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VI Abbreviations

V1. ABBREVIATIONS

Table 1: Used abbreviations in this thesis.

Abbreviation Name

3-AT 3-Amino-triazole

ALS amyotrophic lateral sclerosis

UAS Upstream activating sequence

BiFC Bimolecular fluorescence complementation
ChlP-seq Chromatin immunoprecipitation sequencing
Col-0 Columbia-0

CsD1 COPPER/ZINC SUPEROXIDE DISMUTASE 1
DNA Deoxyribonucleic acid

DAPI 4’ 6-Diamidin-2-phenylindol

DAP-seq DNA affinity purification sequencing

DBD DNA-binding domain

DEG Differentially expressed gene

EMSA Electrophoretic mobility shift assay

ERAD ER-associated degradation

FC Fold change

fLUC Firefly luciferase

FRAP Fluorescence recovery after photobleaching
GFP Green fluorescence protein

HIPP Heavy metal-associated isoprenylated plant protein
HMA Heavy-metal associated domain

HRP Horseradish peroxidase

MES 2-(N-morpholino) ethanesulfonic acid

NAT N-terminal acetyltransferases

NLS Nuclear localisation signal

NTA N-terminal acetylation

PCR Polymerase chain reaction

PTM Post-translational modification

PTS Peroxisomal targeting signal

RnLUC Renilla luciferase

ROS Reactive oxygen species

SAM Shoot apical meristem

SELEX Systematic evolution of ligands by exponential enrichment
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SOD
TA
TSS
Y2H
YFP

Superoxide dismutase
Transactivation assay
Transcriptional start site
Yeast Two-Hybrid

Yellow fluorescence protein
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1 INTRODUCTION

The following text is cited from my published review article (Dreyer & Schippers, 2019):

“Superoxide dismutase (SOD) is a primary antioxidant enzyme that can be found in organisms
from all kingdoms of life. Its date of origin indicates a pivotal role in the evolution of life on
our planet. [...] SODs were initially appreciated for their antioxidant properties and potential
to improve plant stress tolerance. However, recent findings indicate a role for SODs in
maintaining reactive oxygen species (ROS) gradients to guide plant developmental processes.
Moreover, after nearly 50 years of research on SODs, these enzymes still hold many surprises

as evidenced by the recent finding that SOD in yeast acts as a transcriptional regulator.”?

End of citation (Dreyer & Schippers, 2019)

1.1 Superoxide dismutases (SODs) and ROS

The following text is cited from my published review article (Dreyer & Schippers, 2019):

“The discovery of superoxide dismutases (SOD) resulted in the superoxide theory of oxygen
toxicity and the realisation that oxygen radicals are important biological products (McCord et
al., 1971; Fridovich, 1978; Foyer and Noctor, 2005). SODs catalyse the dismutation of
superoxide (O2") while producing hydrogen peroxide (H2O2) and molecular oxygen. SODs
appear to be essential for survival in many organisms and especially in the field of medicine,
their malfunctioning is linked to diverse diseases. Considering that these enzymes belong to the
oldest and best-conserved proteins between all kingdoms of life, they must have a pivotal role
in the evolution of life on earth. SODs were initially only recognised for their enzymatic
function and role in the protection against oxidative stress. Major breakthroughs in the field of
radical biology led to an adjustment of the one-sided view on reactive oxygen species (ROS).
First of all, it was found that ROS are produced specifically by cells upon pathogen infection
(Babior et al., 1973; Doke, 1983). These observations indicated that cells do not simply

scavenge away all ROS but that they maintain them at a level that is needed for cellular

1 pp. 1, Dreyer & Schippers (2019)
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functioning. With the advent of transcriptome tools, it was found that each ROS provokes a
specific transcriptional response, indicating that they can act as specific signalling molecules
(Schmidt and Schippers, 2015). Thus any component involved in the formation or removal of
ROS can have an important impact on ROS signalling. SODs are in this case especially
interesting as they scavenge Oz, but release H202, a general accepted second messenger in all
fields of biology. The realisation that there is a need for ROS is also reflected in new studies,
whereby ROS participates in cell proliferation and differentiation processes, cell growth and
stress signalling. It is likely that SODs evolved as enzymes with a single purpose, but due to
the integration of ROS signals with cellular homeostasis and development also these enzymes

might have adapted additional novel functions.”?

End of citation (Dreyer & Schippers, 2019)

1.2 Distinct SOD isoforms and subcellular distribution in plants

All SODs are metalloenzymes that contain within their active site a redox-active metal. During
evolution, different SOD enzymes appeared that are classified into different subgroups based
on the metal they use in their active site. The SODs are classified into iron superoxide
dismutases (FeSODs), manganese superoxide dismutases (MnSODs) and copper-zinc

superoxide dismutases (CuzZnSODs).
The following text is cited from my published review article (Dreyer & Schippers, 2019):

“Plants feature all three SOD families and their subcellular localisation can be generally
described as MnSODs are mitochondrial, FeSODs are plastidial and CuZnSODs are more
broadly localised (Bowler et al., 1992). In rice, one MnSOD isoform was shown to localise to
the Golgi apparatus and plastids which indicate that there might be some differences in the
viridiplantae kingdom (Shiraya et al., 2015). In Arabidopsis, the three CuZnSOD isoforms
(CSD1, CSD2, and CSD3) localise specifically to different cellular compartments. The first
isoform CSD1 localises to the cytosol and the nucleus (Xu et al., 2010; Huang et al., 2012).
CSD2 features an N-terminal chloroplast targeting peptide (CTP) and localises to the

2 pp. 1-2, Dreyer & Schippers (2019)
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chloroplast. The third isoform CSD3 harbours a C-terminal ALK peroxisomal targeting peptide
and localises to the peroxisome (Huang et al., 2012). Huang et al. (2012) also showed that the
deletion of the CTP or the C-terminal PTS signal leads to mislocalisation of the individual
isoforms. Interestingly, several reports conducted in different plant species indicate that a
CuznSOD isoform localises to the extracellular space (Streller and Wingsle, 1994; Ogawa et
al., 1996; Kasai et al., 2006).”3

End of citation (Dreyer & Schippers, 2019)

Several developmental processes like cell extension and the formation of the casparian strip
propose the involvement of an extracellular SOD protein (Janku et al., 2019; Rojas-Murcia et

al., 2020; Fujita, 2021), however the SOD isoform still needs to be experimentally confirmed.
The following text is cited from my published review article (Dreyer & Schippers, 2019):

“Distinct subcellular localisation of the individual CuZnSOD isoforms indicates the necessity
of superoxide removal within specialised cellular compartments and allows the differential
regulation of individual isoforms upon changing environmental conditions which might have
been an evolutionary advantage. Unfortunately, our subcellular distribution picture of SODs is
incomplete and needs further assessment to understand the role of each SOD and if they fulfil

the same function in each cellular compartment to which they are localised.”

End of citation (Dreyer & Schippers, 2019)

1.3 Regulation and role of CSDs during plant stress response

The following text is cited from my published review article (Dreyer & Schippers, 2019):

“Responses of plants to stress involves three fundamental steps: sensing of the external stress,
signalling through cellular messengers, and ultimately a transcriptional response that results in
adaptation towards the external stress. A common cellular feature upon being exposed to stress
is the formation of ROS: produced either due to disruption of metabolic activities or actively

produced in the form of an oxidative burst for signalling purposes during stress responses

3 pp. 10-11, Dreyer & Schippers (2019)
4 pp. 11, Dreyer & Schippers (2019)
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(Choudhury et al., 2017). Therefore, plants need to adapt their antioxidant system in response
to abiotic and biotic stress. As part of the antioxidant system the expression of CSD proteins is
modified to effectively scavenge O, often the first product of disrupted metabolic reactions or
actively produced by NADPH oxidases as a signalling molecule. SOD proteins are regulated
during many plant stress responses which were in part reviewed by Wang et al. (2016a). Here,
we give a specific overview on how plant CSD proteins are controlled during plant stress

responses.

The exposure of plants to drought or salinity stress results mainly in cellular dehydration, which
further leads to osmotic stress and altered cytosolic and vacuolar volumes, and the production
of ROS species by a disruption of metabolism (Bartels and Sunkar, 2005; Choudhury et al.,
2017). As drought, osmaotic, and salinity stress have these cellular effects in common, they share
similar early response mechanisms. In general, abiotic stress results in the generation of ROS.
So, one common mechanism of plants is the adaptation to increased ROS by altering the
expression of components of their antioxidant system. The expression of CSD genes, mainly
CSD1 and CSD2, was studied in Arabidopsis as well as several crop species during abiotic and
biotic stress. Upon salt stress, the expression of CSD1 is increased in Arabidopsis (Jia et al.,
2009; Shafi et al., 2015), in wheat (Sairam et al., 2005), in tomato (Feng et al., 2016a), in
cucumber (Zhou et al., 2017), and especially in the salt-sensitive species rice (Nounjan et al.,
2012; Ozfidan-Konakci et al., 2014; Rossatto et al., 2017). The comparison of two mosses, the
drought-tolerant Tortula ruralis and the drought-sensitive Cratoneuron filicinum, revealed that
reduced lipid peroxidation in the drought-tolerant species correlates with increased CuZnSOD
enzyme activity (Dhindsa and Matowe, 1981). PEG-induced drought stress in Caragana
resulted in enhanced gene expression of all three CSD genes (Zhang et al., 2014). In maize,
cytosolic CSDs were significantly increased after paraquat treatment (Matters and Scandalios,
1986). Also, drought and photooxidative herbicide tolerances were both correlated with high
levels of CuZnSODs and glutathione reductase activities in maize (Malan et al., 1990). During
high light stress, the expression of CSD1 and CSD2 is increased to overcome metabolic ROS
(Xing et al., 2013). Also, acute ozone stress in rice or low nitrogen stress in soybean roots
increases the expression of CSD1 (Ueda et al., 2013; Wang et al., 2016b). The transcription of
CSD1 and CSD2 was increased upon arsenic stress in Arabidopsis (Abercrombie et al., 2008).
Furthermore, both genes are also upregulated by oxidative stress and it is linked to regulation

by miR398 (Sunkar et al., 2006). Differential expression of CSD genes upon cold, heat, drought,
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and salt stress in Musa acuminata was observed (Feng et al., 2015). In addition, copper
nanoparticles induced expression of CSD genes in cucumber (Mosa et al., 2018). In upland
cotton (Gossypium hirsutum), the expression of CSD1 and CSD?2 is upregulated during heat
stress within the first 24 hours and downregulated within the first 24 hours during salt stress,
indicating species-specific regulations of CSD genes (Wang et al., 2017). In tomato CSD?2 is
upregulated, while CSD3 is downregulated and CSD1 expression remained constant upon
drought stress, whereas upon salt stress CSD1 is upregulated, CSD2 is downregulated and CSD3
expression remains constant (Feng et al., 2016). Expressional studies in cucumber upon heat,
cold, and salt stress further indicate species-specific regulations and add spatio-temporal
information to the expression patterns (Zhou et al., 2017). Differential expression of CSDs was
also observed in biotic interactions. In Arabidopsis, the expression of CSD1 and CSD2, as well
as their protein abundance, is enhanced after treatment with salicylic acid (SA) analogues that
are considered pathogen-associated signals (Kliebenstein et al., 1999). Also, reduced CSD
accumulation is linked to increased levels of cell death during infection with virulent and
avirulent Peronospora parasitica (Kliebenstein et al., 1999). Upon infestation with aphids,
CSD1 was upregulated in Arabidopsis (Moran et al., 2002). The CSD1 gene was also
upregulated in leaves of maize and cotton infested by aphids (Sytykiewicz, 2014). The barley
CSD1 (HvCSD1) is also upregulated in the interaction of barley and the hemibiotrophic
pathogen Pyrenophora teres f. teres, especially during the subsequent resistance response
(Lightfoot et al., 2017). Gene expression profiles in response to aphid feeding are proposed to
be similar to wounding and pathogen response (Moran et al., 2002); therefore, we can expect
that CSD1 is differentially regulated in other plant-pathogen interactions. As stresses provoke
an imbalance in cellular ROS homeostasis, it is not only surprising that SODs in general but
also specifically CSDs are regulated during these stress responses. So far, little is known about
the mechanisms regulating the expression of CSDs during all of these stress responses.

