 1000 pL by subtracting the volume of later added GR (-4.6 uL of 1.3
mg/mL stock) and (-10 pL of x uM stock) GRX. As soon as you added HED and GSH, incubate
for exactly 3 min! Important! Then add GR and GRX:

+ GR 4.6 pL of 1.3 mg/mLin 1 mL assay

+10 uL GRX at your concentration e.g. 20 nM in 1 mL assay (typical GRX stock concentration
10 uM, diluted in Tris-HCL pH 7.9)

Mix everything quickly with a 1000 pL pipette by pipetting up and down. Place the cuvette in

the nanodrop and press “measure”.

NOTE 3 The steps should be done as consistent and fast as possible!
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NOTE 4 For each concentration of GSH/HED prepare a background activity cuvette, adding
buffer (Tris-HCL pH 7.9) instead of GRX. It is important to measure the background activity on
the same day and with the same stock concentrations than your sample cuvettes.

Save the measurement points of the Nanodrop by copying it to the clipboard (nanodrop

cannot directly perform the excel export of the kinetic values) and import it into Excel.

Analysis

To analyze your data you can use Excel to calculate the slopes and you can use
Prism/GraphPad or any other program able to do Michaelis Menten kinetics. You want to blot
concentrations of your substrates tested (either HED or GSH) against the reaction velocity.
Slope calculation will be performed on the first minute (hole measurement). Your values of
the Nanodrop are absorbance at 340 nm. To calculate the delta absorbance /s, you divide the
absorbance values by the time. (Values will be negative, since curve NADPH is decreasing).
Change the values into positive ones (*-1). Dividing it by the NADPH extinction coefficient in a
1 ml cuvette will give you mM NADPH/s. To get uM NADPH/s multiply by 1000. If you want to
transform your data into turnover rate (kcat) s-* divide uM NADPH/s with the concentration in
UM of your GRX. Use the uM NADPH/s values to copy into the Prism file. Let the software
calculate your apparent Km, Vmax and ket values. NOTES: Your increasing concentrations of
HED or GSH should lead to a flattening of the curve (‘form a plateau’). If the plateau is reached
in lower concentrations adjust to smaller concentrations to test the activity. If the plateau is

not reached with the highest concentration of HED or GSH, increase the concentration.
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