During high light stress, the expressional upregulation of CSD1 and CSD2 is facilitated by
MKKS5 (Xing et al., 2013). Furthermore, the AtANACO069 transcription factor negatively
regulates the expression of CSDs and other antioxidative enzymes (He et al., 2017).
Consequently, the overexpression of ANACO069 results in decreased salt and osmotic stress
tolerance. However, the direct binding of ANACO069 to the promoters of CSD genes was not
shown (He et al., 2017). These are the first reports that indicate mechanisms controlling the

expression of CSD genes upon stress. Nearly all the mentioned studies only focus on CSD
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transcript levels and not protein abundance. Two decades ago, plant SODs were ‘hot’
candidates for increasing plant stress tolerance. In theory, the overexpression of enzymes like
SODs or catalases may help plants to adapt to individual stress scenarios. SODs were of special
interest as they scavenge O> which is generated under various stress conditions. The benefit of
manipulating one module to increase the tolerance of a plant to various stress conditions lead
to a plurality of overexpression studies. Transgenic tobacco plants that overexpress the CSD2
gene from pea have been subjected to methyl viologen, chilling temperatures, moderate, and
high light intensity (Gupta et al., 1993). The authors observed that CSD2 overexpressing plants
retained higher photosynthesis rates and showed reduced levels of light-mediated cellular
damage concluding that transgenic expression of CSD2 can improve stress tolerance (Gupta et
al., 1993). Similar results were observed for the integration of CSD1 and CSD2 of tomato into
potato tuber disc by Agrobacterium (Perl et al., 1993). Pea cytosolic CSD overexpression in
tobacco plants resulted in increased resistance towards acute doses of ozone (Pitcher and
Zilinskas, 1996). Tobacco plants overexpressing CSD2 from Kandelia candel showed enhanced
salt tolerance (Jing et al., 2015). Rice plants overexpressing CSD2 are more tolerant to salt and
saline-sodic stress (Guan et al., 2017). Furthermore, the CSD2-overexpressing rice lines
performed better than nontransformed plants in terms of germination rate, SOD activity, fresh
weight, root length, and height. Arabidopsis plants expressing the CSD2 gene from Sedum
alfredii, a cadmium hyperaccumulator of the Crassulaceae, had enhanced antioxidative defence
capacity (Li et al., 2017). Furthermore, a coexpression network based on microarray data
indicated oxidative regulation after Cd-induced oxidative stress in Arabidopsis suggesting that
SaCSD2 may participate in this network. Plum plants that overexpress CSD1 were found to be
more tolerant towards salt stress (Diaz-Vivancos et al., 2013). In contrast, the overexpression
of chloroplastic SOD (CSD2) from petunia in tobacco and tomato led to a 50-fold and a 24
fold increases of SOD levels respectively, however, these plants did not exhibit increased
resistance to paraquat, high light, low temperature or low CO2 stress (Tepperman and
Dunsmuir, 1990). It may well be that increased hydrogen peroxide scavenging capacity is also
required to improve the plant to combat oxidative stress more efficiently (Foyer et al., 1994).
Therefore, dual transgenic approaches were performed. In Manihot esculenta transgenic
expression of CSD and ascorbate peroxidase (APX) increased cold stress tolerance (Xu et al.,
2014). Enhanced antioxidative defence capabilities were also observed in transgenic tall fescue
plants overexpressing CSD2 and APX in response to hydrogen peroxide, methyl viologen, and

heavy metal exposure (Lee et al., 2007). Transgenic coexpression of CSD1 and APX in tobacco
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resulted, to some extent, to the alleviation of water stress symptoms (Faize et al., 2011).
Overexpression of CSD2 and a catalase gene from maize in chloroplasts of Chinese cabbage
enhanced tolerance to sulfur dioxide and salt stress (Tseng et al., 2007). Taken together, these
studies demonstrated a measurable effect of SOD overexpression on plant stress tolerance,
although the effect itself was not that large. In addition, overexpression of SODs was shown in
Arabidopsis to result in developmental defects, including growth arrests (Zeng et al., 2017),
indicating that constitutive activation of SODs might interfere with its dual roles in stress

responses and the regulation of plant growth.”®

End of citation (Dreyer & Schippers, 2019)

Future experiments need to focus on CSD protein abundance as the translation of CSD is
controlled by miR398 (Bonnet et al., 2004). Furthermore, it is also important to understand the
regulation of CSD on the protein level in regard to its stability and turn-over rate. CSD proteins
might still be high-impact targets for breeding, but as the fundamental knowledge about the
regulation and function seems to be incomplete, the lack of information needs to be tackled
first.

1.4 SODs might control ROS gradients during plant development

The following text is cited from my published review article (Dreyer & Schippers, 2019):

“Within the last ten years, the idea of oxidative signalling has become a valid explanation for
how ROS may regulate plant development and stress responses. Accumulation of Oy is
proposed to be an important factor for stem cell maintenance in plant and animals’ cells
(Dunand et al., 2007; Sarsour et al., 2008; Owusu-Ansah and Banerjee, 2009; Zeng et al., 2017).
Furthermore, the accumulation of Oz is required for cell proliferation, whereas elevated H>O>
concentrations promote cellular differentiation (Tsukagoshi et al., 2010; Mittler, 2017; Zeng et
al., 2017). These findings suggest that O, gradients are linked to maintaining stem-ness while
H20> accumulation promotes cell differentiation. SODs as O2™ scavengers or H,O producers
may be key players in regulating ROS gradients. Interestingly, a few studies describe the role

of SODs and especially CuZnSODs in plant development. Two studies strongly indicate an

5 pp. 18-21, Dreyer & Schippers (2019)
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important role of CuZnSODs in developmental processes and highlight gaps in our knowledge.
In 2012, a comprehensive analysis of tobacco pollen tube growth identified that CSD1 is among
the central regulators of pollen-tube tip growth (Hafidh et al., 2012). Tobacco CSD1
knockdown plants showed severe pollen-tube growth defects and occasionally abnormal tip
morphology. It is well established that ROS are involved in the regulation of polarised cell
growth in pollen tube or root hair elongation in plants (Lee and Yang, 2008; Kanaoka and Torii,
2010); however, the ROS type is unknown. We may now speculate that H>O> might be the ROS
molecule that is involved in polar cell growth, at least it is in line with the need of NADPH
oxidases as endogenous O  source and the severe phenotype observed in a tobacco CSD1
knockdown. Furthermore, SODs are involved in the complex ROS-mediated control of plant
stem cell fate (Zeng et al., 2017). A balance between O2  and H2O. controls stem cell
maintenance and differentiation. O, is enriched in the central zone of the SAM to promote
stemness, whereas H>O> is more abundant in the differentiating peripheral zone to initiate stem
cell differentiation (Zeng et al., 2017). To allow an accumulation of O, inside the stem cell
niche, SODs are repressed in plant stem cells. In line, peroxidases are activated to reduce the
spontaneous accumulation of H.O> in the stem cell niche (Zeng et al., 2017). Also, ectopic
expression of several SOD proteins including CSD1 and CSD2 under the CLV3 or UBQ10
promoter leads to a wus-like phenotype with terminated stem cells (Zeng et al., 2017). Both
studies indicate the importance of understanding the complex interplay between endogenous
and exogenous ROS and how individual plant cell types are influenced by these different kinds
of ROS. We expect that these recent studies are the first of many more that will investigate the

complex interplay between ROS signalling, ROS scavenging enzymes and development.”®

End of citation (Dreyer & Schippers, 2019)

1.5 SOD1/CSD1 — More than just an Enzyme?

The following text is cited from my published review article (Dreyer & Schippers, 2019):

“The protein family superoxide dismutase has been scrutinised for more than 50 years and

plenty of research studies have been published regarding its function throughout life (McCord

6 pp. 22-23, Dreyer & Schippers (2019)
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and Fridovich, 2014), still, these proteins hold up surprises with unexpected, radical, novel
discoveries. Even with these recent remarkable findings, we expect that research on this family
is far from complete, especially in plants. In yeast, the unexpected finding that SOD1 is
involved in repression of respiration in a single circuit with oxygen, glucose, and ROS through
two casein kinases resulted in a re-evaluation of SOD1s cellular function and provoked future
studies (Reddi and Culotta, 2013). In 2014, Tsang et al. explored an astonishing novel function
of SODL1 in S. cerevisiae. SODL1 relocates into the nucleus upon oxidative stress (Tsang et al.,
2014). The ROS-dependent signalling that initiates nuclear relocalisation of SOD1 is mediated
by Mecl/ATM and its effector kinase Dunl/Cdsl. Dunl interacts with SOD1 and
phosphorylates SOD1 at S60 and S99. In the nucleus, SOD1 associates with the promoters of
oxidative resistance and repair genes. The authors indicate that the SOD1 protein can act as an
enzyme and as a transcription factor. Of special interest is the role of H20- in this mechanism
as it is the product of SOD1s enzymatic reaction and likely also the signalling molecule that
activates the Mecl/ATM upstream kinase of this signalling pathway. Therefore, this study
provides further evidence for the role of H20. as second messenger of ROS signalling and
provoked a revision of SOD1s cellular significance. In 2018, Tsang et al. explored that SOD1
is also a conserved effector of mMTORC1 signalling in yeast and human cells (Tsang et al., 2018).
mTOR-dependent phosphorylation of SOD1 at S39 in yeast and T40 in humans in response to
sufficient nutrient supply restrains SOD1 activity. In contrast, starvation stimulates SOD1
activity to prevent oxidative damage. These studies highlight the complexity of SOD1 proteins
throughout life and that they catalyse the crucial scavenging of superoxide and act as
transcriptional regulators to adapt to certain stressful situations. However, it needs to be
elucidated if this additional function as a transcriptional regulator is yeast-specific or a common
feature of SOD. In humans, SOD1 is studied to a great extent due to its pathogenic role in
amyotrophic lateral sclerosis (ALS) which is a fatal neurogenerative disease characterised by
gradual loss of motor neurons (Redler and Dokholyan, 2012). SOD protein aggregates have
been discovered in patients with sporadic or familial ALS (Shibata et al., 1994, 1996). Recent
studies refine the idea of nonnative SOD1 oligomers as the toxic species involved in ALS
instead of large protein aggregates (Luchinat et al., 2014; Proctor et al., 2016). ALS-related
amino acid mutations and several post-translational modifications (PTMs) affect the stability
of the SOD1 dimer towards enhanced dimer dissociation, subsequently resulting in large
amounts of oligomers and aggregates (Redler et al., 2014; Broom et al., 2016). Interestingly,

environmental factors that induce PTMs significantly influence the disease progression
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(Pasinelli and Brown, 2006; Barber and Shaw, 2010; Chattopadhyay et al., 2015). Several
PTMs are described (Wilcox et al., 2009; Coelho et al., 2014) and are linked to increased
concentrations of nonnative disease-related oligomers (Redler et al., 2011; Coelho et al., 2014).
Recently, Fay and coworkers discovered a phosphomimetic mutation, T2D, that stabilises the
SOD1 proteins and rescues ALS-associated effects in cellular assays (Fay et al., 2016). The
authors speculate that the stabilisation of SOD1 in its native confirmation might offer a
reasonable pharmaceutical strategy against incurable ALS. Interestingly, the SOD1 protein in
humans cannot only be phosphorylated at threonine-2 but also at Thr-58 or Ser-59 (Wilcox et
al., 2009). Furthermore, it is glutathionylated at Cys-111 which strongly promotes dimer
dissociation. Protein glutathionylation is linked to redox regulation in human and plants (Dalle-
Donne et al., 2009); however, so far only a model exists in humans in which increased oxidative
stress promotes SOD1 monomer formation and subsequently SOD1 aggregation (Wilcox et al.,
2009). The Cys-111 is not strictly conserved between humans and Arabidopsis; however, CSD1
contains a Cys at position 101 that is not present in human SOD1. The T58/S59 phosphorylation
site is also of interest as this amino-acid sequence is shared in nearly all SOD1 proteins
throughout life and it was shown that this site is phosphorylated in yeast and results together
with S99 phosphorylation in relocalisation of SOD1 into the nucleus (Tsang et al., 2014).
Several of these PTM sites are also conserved in plants; however, in plants, we lack information
about putative PTMs on CSD1. For example, Ser-58 and Thr-59 are conserved. Thus, these are
promising candidates for PTMs in plants. A study in mice identified another PTM site of
particular interest where the Ser-98 within a solvent-exposed beta-sheet of SOD1 was
phosphorylated (Banks et al., 2017). This site is also involved in the regulation of SOD1s role
in transcription in yeast (Tsang et al., 2014) and is conserved in plants. Another interesting
aspect is the phenotype of SOD1/CSD1 loss in higher eukaryotes. Two studies explored that
loss of SODL1 is lethal in human cell lines (Inoue et al., 2010; Banks et al., 2017). In yeast,
SOD1 knockout results in increased sensitivity towards redox agents and hyperoxia (Culotta,
2000). Furthermore, it also results in an increase in spontaneous DNA mutations when cells are
grown in the air (Gralla and Valentine, 1991). In mice, SOD1 deficiency is not lethal, however,

results in many different phenotypes that resemble aging caused by elevated ROS (Elchuri et
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al., 2005; luchi et al., 2007; Hashizume et al., 2008). An in-depth phenotypic analysis in plants

is still missing that shows a true null mutant of CSD1 and the phenotypic result of it.””’

End of citation (Dreyer & Schippers, 2019)

The amino acid sequence of SOD1/CSD1 is largely conserved between Arabidopsis,
Saccharomyces cerevisiae and Homo sapiens, however it remains so far elusive if the novel
roles for SOD1 are also present in CSD1 of plants. Considering the importance of ROS
signalling in the development and the adaptation responses of plants, it is vital to elucidate if
CSD1 shares the novel molecular functions of SOD1 as this might represent an important target

for future breeding approaches.

1.6 Heavy-metal associated isoprenylated plant proteins (HIPP)

HIPP proteins have a specific two domain structure consisting of a heavy metal associated
(HMA) domain and a C-terminal isoprenylation motif (Tehseen et al., 2010). Sequence analyses
in the model plant Arabidopsis revealed 44 genes encoding proteins containing the two
characteristic domains. That said, some HIPP family members contain more than one HMA
domain. HMA domains (pfam 00403.6) exhibit a core sequence (M/L/IXCxxC) with two
characteristic cysteines that are implicated in heavy metal binding (Hung et al., 1998; Barth et
al., 2009). In general, HMA containing proteins are predicted to function in heavy metal
transport and heavy metal homeostasis (Lin et al., 1997). In addition to the HMA domain, HIPP
proteins contain an isoprenylation motif (CaaX-motif). Isoprenylation is a post-translational
modification that involves the formation of a covalent thioether bond between a cysteine and
farnesyl- or geranylgeranyl residues (Raju, 2019). The lipid modification of the protein creates
a hydrophobic anchor that is important for interaction of the protein with membranes or other
proteins (Yalovsky et al., 1999). In general, prenylated proteins play important regulatory roles
in cell cycle control, signal transduction, cytoskeletal organisation or intracellular vesicle
transport (Crowell, 2000). Recently, several HIPPs were linked to distinct stress responses. For
example, HIPP26 interacts with the zinc finger homeodomain transcription factor ATHB29,

which together regulate drought stress responses in Arabidopsis (Barth et al., 2009). In

7 pp. 23-25, Dreyer & Schippers (2019)
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Nicotiana benthamiana, HIPP26 interacts with the movement protein of the potato mop-top
virus that negates or reverses lipidation of HIPP26, thus releasing membrane-associated
HIPP26, thereby activating a drought stress response and facilitating virus long-distance
movement (Cowan et al., 2018). HIPP3 as novel zinc-binding protein is reported to be an
upstream regulator of the salicylate-dependent pathway and involved in biotic and abiotic stress
responses (Zschiesche et al., 2015). HIPP27 was identified as susceptibility gene for the beet
cyst nematode Heterodera schachtii as loss-of-function Arabidopsis hipp27 mutants exhibited

severely reduced susceptibility (Radakovic et al., 2018).

A recent report suggests that HIPP proteins represent a novel functional component of the plant
ER-associated protein degradation (ERAD) by interaction with cytokinin-degrading CKX
proteins and regulation of the ERAD of CKX proteins (Guo et al., 2021). Summarising the
recent findings, HIPP proteins are involved in abiotic and/or biotic stress response pathways.
Still, the exact molecular mechanism of HIPP proteins has not been identified. As HIPP proteins
are reported to be involved in stress adaptation processes, characterisation of HIPP family
members might provide clues on increasing crop resistance against biotic and abiotic stresses.

1.7 N-terminal acetylation

Post-translational and co-translational modifications of proteins represent an important
mechanistic tool for organisms to control protein function and fate. A pervasive protein
modification of which many scientists are unaware, even though most of the proteins of
prokaryotes and multicellular organisms receive it, is the N-terminal a-acetylation (NTA). NTA
is regarded as the irreversible enzymatic co- and post-translational addition of an acetate moiety
onto protein N-a-amino groups (Giglione & Meinnel, 2021). NTAs are found in all organisms.
Interestingly, the percentage of proteins that receive an NTA is increasing with organism
complexity. About 1-2 % of proteins in bacteria (Bienvenut et al., 2015; Ouidir et al., 2015),
10-45% in Archaea, 60% in fungi, and >80% of the cytosolic proteome in multicellular
eukaryotes are receiving an NTA (Aksnes et al., 2016; Breiman et al., 2016). The NTA is
catalysed by N-terminal acetytransferases (NATS) which transfer the acetyl group from acetyl-
CoA to the free a-amino groups of the protein N termini. In plants, several cytosolic/membrane
NATSs with distinct substrate specificity have been identified (Aksnes et al., 2016). NTAs are
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facilitated by NatA/B/C/E complexes that consist of distinct catalytic subunits. The catalytic
subunits associate with auxiliary subunits to improve catalytic performance, target specificity
and ribosome binding (Aksnes et al., 2016). The different Nat complexes contain different
substrate specificities and cover together a range of amino acids that receive an NTA. An NTA
to the a-amino acid alanine through the NatA complex is the most common acetylation in
Arabidopsis (Giglione & Meinnel, 2021).

NatA was the first NAT complex that was identified in plants (Linster et al., 2015; Xu et al.,
2015). The core of this complex consists of a catalytically active subunit (AtNAA10) and an
auxiliary subunit AtNAA15. In Arabidopsis, NAA10 and NAA15, subunits of NatA, are
classified as embryo defective genes (Devic, 2008) and T-DNA insertion lines confirmed the
loss of both subunits arrests embryo development (Feng et al., 2016b; Feng & Ma, 2016).
Arabidopsis plants expressing an artificial miRNA (ami) for AtNAAL10 or AtNAAL5 showed
altered development in combination with growth retardation (Linster et al., 2015) indicating
that both subunits are important for NatA activity. The amiNAA10 and amiNAA15 lines
showed increased tolerance to drought and it was proposed that NTA by NatA is a hormone-
controlled dynamic process that regulates cellular stress responses to drought (Linster et al.,
2015; Giglione & Meinnel, 2021). Furthermore, the proteasome machinery was upregulated in
the amiNAA10 and amiNAALS5 lines suggesting that the NatA complex might control cellular
proteostasis (Linster et al., 2015). A recent study showed the proteome of Arabidopsis plants is
imprinted with acetylation marks to coordinate proteome stability (Linster et al., 2022). The
absence of NTAs results in protein destabilisation by a novel nonAc/N-degron in plants. That
NTAs control the stability of proteins was known before, the number of proteins that are
controlled by NTAs surprised. However, NTAs not only control the stability of proteins, but
they also regulate the folding, complex formation or membrane targeting. In Arabidopsis, the
mechanistic role for the NTA was shown for the SUPPRESSOR of NPR1 CONSTITUTIVE 1
(SNC1) where the reception of the NTA serves as degradation signal (Xu et al., 2015). So far,
only a few examples of a mechanistic function for the NTA are known, but with further research

more examples can be expected.

Inside a plant cell, considering space and time, the pool of proteins of one single protein may
feature both unmodified (free) and N-acetylation termini resulting in partial in vivo NTA. The
acetylation yield (NTAed/(free + NTAed) describes the relationship between the NTAed and
free fraction of the protein ranging from 0 to 100% (Aksnes et al., 2016). As the NTA regulates
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different aspects from stability to complex formation, the acetylation yield might represent a
cellular mechanism to fine-tune the molecular function of target proteins. NTAs represent a
PTM of high importance considering the control of the stability of a protein pool. The
identification of target proteins might allow for specific fine-tuning of adaptation responses and

developmental processes and therefore be a novel target for future breeding strategies.

1.8 Moonlighting

Before the establishment of the industrial law people in the USA had long daily working hours.
The sudden establishment in 1938 gave people more daily time on their hands, and to fill that
newly gained free time many people started an extra (part time) job. The extra job often came
at night when the moonlight is shining. Therefore, it was named moonlighting to follow a
second job part time in the evening to earn additional money. Nowadays, holding a second job
is generally called moonlighting, sometimes also referred to illegal employment. In a biological
context, the phenomenon by which a protein can perform more than one function is called
protein moonlighting (Jeffrey, 2003). In 1999, Constance Jeffrey was the first to draw the
similarity between proteins with a second function and people with a second job, generating a
new scientific term (Jeffrey, 1999; Huberts & van der Klei, 2010). Moonlighting proteins
presumably possessed a single function and gained the additional through evolution. A
moonlighting protein performs its dual function through the same domain which is different
from multifunctional proteins which contain multiple domains (Sriram et al., 2005). Many of
today’s known moonlighting proteins are involved in highly conserved processes like for
example glycolysis and tricarboxylic acid (TCA) cycle. Especially those proteins possessing
fundamental enzymatic functions are often highly conserved and found throughout the different
kingdoms of life, are also the best candidates to gain a second function (Huberts & van der Klei,
2010). The HEXOKINASE 1 (HXK1) is one of the identified moonlighting proteins in
Arabidopsis. HXK1 is a glucose sensor that integrates nutrient and hormone signals to govern
gene expression and plant growth in response to environmental cues (Moore et al., 2003). Cho
et al. suggested that nuclear HXK1 forms a glucose signaling complex with novel nuclear
interaction partners to directly modulate specific target gene transcription independent of
glucose metabolism (Cho et al., 2006). Another moonlighting protein is the enzyme aconitase

which catalyzes the isomerisation of citrate to isocitrate as part of the TCA cycle (Hirling et al.,
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1994). In animals, under conditions that lead to low iron concentrations the cytosolic aconitase
loses its iron-cluster, consequently its enzymatic function and becomes an RNA binding protein
binding to iron-responsive elements in untranslated regions of mMRNAs (Hentze & Kiihn, 1996).
Here, the moonlighting cytosolic aconitase is also renamed to iron regulatory protein 1 (IRP1).
In plants, aconitase binds to the untranslated region of the chloroplastic CSD2 mRNA, thus
regulating its translation and playing a role in mediating oxidative stress (Moeder et al., 2007).
Only a handful of moonlighting proteins are characterised for both individual functions in plants
and other organisms (Jeffrey, 2014). However, increasing evidence suggests that especially
cytosolic enzymes of the central metabolism might be moonlighting proteins by taking over
new tasks to connect energy metabolism to adaptive stress responses and maintain redox
homeostasis (Jethva et al., 2022). The concept of moonlighting is also extended to plant kinases
by creating specific signaling niches (Turek & Irving, 2021). Two classes of moonlighting
proteins, trigger enzymes and intracellular/surface moonlighting proteins (Jeffrey, 2019), are
arising. To understand the complex signaling during development, abiotic/biotic stress
signaling and the additional crosstalk between these, it is of paramount importance to identify
and characterise moonlighting proteins and their hidden functions.

1.9 Scope of this thesis

Recent advances in developmental and stress response biology indicate the importance of ROS
homeostasis to guide and regulate these physiological processes. In this light, new hypotheses
were established for the role of cellular regulators of ROS homeostasis, like SODs. This resulted
in several new discoveries regarding SODL as transcriptional regulator during oxidative stress
(Tsang et al., 2014) and as a regulator in nutrient sensing (Tsang et al., 2018), thus changing
the textbook view on SOD1. Furthermore, the efforts to understand the role of SODL1 in the
development of ALS resulted in the identification of a plethora of PTMs that SOD1 receives in
human cells (Banks & Andersen, 2019). On top, SOD1 is reported to interact with several other
proteins (https://thebiogrid.org, Stark et al., 2006), suggesting that it acts in different protein

complexes through-out the cell. These recent advances have been made in yeast and human
cells and indicate a more diverse molecular function of SOD1. This work here tackles the
question if the textbook view on the conserved SOD1 protein in plants, CSD1, also needs to be

altered towards a multifunctional and moonlighting protein. This was addressed by three main
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research questions: (1) Is CSD1 a transcriptional regulator in plants? (2) Is CSD1 post-

translationally regulated in plants? (3) In which protein complexes does CSD1 act in plants?

The main aim of the study is determining if CSD1 is a moonlighting protein in Arabidopsis by
acting as a transcriptional regulator. Here, a combination of molecular, biochemical and
physiological experiments was used to tackle this question. To shed further light on the
molecular function of CSD1 as ROS and transcriptional regulator, post-translational
modifications and potential interactors were assessed. Therefore, novel experimental
approaches using a CSD1-specific antibody were undertaken to gain knowledge in the wild

type Arabidopsis background.

Taken together the experimental approach taken here will fill the knowledge gap about the
regulation and function of CSD1 in Arabidopsis. This will alter the current simplistic view on
CSD1 and might give leads for a novel approach for future breeding to directly address the

protein structure, stability and turn-over rate instead of gene expression.
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2 MATERIAL AND METHODS

2.1 Arabidopsis lines

The T-DNA insertion lines used in this study were obtained from the Nottingham Arabidopsis
Stock Centre (NASC). Homozygous T-DNA insertion was confirmed using the following
primers: csd1-3 (SALK_024857; LP 5°-3° GTC ATT ACC CTT TCC GAG GTC; RP 5°-3
AAC AGT TTC TGG CCT TAA GCC), hipp20-1 (SALK 048115; LP 5-3° AGG TGA AGA
TCG ACT GTG ACG; RP 5-3° ATA TGT TGC GTT GCT TCT CAC), hipp21-1
(SALK_131715.53.60; LP 5-3° TCCATGGAAAAATGTGATTGG; RP 5-%
AAAAGAGAATGGGTGCATTTG), hipp22-1 (SALK_204024; LP 5-3
CCGGGATTTGTATTCTTCTCG, RP 5-3° CGCATTTGAAGCTTTCTTCAC).

In this study constructs for generating transgenic lines have been made by using a Gateway
expression vector and Agrobacterium tumefaciens (GV3101) to transform Arabidopsis plants
following the floral dip protocol (Clough & Bent, 1998). The transgenic lines 35S:HIPP20-
GFP, 35S:CSD1-GFP and 35S:GFP were generated by recombing the pENTR donor vectors
with the pK7FGW?2 destination vector (Karimi et al., 2007). The transgenic lines 35S:CSD1
(OxCSD1) and 35S:FLAG-CSD1 (OxFLAGCSD1) were generated by recombining the pENTR
donor vectors with the pK7GW2 destination vector (Karimi et al., 2007). All transgenic lines

were screened on kanamycin to establish stable non-segregating lines.

2.2 Bacterial and yeast strains

Several bacterial and yeast strains have been used in this study. The bacterial strains DB3.1
(ThermoFisher), TOP10 (ThermoFisher) and DH5o (ThermoFisher) were used for the cloning
approaches to acquire and propagate plasmids. The yeast strain PJ69-4a was used for the Y2H
experiment and the Agrobacterium tumefaciens strain GV3101 was used to generate transgenic
Arabidopsis plants using the floral dip method (Clough & Bent, 1998).
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2.3 Plant growth conditions

2.3.1 Arabidopsis thaliana cultivation on soil

Arabidopsis seeds were sown on soil (Einheitserde VM, Gebriider Patzer, Sinntal-Jossa,
Germany) that was mixed with nematodes to prevent fly infestation. Stratification of seeds was
performed at 4° C for 48 hours and then grown under long-day conditions (16 h light period at
21° C, 8 h darkness at 16° C) at 60% relative humidity and a light intensity of 120 umol s m-
2. A light cycle of 8 h light at 22° C, 16 h darkness at 20° C with a relative humidity of 60%
and a light intensity of 100 pmol s m was used as short-day conditions. Arabidopsis plants

grown under short-day conditions were used for the isolation of protoplasts.

2.3.2 In-vitro cultivation of Arabidopsis thaliana

For selection, sterile transgenic Arabidopsis seeds were grown on %2 MS medium (0.05% MES,
0.5% Sucrose) containing kanamycin. To sterilise Arabidopsis seeds, seeds were treated with 1
ml of sodium hypochlorite (1% v/v) for 5 minutes at room temperature. Afterwards, the sodium
hypochlorite was decanted under sterile conditions and seeds were washed 5-times with 1 ml
of sterile dH>O and sown to the plates. These plates were stratified for two days at 4° C in the

cold room before being transferred to the long-day Percival.

For RNA-seq, ChIP-seq or pulldown experiments, sterile Arabidopsis seeds were sown directly
in liquid %2 MS medium (0.05% MES, 0.5% Sucrose) in a 100-ml Erlenmeyer flask. These

flasks were directly transferred into a Percival with long-day conditions.

2.4 Transfection of Arabidopsis mesophyll protoplasts

Transfection of Arabidopsis protoplasts was performed via the “Tape-Sandwich” protocol (Wu
et al., 2009). For all transfections of Arabidopsis protoplasts to study protein localisations, 10
pg of plasmid was used. In BiFC experiments, 5 pg of plasmid was used. In transactivation

assays, 5 pg of the promoter and effector plasmid was used and 1.5 pg of the reference plasmid.
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2.5 Transfection of Oryza sativa stem cell protoplasts

For transfection of Oryza sativa stem cell protoplasts, O. sativa stems were cut with a razor
blade into fine strips. Protoplasts were then generated and transfected following the tape-
sandwich protocol (Wu et al., 2009), except using Onozuka RS cellulase (Duchefa) instead of
Onozuka R-10 (Duchefa). Furthermore, the centrifugation steps were performed at 240 x g

instead of 100 x g.

2.6 Nuclear localisation

Arabidopsis mesophyll protoplasts were isolated via the “tape-sandwich” method (Wu et al.,
2009) and transfected with the p2GWY7,0-CSD1 construct that is expressing the CSD1-YFP
protein via a 35S promoter. To study the localisation of the HIPP20 protein, the p2FGW?7,0-
HIPP20 construct was used. For the HIPP21 and HIPP22 localisation, the p2GWY7,0-HIPP21
and p2GWY7,0-HIPP22 construct was used to transfect Arabidopsis mesophyll protoplasts.
These gateway vectors were used from Karimi et al., 2007.

After the transfection, the protoplasts were kept in the dark overnight and examined using the
confocal laser scanning microscope (Leica, SP8) at the following day. The 4,6-Diamidin-2-
phenylindol (DAPI) was used to confirm the nuclear localisation and shortly before imaging.

Stable transgenic Arabidopsis plants expressing the 35S:HIPP20-GFP or 35S:CSD1-GFP were
generated with the pK7GWF7,0-HIPP20 or pK7GWF7,0-CSD1 construct and the floral dip
method (Clough & Bent, 1998). The plants were selected into the T> generation and afterwards

examined using the confocal laser scanning microscope (Leica, SP8).

2.7 Fluorescence recovery after photobleaching (FRAP)

Transgenic Col-0 plants carrying a 35S:CSD1-GFP or a 35S:GFP construct were sowed out on
Y. MS medium (0.05% MES, 0.5% Sucrose) and grown in a Percival for 2 weeks. The roots of
seedlings were imaged under control (4H20) and treated (NaCl) conditions by immersion in the

indicated solution under a cover glass on an objective slide using a confocal laser scanning
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microscope (SP8; Leica Microsystems). The following FRAP protocol was used to bleach the
nuclei and measure the fluorescence recovery: (1) pre-bleach (2 iterations; t/iteration 3
seconds), (2) bleach (80% laser intensity, 4 seconds), (3) post-bleach 1 (60 iterations, t/iteration
3 seconds), (4) post-bleach 2 (20 iterations, t/iteration 6 seconds). For each individual condition,
at least five individual measurements were performed. The standard deviation is displayed in

the graphs.

2.8 Nuclear enrichment of the CSD1 protein

The transgenic Col-0 plants carrying a 35S:CSD1-GFP construct were grown in liquid %2 MS
medium (0.05% MES, 0.5% Sucrose) for 2 weeks. After 14 days the plants were stressed with
150 mM NacCl for 5, 10 and 15 minutes and frozen in liquid nitrogen. The nuclei of these plants
were isolated following the protocol of Kaufmann et al., 2010. Afterwards, the nuclei pellet
was diluted in SDS-PAGE buffer and cooked for 10 minutes at 95 degrees to disintegrate the
nuclei. Subsequently, the nuclei extract was chilled on ice for 5 minutes and subjected to an
SDS-PAGE with 5% stacking and 12% resolving gels. After separation of the proteins, the
proteins were transferred to a nitrocellulose membrane by semi-dry blotting at medium range
following the manufacturer instructions (Pierce G2 FastBlotter, ThermoFisher). The membrane
was incubated for 1 h at RT with 5% milk powder dissolved in TBST. The primary antibodies
(anti-GFP 1:5000, anti-H3 1:5000) were incubated overnight at 4 degrees in 5% milk dissolved
in TBST. After the incubation, the membrane was washed four times with TBST for 5 minutes
followed by a 1.5-hour incubation with the secondary antibody (anti-mouse 1:5000 in 5% milk
with TBST) at room temperature. Before imaging, the membrane was washed again with TBST
four times for 5 minutes. For detection, 1 ml of the Luminata Crescendo HRP-substrate
(Millipore, Burlington, MA, USA) was added onto the membrane and the ChemiDoc (BioRad,

Hercules, CA, USA) was used as detection device.

2.9 Salt tolerance experiment

Col-0, csd1-3 knockdown and 35S:CSD1 Arabidopsis plants were sowed on ¥2 MS (0.05%
MES, 0.5% Sucrose) and stratified at 4 degrees for 48 hours. Three days after germination, the
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seedlings were transferred to ¥ MS (0.05% MES, 0.5% Sucrose, 125 mM NaCl) and observed
for their survival after 5 days growth in the Percival under long-day conditions. The survival
rate of the seedlings was determined as dead and alive. The sample-size was 20 seedlings per

genotype and condition.

The effect of salt stress on soil-grown Arabidopsis plants was explored by sowing Col-0, csd1-
3 and 35S:CSD1 Arabidopsis seeds on soil. The seeds were stratified for 48 hours at 4 degree
and afterwards transferred into the short-day growth chamber. After four weeks of growth, the
plants were watered with a 350 mM salt solution three-times per week. This watering regime
was performed for three weeks, and the effects were analysed after three weeks. The phenotype
was analysed by leaf scoring where every plant with at least one senescing leaf (transition from
green to yellow, chlorophyll breakdown) was scored. Through this analysis, the effects of the
salt-stress regime on the different genotypes were discriminated. For each genotype and

conditions, the sample size is n= 15.

2.10 Transcriptional profiling by RNA-seq

About 20 to 25 seeds of the Col-0, csd1-3 and 35:CSD1 Arabidopsis genotypes were sowed in
20 ml of liquid ¥2 MS medium (0.05% MES, 0.5% Sucrose). The flasks were directly transferred
to the long-day Percival and the seedlings grew for 14 days. After 14 days, the plants were
stressed with 150 mM NaCl for 30 minutes and frozen in liquid nitrogen. The plants were
grinded in a pebble mill with five metal beads and subsequently the total RNA was isolated
following the manufacturer instructions (NucleoSpin® RNA kit, Macherey-Nagel, Duren,
Germany). The total RNA was shipped on dry-ice to Novogene (UK) Company Limited
(Cambridge, United Kingdom) and the mRNA-sequencing was performed as paired-end (150
bp per read) Illumina sequencing. The raw data was processed according to Pertea et al. (Pertea
et al., 2016). The Arabidopsis thaliana ENSEMBLEA46 reference genome from January 2020
was used as reference for the Stringtie and DeSEQ?2 analysis. The DeSEQ?2 tool was used to
generate the final output of the differential expressed genes which is using the WALD statistics
and the Benjamini-Hochberg correction for the adjusted p-value. For all analysis, the internal

galaxy platform was used (https://usegalaxy.org).
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2.11 Transcriptional profiling by RT-gPCR

Corresponding to the RNA-seq experiment, 20 to 25 seeds of the Col-0, csd1-3 and 35S:CSD1
Arabidopsis genotypes were grown in 20 ml liquid ¥2 MS medium (0.05% MES, 0.5% Sucrose)
for 14 days and afterwards stressed with 150 mM NaCl for 30 minutes. Subsequently, the total
RNA was isolated following the manufacturer’s instructions (NucleoSpin® RNA, Macherey-
Nagel, Duren, Germany). A genomic DNA digestion is part of the kit and was performed as
on-column digestion. The cDNA synthesis was performed with 2.75 ug of total RNA and
oligo(dT1g) primer following the manufacturer’s instructions (RevertAid First Strand cDNA
synthesis kit, Thermo Fischer). After the synthesis, the cDNA was diluted with 60 pl of ddH20

and stored at -80 degrees until further use.

Quantitative RT-PCR was performed in 5 pl reactions with the PowerUP™ SYBR™ Green
Master Mix (Thermo Fischer) and measured with the QuantStudio™ 5 Real-Time-PCR system
(Applied Biosystems™, Thermo Fischer) according to the manufacturer instructions. The
software settings were used to determine the relative quantification of gene expression. All
reactions were performed with at least three technical replicates. Expression levels were

normalised using Ct values obtained for the housekeeping gene UBI10 (AT4G05320).

A list of the gene-specific gPCR primers that were used in this study can be found in Table 2.
These primer pairs were designed with the QuantPrime software tool (Arvidsson et al., 2008).
Table 2: List of primers used for the gene expression analysis. Displayed are the forward and reverse primer

sequences used in this study. The primers were designed using the QuantPrimer software tool (Arvidsson et al.,
2008).

Primer name Sequence (5°- 3")
AT1G25560_gF_TEM1 GGATGAATCCGTCTCCGACGAAAG
AT1G25560_gR_TEM1 AACCGCCACACTTTCCCTGTTC
AT1G68840_qF TEM2 TGGGAAGCTAAACCGTCTCGTG
AT1G68840_gR_TEM?2 ACGGTGACGGTAACGGAAAGTG
AT1G19180.1_gF JAZ1 TGTTCTGAGTTCGTCGGTAGCC
AT1G19180.1_gR_JAZ1 AGTTCCATTGACATCAGGCTTGC

AT2G02990.1_gF_RNS1 AATCTTGCCTTCTGTCTTCTCTGC
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AT2G02990.1_gR_RNS1
AT2G24850.1_qF_TAT3
AT2G24850.1_qR_TAT3

AT3G14440.1_qF_NCED3

AT3G14440.1_gR_NCED3

AT3G22830_qF_HSFA6B

AT3G22830_gR_HSFA6B
AT1G55330_gF_AGP21
AT1G55330_qR_AGP21

AT2G27690_gF_CYP94C1

AT2G27690_gR_CYP94C1
AT3G62100.1_gF_IAA30
AT3G62100.1_gR_IAA30
AT1G02310.1_gF_MAN1
AT1G02310.1_gR_MAN1
AT1G08830.1_gF_CSD1

AT1G08830.1_gR_CSD1

GTCACAGTATGATCCTGGCCATTG

CCATTCCAACTTCAGGACTTGCC

AAATATTCAGCCACCGCCCTTC

TCGAAGCAGGGATGGTCAACAG

GCTCGGCTAAAGCCAAGTAAGC

TCAGCAGCTAGTAGAGCAGAAGG

TCTTCTTGCTGATCGCCTCTTCG

TGGTTGTTGCGGTGGCTTTCTC

GCAGCATCAGAAGTTGGGCTTG

AAGAACTGGACCGGGTTATGGG

TTTCATCGCAACGAGCAGTGAC

CGTGCTAACGTACGCAGACAAAG

CTCACGCTAGACAAGAACATCTCC

TCCATATCTACCCGGATTCTTGGC

ATGTGCTCCGATCCATCTGTCC

AACGGTTGCATGTCTACTGGTC

GTGATTGTGAAGGTGGCAGTTCC

2.12 SELEX

The protein coding sequences of CSD1 and KUA2 were cloned into the Flexi® vector
(Promega) by using the Sgfl/Pmel restriction enzymes. A FLAG-tag was introduced while the
coding sequences were amplified from the original pENTR® entry clone. The protein
expression was performed in the Wheat Germ Extract (Promega) following the manufacturer’s
instructions. After the expression, the FLAG-tagged fusion proteins were cleaned up with 25 ul
of Anti-FLAG® M2 magnetic beads (Sigma-Aldrich) following manufacturer instructions. The

proteins were bound to the beads by incubation at 4 degrees for 1 hour on a vertical rotor. The
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bead-protein mixture was now used for the SELEX approach and incubated with the synthetic
DNA library for 1 hour at 4 degrees on an orbital shaker. The synthetic library was amplified
with a standard Taqg-polymerase PCR and purified by the PureLink® Quick Gel Extraction Kit
(Invitrogen). By using the MagneSphere® Technology (Promega) the supernatant was
discarded and the bead-protein-DNA complex was washed with a Tris-HCI buffer for three
times. The elution was performed with 50 ul of 0.1 M Glycine-HCI (pH 3.0) with subsequent
neutralisation with 150 pl 1 M Tris (pH 8.0). 10 pl of this supernatant was used for the next
PCR amplification cycle which was performed as indicated above. The described cycle was
performed six times. After the last cycle, the small DNA molecules were cloned into the pJET

1.2/blunt vector (Thermo Scientific) and sequenced.

2.13 DAP-seq

For the DAP-seq experiment, which was performed by Anna Bartlett, analysed by Carol Huang
and supervised by Joe Ecker at the Salk Institute in La Jolla, CA, USA, the expression vector
of CSD1 fused to a HALO-tag or fused to a FLAG-tag was prepared. The experiment at the
Salk Institute was performed and analysed as described before (O’Malley et al., 2016; Bartlett
etal., 2017).

2.14 ChlIP-seq

About 25 Arabidopsis Col-0 seeds were sowed in 25 ml of liquid %2 MS medium (0.05% MES,
0.5% Sucrose) and grown for 16 days under long-day conditions. On the 16" day of growth,
the plants were treated with 150 mM NaCl for 30 minutes. The ChlP-seq experiment was
performed according to the protocol from Kaufmann et al. with minor modifications
(Kaufmann et al., 2010; Neuser et al., 2019). For each replicate, all grown seedlings were
harvested and directly cross-lined in 1% formaldehyde solution. Obtained chromatin pellets
were sonicated at 4° C with a standard stab sonicator. From the sonicated chromatin a sample
was set aside to serve as input DNA, while the remaining was equally divided into an IP-sample
and negative control sample. For the IP sample, the specific CSD1-antibody (25 ul), which was
designed and extracted at the IPK, was used together with Pierce™ Protein A magnetic beads
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(Thermo Fischer). As negative control only, magnetic beads were used. Obtained DNA from
the input, IP and negative control fractions was purified with the MinElute® PCR purification
Kit (QIAGEN, Hilden, Germany). The quantitative PCR reactions were performed with
PowerUP SYBR Green Master Mix (Applied Biosystems) on a QuantStudio 5 Instrument
(Applied Biosystems) using specific primers to various promoter regions of selected putative
target genes. Obtained data for the different samples were processed and normalised to their
input DNA.

The ChlP sequencing was performed at Novogene (UK) Company Limited (Cambridge, United
Kingdom) by sending the samples on dry ice. The analysis of the ChlP-seq raw data was
performed by using the internal galaxy platform. After finalising the QC and trimming, the raw
data were mapped to the Arabidopsis Araportl1 genome version by using Bowtie. In the second
step, the MACS2 software was used to call the individual peaks followed by the motif analysis

using HOMER. Individual peaks were visualised with the integrated genome browser (IGB).

2.15 EMSA

The electrophoretic mobility shift assay (EMSA) was performed by using IRDye680®-
conjugated DNA probes of 35-40 nucleotides. The forward and reverse sequences were
conjugated with the IRdye680 at the 5° ends. Initial annealing was performed by mixing 5 pl
of forward and reverse DNA probe (100 uM stock) in 30 pl of nuclease-free water in amber
tubes. The probe mixture was incubated at 95° C for 5 minutes and slowly cooled down to root
temperature to allow annealing. The labelled probe was diluted 1:200 in nuclease-free water to

be ready for use.

Binding reactions were performed on ice for 60-90 minutes by using the Odyssey® Infrared
EMSA kit (LI-COR). A 20 pl binding reaction contained 2 pl 10x binding buffer (100 mM
Tris, 500 mM KCI, 10 mM DTT; pH 7.5), 0.5 pl 100 mM MgCI2, 0.5 pl 1M KCI, 1.0 pl of
Poly(dIxdC) (1 pg/ul in 10 mM Tris, 1 mM EDTA, pH 7.5), 2 ul of labelled probe (1:200), 5
pl of purified CSD1 protein (400 ng/ul, expressed in E. coli, His-Tag). For competition, 2 pl of
the undiluted unlabelled EMSA probe was added to the binding reaction.

After the incubation of the binding reaction, 2 ul of Orange loading dye was added to the

binding reaction. Subsequently, the protein-DNA mixture was loaded onto a pre-run 5% TBE
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PAGE gel containing 0.25% glycerol and run at 70 V in the dark at 4° C for 60 minutes. The

IRdye680 was imaged using an Odyssey® imaging system (LI-COR).

The EMSA probes used in this study are displayed in Table 3.

Table 3: EMSA probes used in this study. The individually designed EMSA probes of this study are displayed

and the putative CSD1 binding site is highlighted.

Probe name

Sequence (5°- 3")

SPL2_ motifl_F
SPL2_motifl_R
SPL2_motif2_F
SPL2_motif2_R
NCED3_motifl_F
NCED3_motifl_R
ZAT7_motifl_F
ZAT7_motifl_R
ZAT7_motif2_F
ZAT7_motif2_R
HSFA6B_motifl_F
HSFA6B_motifl_R
HFSA6B_motif2_F
HSFA6B_motif2_R
TAT3_motifl_F
TAT3_motifl_R
TAT3_motif2_F
TAT3_motif2_R
CIF1_motifl_F
CIF1_motifl_R
MDAR4_pemol_F
MDAR4_pemol R
MDAR4_pemo2_F

MDAR4_pemo2_R

aaacaacttcttatacT GCTT Tttaaagtattgaaagaat
attctttcaatactttaaAAAGCAgtataagaagttgttt
aaactaaaacatatacTAAAGCALtgggttgtcttgatttt
aaaatcaagacaacccal GCTT T Agtatatgttttagttt
tgccaaagaattggAAGCTT T Tgttaccaaact
agtttggtaacAAAAGCT Tccaattctttggca
ttgtattttgtggaggAAAG CAccaagaacattccttt
aaaggaatgttcttggTGCT T Tccaccacaaaatacaa
tatttccttacactttAGCT T Acttacgcagcaagcac
gtgcttgctgcgtaag TAAGCTaaagtgtaaggaaata
gatgccaacaacacaaagT GCAAAttcttttaatatgaaaa
ttttcatattaaaagaaT T TGCActttgtgttgttggcatc
aacacttctttattataAGCTATtaaacaaaatcttgcct
aggcaagattttgtttaATAGCTtataataaagaagtgtt
ggtagtgtttcacgag AT CGAAT attttcttgttttttg
caaaaaacaagaaaatAT TCGAT ctcgtgaaacactacc
gttatacttaacattaAGCTATagttaaatgtttagtt
AactaaacatttaactATAGCTtaatgttaagtataac
aagagcataatacgacattaattTGCAT Taatcgtcaagttgcaattatgt
acataattgcaacttgacgattAAT G CAaattaatgtcgtattatgctctt
agaaaccatgggaagagcT TTCGTgtatgtaattctcggagg
cctccgagaattacatacACGAAAgctcttcccatggtttct
tcgtgcaagcaaagagtTAAGCTAggtcccactctcataat

attatgagagtgggaccTAGCT T Aactctttgcttgcacga
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2.16 Hydrogen peroxide treatment of CSD1

The pre-treatment of CSD1 with hydrogen peroxide was performed on ice by the addition of
equal volumes of different H.O> stocks to ensure equal CSD1 concentrations in the stocks.
CSD1 was incubated with different H,O> concentrations for 4 hours on ice and used for the
EMSA or activity assay experiment subsequently.

2.17 SOD activity assay

The SOD activity assay was performed by using the E. coli expressed CSD1 protein and the
SOD assay kit (Sigma Aldrich). This kit is using the WST/WST-formazan formation upon
superoxide production by the xanthine oxidase. The assay was performed following the
manufacturer’s instructions and measured at 30 and 60 minutes after incubation in a standard

96-well plate reader.

2.18 Transactivation assay

Arabidopsis mesophyll protoplasts were isolated and transfected as previously described (Wu
et al., 2009). The coding sequences of the effector proteins like CSD1 and FLAGCSD1 were
recombined with the p2GW?7,0 vector (Karimi et al., 2007) containing the CaMV 35S promoter.
Upstream promoter regions of putative target genes were cloned with a targeted size of 1 kb
and recombined with the p2GWL7,0 vector to place them upstream of the firefly LUC gene
(Table 4). Protoplasts were co-transfected with both indicated vectors (5 pug per transfection)
and a normalisation vector UBI10:RnLUC (1.5 ug per transfection) (Licausi et al., 2011). Dual-
Luciferase® Reporter assays (Promega) were performed as previously described (Licausi et al.,

2011). Luminescence was measured using a GloMax® Discover device (Promega).
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Table 4: Primers used in this study to amplify promoter sequences for the transactivation assays. The displayed
primers were designed to amplify and clone a promoter sequence of approximately 1kb.

Primer name Sequence (5- 3")
AT2G24850_pTAT3_for CACCCACAATTAGATGCATTTTTTCATCTG
AT2G24850_pTAT3_rev GATCTTTCTGTCTTGCGTTTG

AT3G14440_pNCED3_for CACCGTGTTCAATTAAGGATTTTGTTCAC
AT3G14440_pNCED3_rev CAAGTGTGTTCAATCAGTATTTGG
AT3G22830_pHSFAGB_for CACCGGAAGCTACCCTGCCCATTG
AT3G22830_pHSFAGB_rev CAAAGATTTTTTTATGTGGGTTTGAA

2.19 Gal4-based transactivation assay

In Gal4-based transactivation assays, the principle that the Gal4-DNA binding domain (DBD)
binds the upstream-activating-sequence (UAS) was used. Therefore, Arabidopsis mesophyll
protoplasts were transfected as described before with the vectors pDBD-GW?7 (35S:Gal4DBD-
GW) and pUAS:fLUC (UAS:fLUC) (Licausi et al., 2011). The effector proteins to study were
recombined with the pDBD-GW?7 by an LR reaction following manufacturer instructions
(ThermoFisher). For example, Arabidopsis mesophyll protoplasts were transfected with pDBD-
CSD1 (5 pg), pUAS:fLUC (5 pg) and 35S:RnLUC (5 pg, reference plasmid) to study the
effector protein CSD1.

2.20 Bimolecular fluorescence complementation (BiFC)

The expression vectors pUC:SPYNE (N-terminal YFP half) and pUC-SPYCE (C-terminal YFP
half) were used as vector system to study interactions in Arabidopsis mesophyll protoplasts
(Schutze et al., 2009). For example, the coding sequence of CSD1 and HIPP20 was introduced
by recombining the pENTR-CSD1/HIPP20 donor vectors with the pUC:SPYNE or pUC:SPYCE

destination vectors by an LR reaction (ThermoFisher) following manufacturer instructions.
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Arabidopsis mesophyll protoplasts were transfected with 10 pg of the pUC:SPYNE-CSD1 and
pUC:SPYCE-HIPP20 constructs and analysed with a confocal laser scanning microscope the
following day. A DAPI staining was used to confirm the nuclear localisation. Other BiFC

experiments were performed as described.

2.21 Yeast Two-hybrid (Y2H)

The PJ69-4a yeast strain was used and transformed via a Y2H transformation protocol (Gietz
& Woods, 2002). 10 ug of plasmids were used and 0.1 mg of carrier DNA (salmon sperm).
Yeast cells were transformed with the pDEST22 and pDEST32 (Invitrogen) destination vectors.
Here, the pDEST32-CSD1 (pUC:Gal4dDBD-CSD1) and pDEST22-HIPP20/21/22
(pUC:Gal4AD-HIPP20/21/22) vector combinations were used. Transformed yeast cultures
were incubated for 3h at 28° C with 250 rpm. Afterwards the cells were centrifuged and diluted
in 500 ul ddH20. Each dilution was further diluted 1:10 and 1:100 and subsequently spotted
onto SD medium plates lacking tryptophan and leucine (-LW) or lacking tryptophan, leucine
and histidine (-LWH) in duplicates. Furthermore, 3-amino-triazole (3-AT) was added to the
selection plates in 1 mM and 5 mM concentration to increase the selection pressure towards

strong interactions.

2.22 Extraction of total soluble protein extracts

To study the abundance and presence of CSD1 proteins in different Arabidopsis plants, the total
protein from Arabidopsis seedlings was extracted using the following method. Approximately,
100 to 200 mg of plant material was harvested in a 2.0 ml Eppendorf tube with 3-4 small
magnetic beads and quick-frozen in liquid nitrogen. By using a Retsch® mill the plant material
was ground and afterwards homogenised with 2 volumes (volume of ground powder) of
extraction buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton-X-100, protease inhibitor
cocktail mix (Roche)). The homogenous mixture was then kept on ice for 30 minutes for
solubilisation. Subsequently, the extract was centrifuged at max speed at 4° C for 15 minutes
to separate the soluble protein extract from the remaining debris. The soluble protein extract

was afterwards used for the western blot analysis.
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2.23 SDS-PAGE and Western blot

The concentration of protein extracts was determined by using the Pierce Coomassie Protein-
Assay-Kit (Lot. No. 23200, ThermoFisher). Afterwards, 30 pg of total protein was denatured
with the Protein Sample Loading Buffer (Lot. No. 928-40004, L1-COR) at 95° C for 5-7 minutes
and loaded and separated onto a 4/12% SDS-PAGE gel. The SDS-PAGE was performed using
and following the Mini-PROTEAN Tetra Cell system (Bio-Rad) and instructions. Transfer of
the proteins from the SDS-PAGE gel to a nitrocellulose membrane was performed using the
Pierce G2 Fast Blotter (ThermoFisher) using the mid-range settings (25 V, 8 minutes) and
following the manufacturer’s instructions. The nitrocellulose membrane was blocked overnight
at 4° C or for 1 h at RT with shaking with 5% non-fat milk powder dissolved in TBST (0.1%
Tween). The primary antibody (rabbit anti-CSD1; 1:1000) was incubated at RT for 1.5 h with
shaking in 5% non-fat milk powder dissolved in TBST. Before incubation with the secondary
antibody (anti-rabbit IRdye680 (LI-COR); 1:5000), the nitrocellulose membrane was washed
4-times with TBST. The incubation with the secondary antibody was performed at RT with
shaking for 1.5 h. After incubation with the secondary antibody, the membrane was washed 4-
times with TBST. Finally, the membrane was imaged using the LI1-COR Odyssey device at 700
nm wavelength. The ponceau staining (0.01 % Ponceau S in 1% acetic acid) was performed

after the imaging to control for equal loading.

2.24 Immunoprecipitation

To study and explore the complex formation of CSD1 and CSD2 in Arabidopsis, an
immunoprecipitation experiment with Arabidopsis Col-0 seedlings using the MagnaChIP™
Protein A magnetic beads (Sigma-Aldrich, Lot. No. 16-661) and the anti-CSD1 antibody was
performed. Arabidopsis Col-0 seedlings were grown in liquid %2 MS medium (with 0.5%
sucrose) for 13 days and stressed with 150 mM NacCl (5, 10, 30 minutes), 10 mM H2O: (5 and
30 minutes) and 5 uM paraquat/methyl viologen (5 and 30 minutes). Afterwards, seedlings
were immediately frozen in liquid nitrogen. Seedlings were ground with metal beads and a
Retsch® mill (approx. 1 g of plant material) and mixed with 2 volumes of extraction buffer (50
mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton-X-100, protease inhibitor cocktail and
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PhosSTOP mix (Roche)). Samples were kept on ice for 30 minutes for solubilisation and
homogenisation. To separate the soluble proteins from the remaining debris, the mixture was
centrifuged at max speed at 4° C for 15 minutes and the supernatant was transferred to a new
tube. This step was repeated to ensure that no debris remained. The supernatant was diluted
with the pulldown buffer (extraction buffer without the Triton-X-100) to adjust the Triton-X-
100 concentration to 0.2% in a 15-ml falcon tube. Here, 20 pl of the CSD1-specific antibody
(produced in rabbit) and, for four negative control replicates, 20 pl of the mCherry-specific
antibody (produced in rabbit) was added to the soluble protein extract. This mixture was
incubated overnight at 4° C with end-over-mixing. On the following day, 20 pl of the
MagnaChlP Protein A magnetic beads were prepared by washing them three times with 500 pl
of the pulldown buffer to remove the storage solution. A magnetic stand was used to separate
the magnetic beads and the supernatant. Subsequently, 20 ul of magnetic beads was added to
the total protein-antibody mixture and incubated at 4° C for 3 hours with end-over-mixing.
Afterwards, the magnetic beads were precipitated with the magnetic stand to remove the
supernatant. The magnetic beads were washed three times with 400 pl of the pulldown buffer.
For the mass spectronomy analysis, the beads were again washed four times with 500 pl of 50
mM Tris-HCI pH7.5, 150 mM NaCl to remove the protease inhibitor cocktail. Finally, the beads
were resuspended in 100 pl of 50 mM Tris-HCI pH7.5 and prepared for transport to the
collaboration partner on dry ice.

2.25 Mass spectrometry analysis

The pulldown samples with the protein complexes bound to the magnetic beads were shipped
on dry ice to Prof. Dr. Iris Finkemeiner in Minster (Germany). At the lab of Prof. Dr. Iris
Finkemeier, the peptides were digested in an on-bead digestion procedure with either GIuC (N-
terminal acetylation experiment) or Trypsine (Interactome analysis) depending on the
application. The mass spectrometry analysis was performed by Dr. Jiirgen Eirich and was based
on the enrichment of peptides in comparison to the negative control enrichment (magnetic beads
+ mCherry-specific antibody produced in rabbit). Hereby, an enrichment of the peptides was
determined and analysed for significance. Further information about the mass spectrometry

analysis is described in Balparda et al., 2022.
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2.26 Statistical analysis

Significant variations between genotypes or treatments were evaluated by either a Student’s t-
test, one-way or two-way ANOVA where appropriate. Mean values that were significantly
different (p < 0.05) from the control or wild type treatment are marked with an asterisk or small
alphabetic character. The use of different statistical methods, for example for the RNA-seq and

ChlP-seq analysis, is indicated in the corresponding chapters.
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3 RESULTS

3.1 Chapter 1: CSD1 translocates to the nucleus upon salt stress and
regulates the expression of salt-responsive genes

Based on previous studies in yeast and human cells, SOD1 does not only act as a scavenging
enzyme but also as transcriptional regulator (Tsang et al., 2014; Li et al., 2019). The scope of
this chapter is to explore the moonlighting function of CSD1 in Arabidopsis by using a

combination of molecular, biochemical and physiological experiments.

3.1.1 CSD1 translocates to the nucleus upon salt stress

CSD1 encodes the cytosolic SOD1 isoform in plants, and its counterparts in yeast and human
cells were shown to be present in the nucleus (Tsang et al., 2014; Li et al., 2019). To determine
the localisation of the Arabidopsis CSD1 protein, the coding sequence of CSD1 was cloned,
fused to YFP, and transformed into Arabidopsis protoplasts (Figure 1 A). Microscopical
analysis revealed that the CSD1 protein has a cytosolic and nuclear localisation.
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Figure 1: Localisation of CSD1 in Arabidopsis and Oryza sativa protoplasts. (A) C-terminal fusion of YFP to
CSD1 was used to explore the cytosolic and nuclear localisation of CSD1 in Arabidopsis protoplasts. Red is the
chlorophyll autofluorescence, magenta is the DAPI staining and yellow is the YFP fluorescence. Scale bar: 7.5
UM. (B) Bimolecular fluorescence complementation (BiFC) in Arabidopsis protoplasts was used to analyse the
dimer formation of CSD1 in the cytosol and nucleus. Scale bar: 5 uM. (C) In Oryza sativa, BiFC was used to
analyse the cytosolic and nuclear dimer formation of OsCSD1. Scale bar: 10 pM. DAPI staining was used to
confirm the nuclear localisation.

SOD1 protein is able to form dimers in the cytosol (Kim et al., 2014; Zhong et al., 2017). By a
bimolecular fluorescence complementation (BiFC) assay in Arabidopsis, it was tested whether
the CSD1 protein can also form dimers and if these dimers are also present in the nucleus. The
BiFC assay revealed that CSD1 dimers are localised to the cytosol and the nucleus in
Arabidopsis (Figure 1 B). To understand if dimer formation and nuclear localisation is
conserved, the BiFC experiment was also performed with the CSD1 protein of Oryza sativa.
Dimer formation in the cytosol and nucleus for OsCSD1 was observed in rice suggesting that

it represents a conserved feature (Figure 1 C).

As the enzymatic function of CSD1 involves dismutation of superoxide radicals to hydrogen
peroxide, which both harbour a molecular damage potency to DNA and proteins, and no direct
formation of both molecules in the nucleus is known, there is no obvious protective reason for
a nuclear localisation of CSD1 (Waszczak et al., 2018). Also, studies in yeast and human HelLa
cells showed a stress-specific enrichment of SOD1 inside the nucleus (Tsang et al., 2014; Li et
al., 2019). This provoked the hypothesis that the nuclear localisation of CSD1 might be
dynamic. To explore the translocation of CSD1 to the nucleus upon stress, a fluorescence
recovery after photobleaching (FRAP) assay in transgenic plants expressing a 35S:CSD1-GFP
fusion protein was performed (Figure 2).
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Figure 2: CSD1 translocate to the nucleus upon salt stress. (A) Stable transgenic 35S:CSD1-GFP Arabidopsis root
cells were used for FRAP analysis. Specific time points of the FRAP analysis are shown. White arrows indicate
targeted nucleus. Scale bar: 20 uM. (B) The quantification of the fluorescence intensity over time is plotted for
control and salt stress measurements. The data is represented as the change of the initial pre-bleach signal intensity.
Data points represent the average of ten independent measurements. Error bands represent the mean deviation. (C)
The FRAP quantification for the negative control of stable transgenic 35S:GFP Arabidopsis plants is shown. Data
points represent the average of at least three independent measurements. Error bands represent the mean deviation.
(D) The isolated nuclear fraction of 35S:CSD1-GFP Arabidopsis seedlings were analysed for the enrichment of
the CSD1-GFP fusion protein by immunoblotting. Nuclei were isolated from untreated and treated (150 mM NacCl)
Arabidopsis seedlings. An anti-HISTONES3 antibody was used as loading control.

Under control conditions, 45 % of the pre-bleach signal intensity was restored after 5 minutes
of recovery (Figure 2 B). To understand if this is due to passive diffusion or an actively
triggered process it was hypothesised that stress might promote nuclear localisation and thereby
accelerate the signal recovery. Interestingly, nuclear CSD1 levels recovered more rapidly after
NaCl stress in a concentration-dependent manner (Figure 2 B). As a control, plants expressing
only GFP were used to validate the stress-dependent translocation of CSD1 (Figure 2 C).
Independent of the conditions, the fluorescence signal of GFP recovers in a steady fashion
indicating a diffusion-based signal recovery in the nucleus. As GFP translocation alone was not
influenced by NaCl, it suggests that the CSD1 protein is actively transported to the nucleus

upon stress.
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With increasing salt concentration, fluorescence recovery is faster, corresponding with a more
rapid translocation of CSDL1 to the nucleus. This observation indicates that the translocation of
CSD1 to the nucleus occurs in a stress-specific and concentration-dependent manner, most
likely by an active transport mechanism.

To validate these observations, the nuclei from transgenic 35:CSD1-GFP plants under control
and salt stress conditions were isolated (Figure 2 D). By using a GFP-specific antibody and a
HISTONES3-specific antibody as loading control, the salt-induced enrichment of CSD1 in the

nucleus within 5 minutes of stress was confirmed.

By using a set of different experimental approaches, the nuclear localisation of CSD1 and also
the stress-specific nuclear enrichment of CSD1 was explored. The translocation is most likely
facilitated by an active import mechanism; however, the precise mechanism remains elusive.
The findings raise a set of subsequent questions: What is the role of CSD1 in the nucleus and
why does CSD1 specifically translocate upon salt stress? These questions raised the hypothesis
that CSD1 might be an important salt stress regulator in the nucleus.

3.1.2 CSD1is required for the salt stress response in Arabidopsis

The salt stress induced translocation of CSD1 to the nucleus raised the question if CSD1 is a
regulator of salt stress responses in Arabidopsis. A T-DNA insertion line of CSD1, csd1-3
(SALK _024857) (Figure 30), was identified as CSD1 knockdown line and a stable 35S:CSD1
transgenic line was generated as overexpression line to test the role of CSD1 in salt stress
tolerance in Arabidopsis (Figure 4 C). Of note, as CSD1 has a dual function, one as a ROS
scavenging enzyme and the second a here to be explored nuclear function, it will be challenging
to entangle the contribution of each to salt stress tolerance. Seeds of csd1-3, WT and 35S:CSD1
plants were germinated and grown for 3 days on ¥2 MS plates and subsequently transferred to
Y MS plates containing 125 mM NaCl (Figure 3 A).
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Figure 3: CSDL1 is required for salt stress tolerance in Arabidopsis. (A) Salt tolerance assay with the transfer of 3
days old seedlings to ¥2 MS medium containing 125 mM NaCl. Survival scoring was done after 4 days of growth
on salt-containing medium. (B) Quantification of the salt tolerance assay in Panel A. Plants with bleached
cotyledons were considered as dead. In total, 20 seedlings per genotype were analysed. The experiment was
independently repeated with similar results. (C) Col-0, csd1-3 and 35S:CSD1 Arabidopsis plants were grown for
6 weeks under short-day regime and then watered for 2 weeks with 350 mM NaCl solution. Afterwards, the
senescing leaves were scored. (D and E) Quantification of the salt-stress tolerance assay in Panel C was performed
by using a leaf scoring determining percentage of plants with yellow leaves (Yellow leaf in percent). In total, 15
plants were analysed for each condition and genotype. The experiment was repeated independently with similar
results.

The csd1-3 plants showed an impaired growth upon salt stress while the 35S:CSD1 plants
showed a wild type-like phenotype. The determination of the survival rate revealed that knock-
down of CSD1 negatively impacts the survival rate of Arabidopsis seedlings during salt stress
(Figure 3 B). The 35S:CSD1 plants did not show a significantly increased survival rate
compared to the Col-0 wild type plants. In a follow-up experiment, the response to salt stress
in the adult plant phase was analysed by growing the WT, csd1-3, 35S:CSD1 plants on soil
under short day conditions for 6 weeks followed by a watering-phase with 350 mM NacCl
solution. After two weeks of watering with the salt solution the phenotype was analysed (Figure
3 C). A picture of the corresponding control plants can be found in the supplement (Figure 29).
The visible inspection of the phenotype showed that salt stress leads to an accelerated
senescence phenotype in the csd1-3 background. The phenotype of the Col-0 and 35S:CSD1

plants was mildly affected by the salt stress and no difference between these phenotypes were
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observed. To quantify the salt stress experiment, a leaf scoring for all plants, control and salt
stress condition, was performed that scores the appearance of yellow leaves (Figure 3 D). The
leaf scoring showed that already under control conditions, several csd1-3 plants display early
senescence which is dramatically increased under salt stress where more than 80 % of all csd1-
3 plants contain one or more yellow leaves. In contrast, wild type and 35S:CSD1 plants did not
show a difference in their phenotype with about 20 % of plants displaying yellow leaves.
However, it is important to note that under control conditions, wild type and 35S:CSD1 plants

did not show any yellow leaves, only upon salt stress.

Summarised, lower levels of CSD1 result in an impaired response to salt stress with a decreased
survival rate during the early seedling stage and an accelerated senescence response during the

adult plant phase in Arabidopsis.

3.1.3 Transgenic 35S:FLAG-CSD1 plants indicate role of CSD1 in developmental
processes

Initially, prior to obtaining a CSD1 antibody, transgenic lines expressing a FLAG-tagged CSD1
protein were established for performing a ChIP-seq experiment. However, instead of obtaining
an overexpression line, the overexpression of the FLAG-tagged CSD1 protein resulted in a
complete knock-down of the transgene and the endogenous gene. A pK7GW2:FLAG-CSD1
construct was transformed into Col-0 wild type plants to generate the 35S:FLAG-CSD1
transgenic line. Several independent transformations events were screened into the T»
generation. The transgenic lines showed an astonishing phenotype that does not overlap with
the phenotype of 35S:CSD1 plants, but rather mimicked the csd1-3 lines (Figure 4).



Results 49

35S:FLAG-CSD1#4

35S:FLAG-CSD1 #2 35S:FLAG-CSD1 #5

g CSD1 expression in transgenic plant lines g %0»&6 0,\%%
o7 P
OXFLAG-CSD1 #8 90\ <
6’\2’ 520 6-?\/ ,Q\/?\
OXFLAG-CSD1 #5 - & P S e
OxCSD1 #2
)~ 15 kDa
csd1-3 - . o
wrt

-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00
log,FC(dCT) T

Figure 4: Overexpression of FLAG-CSD1 in Arabidopsis results in severe knock-down phenotype. (A) The
phenotype of Col-0, 35S:CSD1#2 and 35S:FLAG-CSD1#4 Arabidopsis plants at bolting, grown under short-day
conditions is shown. 35S:CSD1 plants showed red leaf pigmentation while 35S:FLAG-CSD1 plants showed an
early senescence phenotype and a growth reduction. (B) The cotyledon phenotype of independent 35S:FLAG-
CSD1 lines is shown. Plants were grown under short-day conditions. (C) The results of the expression analysis of
the CSD1 gene in different transgenic lines is shown. The RNA was isolated from leaves of 6-week old plants
grown under short-day conditions. Each data point represents at least three biological replicates. Error bars
represent the mean deviation. (D) Western blot of total protein extracts from different plant lines is shown. Plants
were grown under short-day conditions for 6 weeks and total protein extracts were isolated from leaves. The CSD1-
specific antibody was used as the primary antibody. Approx. 30 ug of total protein was used. A Ponceau staining
was used as loading control (lower panel).

During the seedling growth stage, approximately 7% of seedlings showed a cup-shaped
cotyledon phenotype that is either characterised by fused cotyledons, abnormal size of
cotyledons or even the lack of one cotyledon (Figure 4 B). In contrast to other cup-shaped
related phenotypes (Aida et al., 1997; Vroemen et al., 2003; Hasson et al., 2011), the fusion of
the cotyledons is independent of the meristem growth and did not result in arrest of the shoot
apical meristem. At the time of bolting, the 35S:FLAG-CSD1 plants showed an early
senescence phenotype with smaller rosette diameter as compared to Col-0 plants and 35S:CSD1
plants. Moreover, the 35S:FLAG-CSD1 plants did not show the characteristic anthocyanin
accumulation as observed for the 35S:CSD1 plants. In general, the 35S:FLAG-CSD1 plants
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showed a phenotype that resembles the phenotype of csd1-3 knockdown plants, which is also
characterised by smaller rosette size and early senescence. Interestingly, transgenic plants
expressing a pK7WG2:CSD1-GFP construct which have been used for the FRAP experiment
(Figure 2) did not show the characteristics of the 35S:FLAG-CSD1 plants (data not shown).

To further understand the phenotype of the transgenic 35S:FLAG-CSD1 plants, the expression
level of CSD1 was analysed by RT-gPCR (Figure 4 C). Strikingly, the expression level of
CSD1 in the 35S:FLAG-CSD1 lines was strongly downregulated (nearly 1000-times compared
to the wild type level). This downregulation resembled the level of the csd1-3 knockdown line.
In comparison, the 35S:CSD1 plants show a 32-times increased expression compared to the

Col-0 background.

As the expression level does not necessarily represent the proportional protein level, the CSD1
protein abundance was analysed in total protein extract from leaves by western blot analysis
with the CSD1-specific antibody (Figure 4 D). Here, the CSD1 protein levels correlated with
the gene expression levels in the different transgenic lines. An abundant CSD1 protein band
was visible in the 35S:CSD1 plants and Col-0 plants showed a less abundant CSD1 protein
band compared to the 35S:CSD1 plants. Interestingly, in neither the csd1-3 knockdown plants
nor the 35S:FLAG-CSD1 plants the CSD1 protein was detected. This is especially striking as
the 35S:FLAG-CSD1 plants carry the Col-0 wild type background and therefore the wild type
CSD1 protein should theoretically be detected.

Summarised, the expression of CSD1 with an N-terminal FLAG-tag results in a phenotype and
genotype that resembles the csd1-3 T-DNA insertion knock-down plants. It remains elusive
how the endogenous CSD1 expression and protein level is so dramatically affected by
overexpression of FLAG-CSDL1 in the Col-0 background. One explanation for the phenotype
and genotype might be co-suppression (Stam et al., 1997). In co-suppression, the introduction
of a transgene results in the silencing of the introduced gene and the endogenous plant gene.
Unexpectedly, the transgenic 35S:FLAG-CSD1 plants revealed that CSD1 is also an important

development regulator during both embryogenesis and vegetative growth.

3.1.4 CSD1 affects the early transcriptional salt stress response in Arabidopsis

The translocation of CSDL1 to the nucleus indicates a role in the early transcriptional response
towards salt stress. Although SOD proteins are known for their superoxide scavenging function,
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it was tested if the transcriptional response during early salt stress is affected by CSD1. As
CSD1 rapidly translocates to the nucleus within 5 minutes of salt stress (Figure 2), Arabidopsis
plants (knock-down, overexpression and wild type) were grown for 14 days and exposed for 30
minutes to 150 mM NaCl after which the transcriptional response was tested by RNA-seq
(Figure 5). The analysis of the RNA-seq data was performed according to the method described
in Pertea et al. (Pertea et al., 2016).
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Figure 5: Differential expressed genes (DEGSs) in Col-0, csd1-3 and OxCSD1 Arabidopsis seedlings after 30
minutes of 150 mM NaCl treatment determined by RNA-seq analysis. (A) The overlap of DEGs between the three
different genotypes is shown in a Venn-diagram. The threshold (log»(FC) >1.5, p-value < 0.05) was used. (B-D)
The logz(FC) of the TOP300 DEGs is plotted in relation to the -log10(p-value). Up-regulated genes are highlighted
in red and down-regulated genes in blue.

By using a threshold of 1.5 for the log2(FC) and an adjusted p-value of 0.05, 320 differentially
expressed genes (DEGS) in the Col-0, 756 in the csd1-3 and 569 in the 35:CSDL1 lines (Figure
5 A) were identified, respectively. As the three different lines share only 134 DEGs, the altered

CSD1 level appears to strongly affect the transcriptional response upon salt stress. A more
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detailed impression of the DEGs in each different genetic background is presented by plotting
the log2(FC) and the adjusted p-value of the TOP300 DEGs of the RNA-seq experiment (Figure
5 B-D). For example, several TYPE-A RESPONSE REGULATOR (ARR) genes (Tran et al.,
2007) are differentially expressed in the Col-0 background. Furthermore, typical salt-stress
genes as 9-CIS-EPOXYCAROTENOID DIOXYGENASE 3 (NCED3) (Barrero et al., 2006),
SIMILAR TO RCD ONE 5 (SRO5) (Borsani et al., 2005), EARLY-RESPONSIVE TO
DEHYDRATION 7 (ERD7) (Krebs et al., 2002) or DEHYDRATION-RESPONSIVE ELEMENT
BINDING2A (DREB2A) (Mallikarjuna et al., 2011) are differentially expressed in the Col-0
plants upon 30 min of 150 mM NaCl treatment. Several of these genes are shared as
differentially expressed genes between the three genetic backgrounds, however the logz(FC)
for the individual genes can differ significantly. An overview of these expression changes is
highlighted in a heatmap for salt-stress related genes (Figure 6 A).
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Figure 6: Expression of ten salt-stress related genes after 30 minutes of 150 mM NaCl treatment in Arabidopsis
seedlings. (A) Expression changes after 30 min NaCl treatment compared to untreated seedlings are shown as
logz(FC). The data shown are based on the RNA-seq analysis. (B) The expression of the 10 selected genes shown
is based on an independent gPCR experiment where the relative expression difference between treated (30 minutes,
150 mM NaCl) and untreated samples was calculated. (C) A second gPCR experiment was performed after 180
minutes of salt stress. The relative expression shown is based on the difference between treated and untreated
samples. Each data point represents at least three biological replicates. The scale bar represents the expression as
LogoFC.

For example, HEAT SHOCK TRANSCRIPTION FACTOR A6B (HSFA6B) (Huang et al., 2016)
and NCED3 showed a distinct expression pattern between the wild type, csd1-3 and 35S:CSD1

plants. Both genes are upregulated upon salt stress in the wild type, but this induction was
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affected by altered levels of the CSD1 protein. In the csd1-3 background, the expression for
both is weaker compared to the wild type whereas the expression is stronger in the 35S:CSD1
plants compared to the wild type, suggesting that they might be direct targets for CSD1. Also,
the expression of the TYROSINE AMINO TRANSFERASE 3 (TAT3) and RIBONUCLEASE 1
(RNS1) gene is elevated in the 35S:CSD1 plants and not induced in the wild type and csd1-3
background. The TEMPRANILLO 1 (TEM1) and TEMPRANNILO 2 (TEM2) genes are
downregulated in the wild type background upon salt stress. This downregulation is weaker in
the csd1-3 and 35S:CSD1 plants. Another pattern was explored for the CYTOCROME P450
FAMILY94 SUBFAMILY C POLYPETIDE 1 (CYP94C1) and ARABINOGALACTAN PROTEIN
21 (AGP21) genes that do not show an expression change in the wild type plants but a
downregulation in the csd1-3 and 35S:CSD1 plants. Overall, CSD1 strongly affects the early
transcriptional response upon salt stress.

To validate the RNA-seq dataset, a qPCR analysis on an independent experiment was
performed under the exact same conditions (Figure 6 B). The expressional response of most
genes, including TEM1, TEM2, TAT3, NCED3, HSFA6b and INDOLE-3-ACETIC ACID
INDUCIBLE 30 (IAA30), was confirmed. The gPCR experiment shows overall a higher
expression change as compared to the RNA-seq data, however the pattern is consistent. For two
of the highlighted genes, RNS1 and CYP94C1, a change in the expression pattern between
RNA-seq and qPCR was detected. The RNS1 gene expression is not changed in the RNA-seq
experiment in the wild type and csd1-3 plants, but is downregulated in the gPCR experiment.
The enhanced expression in the 35S:CSD1 plant is consistent between the RNA-seq and gPCR
experiment. Also, the CYP94C1 gene shows an altered expression with an induced expression
upon salt stress in the csd1-3 plants in the gPCR experiment, whereas it was downregulated in
the RNA-seq experiment. The strong downregulation in the 35S:CSD1 plants is consistent and
reproducible for the CYP94C1l gene. Overall, the differential expression of salt-stress

responsive genes is reproducible and appears to be due to different CSD1 levels.

To extend the gene expression dataset, an additional salt stress time point of 180 minutes after
treatment was included (Figure 6 C). Here, the effect of CSD1 on an extended salt stress
response was analysed. Several genes like JASMONATE-ZIM-DOMAIN PROTEIN 1 (JAZ1),
RNS1 and TAT3 showed a strong expressional induction at the 180 minutes time point in the
wild type and 35S:CSD1 plants. Interestingly, the induction is significantly reduced in the csd1-
3 plants.
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It is important to note that several genes did not show or showed only a weak expression change
after 180 minutes of salt stress like TEM1, TEM2 and CYP94C1. Other genes like NCED3,
IAA30 and HSFAGB showed a prolonged and strong expressional induction at 180 minutes,
however no differences were observed between the three different genetic backgrounds.

Summarised, CSD1 affects the expression of several genes during the early salt stress response.
The genes, NCED3 and HSFA6B, show an impairment in the early salt stress response while
this difference is equalled at the 180 minutes time point. Other genes like TAT3 and RNS1 are
significantly stronger induced in the early response in the 35S:CSD1 plants compared to the
wild type plants. This enhanced induction is not present in the 180 minutes time point where
the genes showed the same induction in both genetic backgrounds. However, both of the genes
show a significantly reduced induction at the 180 minutes time point in csd1-3 plants. By using
two independent transcriptome approaches and two different salt stress time points, it is evident

that CSD1 has a major impact on the initial transcriptional response during salt stress.

3.1.5 CSD1 binds DNA in a sequence-specific manner

As CSDL1 enters the nucleus and affects the expression of hundreds of genes during the early
salt stress response, it suggests that CSD1 might directly interact with DNA to regulate
transcription. To understand if CSD1 binds a specific DNA sequence, a SELEX (Systematic
evolution of ligands by exponential enrichment) experiment was performed (Figure 31 A). In
this approach, the iteration of the displayed experimental procedure to select and reamplify
bound synthetic DNA sequences leads to the enrichment of the DNA-binding sequence of the
protein of interest. Here, six repetitions of the SELEX approach were performed for CSD1. The
SELEX experiment revealed the binding of CSD1 to an A/T-rich motif TGCTTT (Figure 31
B). This confirmed the hypothesis that CSD1 is able to bind to DNA and that this occurs in a

sequence-specific manner.

By SELEX, the ability of CSD1 to bind to DNA and a specific sequence motif it binds was
discovered. However, this approach is limited as it is using a synthetic DNA library and does
not allow for interfering in which genomic context CSD1 binds DNA. The DAP-seq (DNA
affinity purification sequencing) approach circumvents this limitation (Bartlett et al., 2017), as
a fragmented library of genomic DNA from the organism is used (Figure 32 A). Combined
with the subsequent sequencing of all bound gDNA sequences, the DAP-seq approach allows
to map the sequenced DNA to specific genomic sequences of the target organism. In
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collaboration with the group of Prof. Dr. Joseph Ecker (Salk Institute, San Diego, USA), a
DAP-seq experiment was performed with a FLAG-tagged CSD1 protein. In this approach, the
FLAG-tagged CSD1 protein was expressed in vitro and a binding reaction with sheared
genomic DNA was performed. Afterwards, the bound genomic DNA sequences were
sequenced and mapped to the Arabidopsis genome. This approach resulted in 145 logical hits
that can be located to specific genes within the Arabidopsis genome (Figure 32 B-C). Logical
hits are defined as genomic sequences that are up- or downstream of annotated coding areas,
whereas hits with genomic sequences related to not annotated sequences were neglected. In this
experiment, four different replicates were used and a FLAG empty vector as control. The logical
hits between the individual replicates varied. Nevertheless, the 145 logical hits that were
identified between all four replicates were screened to use them in a ChIP-gPCR experiment
for validation. Here, the binding of CSD1 to specific sequences in the promoter region of
Cys2/His2-type ZINC FINGER PROTEIN 7 (ZAT7) and TRANSPARENT TESTA GLABRA 1
(TTG1) in-vivo was confirmed by ChIP-gPCR (Figure 32 D).

The synthesis of a CSD1-specific antibody in rabbits in collaboration with the Phytoantibody
group of Prof. Dr. Udo Conrad was perfomed at the IPK. To this end, CSD1 was His-tagged,
expressed in Escherichia coli and purified. Two rabbits were immunised twice with 800 pg of
CSD1 protein subcutaneously and subsequently, the CSD1-specific antibody was extracted and
purified. This opened the possibility to perform a ChlIP-seq experiment in the wild type
background under control and salt stress conditions (Figure 33). For control and salt stress,
three individual replicates were taken and named as IP1 to IP3 for the control replicates, IP4 to
IP6 for the salt stress replicates. The individual samples were sequenced and mapped to the
genome of Arabidopsis. Combined, 1219 hits were found for the control replicates and 1867

hits for the salt stress replicates (Figure 7 B and C).
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Figure 7: CSD1 associates with specific genomic regions in Arabidopsis in-vivo. ChlP-seq analysis of untreated
and 30 minutes 150 mM NacCl treated seedlings explored the DNA-association of CSD1 in-vivo. (A) The DNA-
binding sequence of CSD1 identified in three independent experiment is shown. (B) The identified ChlP-seq hits
in the three control replicates are shown in a Venn-Diagram. In total, 1219 hits were identified and 138 hits are
considered to be high confident peaks (>50% of replicates detected). (C) The identified ChlP-seq hits in the three
30 minutes 150 mM NaCl treated samples are shown in a Venn-Diagram. In total, 1867 hits were identified and
266 were considered to be high confident peaks.

The amount of enriched hits highly varies between the individual replicates (1084 in 1P4 versus
131 in IP2) under control and salt stress conditions. Here, peaks were considered as high
confident if they appear in at least two out of the three biological replicates. As an example, the
peak for the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 2 (SPL2) gene is
highlighted in the supplement (Figure 33 C). Genes with enriched peaks were defined as CSD1
target genes if an enriched peak was detected within the first 3kb upstream of their ATG or
transcriptional start site (TSS). It is important to note that some genes contained more than one
high confident peak. In total, 106 target genes under control conditions and 188 target genes
under salt stress conditions were identified. This indicates that CSD1 associates with the
promoter sequence of the identified genes. Furthermore, the number of targets increased during
salt stress indicating that the DNA-binding of CSD1 is enhanced under stress. This is further
supported by the fact that 126 of 188 target genes identified under salt stress were unique hits.
Only 46 hits were shared between control and salt stress conditions. A motif enrichment
analysis for sequences convered by the peak areas revealed a highly enriched sequence motif
that was previously already identified as the cis-element that is recognised by CSD1 (Figure 7
A).



Results 57

By using four different experimental approaches (in vitro and in vivo), the binding of CSD1 to
specific DNA sequences was elucidated. In addition, direct target genes for CSD1 under control
and salt stress conditions were uncovered, allowing for understanding the gene regulatory
network that CSD1 controls.

3.1.6 CSD1 binds to the promoter of salt-stress responsive genes

Above, it was shown that CSD1 can bind to specific DNA-sequences in vitro and in vivo by
four different experimental approaches. To further validate the binding to the identified
sequence motif, electrophoretic mobility shift assays (EMSA) were performed with selected
promoter sequences and heterologously expressed CSD1. First, the sequence of the ChIP-seq

peak in the promoter of the SPL2 gene was used as an EMSA probe (Figure 8 A).
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Figure 8: CSD1 associates with the promoter of SPL2. (A) The identified ChlP-seq peak in the SPL2 promoter is
shown and highlighted in red. The position of the CSD1 binding motif is highlighted in orange (m2) and green
(m1). (B) Motif m1 and m2 from the SPL2 promoter were selected for designing probes for an EMSA assay. The
CSD1-binding sequence is shown in bold and underlined. (C) The EMSA was performed with a recombinant
CSD1 protein (2000 ng) and IR-labelled oligos that contain one of the two different SPL2 promoter motifs. Band
shifts indicate binding of CSD1 to both motifs as monomer and dimer (black arrows). Addition of unlabeled
competitor probes in 200-fold excess removed the band shift. The three lower bands represent unbound labelled
probes.

The SPL2 gene is known to be an important regulator in the vegetative-to-reproductive
transition and during embryogenesis by regulating BONOBO (Wang et al., 2016c¢; Xu et al.,
2016; Chao et al., 2017; Tsuzuki et al., 2019). The direct regulation of SPL2 by CSD1 is of
particular interest when considering the developmental defects observed in the 35S:FLAG-
CSD1 plants, including the partially impaired embryogenesis (Figure 4). Two individual
sequences within the peak sequences that both contain the A/T-rich CSD1 binding motif were
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used (Figure 8 B). By performing the EMSA experiment, the binding of CSD1 to both
sequences was observed by a shift of the labelled probe indicated by the black arrow (Figure 8
C). Interestingly, two shifts are presented which in this case results from both the dimer as well
as the monomer of CSD1 binding to the motif. The shift intensity differences between the CSD1
dimer and monomer do not reflect affinities towards the motifs as the distribution of dimer and
monomer in the CSD1 protein samples is unknown. The addition of the same probe as
unlabelled competitor in 200-fold excess confirmed specific binding of CSD1 to the motifs.
Therefore, the binding of CSD1 to the upstream promoter region of SPL2 that was previously

identified within the ChIP-seq experiment was validated.

Two additional promoter sequences based upon the ChIP-seq peaks were chosen for the
CASPARIAN STRIP INTEGRITY FACTOR 1 (CIF1) and the MONODEHYDROASCORBATE
REDUCTASE 4 (MDAR4) as EMSA probes (Figure 34 A). CIF1 is of interest as it is an
important factor in the development of the casparian strip (Nakayama et al., 2017), which also
requires the activity of a thus far unknown SOD isoform (Fujita et al., 2020; Castro et al., 2021).
MDAR4 is an important enzymatic regulator of ROS homeostasis in Arabidopsis (Eastmond,
2007). Both EMSA probes were specifically bound by CSD1 as dimer as well as monomer
(Figure 34 B). However, the affinity to the promoter sequences of CIF1 and MDAR4 seems to
be lower as the shift intensity is reduced compared to the SPL2 EMSA probe. Potentially this
is due to single base differences in the recognition motifs of these two genes as compared to the
motif present in the SPL2 promoter. Nevertheless, CSD1 binds a specific sequence in the
upstream promoter of SPL2, CIF1 and MDAR4 in-vitro.

As the expression of several genes like NCED3, ZAT7, TAT3 or HSFAGB in the early response
to salt stress depends on the CSD1 protein level, the upstream promoter sequence was screened
for the CSD1 binding sequence. In all promoters, the A/T-rich CSD1 binding motif was found,
therefore several EMSA probes for the individual upstream promoter sequences were designed.

First, the ability of CSD1 to bind to specific sequences in the upstream promoter of NCED3
and ZAT7 was analysed by an EMSA (Figure 9 A).
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Figure 9: CSD1 binds specific sequences from the NCED3 and ZAT7 promoter. (A) Depicted sequences are used
as probes in the EMSA, Panel B. The bold and underlined sequence is the putative CSD1-binding sequence. (B)
The EMSA showed the retention of the labelled probe indicating the binding of CSD1 (2000 ng). The addition of
the competitor sequence in 200-fold excess indicates specific binding. EMSA gels were imaged with a LI-COR
Odyssey device.

The shift of the labelled probe confirmed that the CSD1 protein binds to the specific sequence
in the upstream promoter of NCED3 and two specific sequences in the upstream promoter of
ZATT7 (Figure 9 B).

To understand the impact of the amount of CSD1 protein used, an EMSA experiment with a
probe containing motif 2 from the ZAT7 promoter and different amounts of CSD1 protein was

performed (Figure 10 A).
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Figure 10: Dilution series and H20- treatment of CSD1 affects the binding to the ZAT7 promoter. The loading of
the lanes in Panel A and B is indicated above the gel. (A) An EMSA was performed with a dilution series of the
CSD1 protein ranging from 2000 ng to 400 ng. (B) CSD1 protein that was treated with different H,O,
concentrations was used in the EMSA. (C) The enzymatic activity of CSD1 in the presence of different H.O-
concentrations is shown as inhibition rate in percentage. The inhibition rate indicates if the superoxide radicals in
the assay are able to generate formazon dye, the lower the value, the less active SODL1 is. Each data point is based
on three technical replicates and the mean deviation is depicted as error bar. This experiment was repeated two
times with similar results. One-way ANOVA and post hoc Tukey test were performed (p< 0.01) and significant
differences are shown with small letters.

It was visible that with decreasing CSD1 protein amounts, the intensity of the probe shift was
also decreasing. Nevertheless, a shift for the labelled probe was still visible with a protein
amount of 400 ng that results in a protein concentration in the binding reaction of 20 ng/pl. This
showed that relative small amounts of CSD1 result in a shift of the probe that covers the

upstream promoter sequence of ZAT7, indicating a specificity for this DNA sequence.

To understand if an enzymatically inhibited CSD1 protein is still able to bind to DNA, the
CSD1 protein was treated with an inhibitor prior to the EMSA assay. As hydrogen peroxide
(H20>) is known to inhibit the enzymatic function of CSD1 (Gottfredsen et al., 2013), the CSD1
protein was treated with different concentrations of H20>. In parallel, the enzymatic activity of
CSD1 was monitored. With the increase of the H202 concentration from 1 mM to 10 mM the
ability of the CSD1 dimer to bind to the ZAT7 promoter sequence was not impaired, however,
the binding of the monomer was impaired upon treatment with 5 mM H.O, (Figure 10 B). The
enzymatic function of CSD1 was significantly impaired upon treatment with 5 mM H20- and
more strongly impaired with increasing H202 concentrations (Figure 10 C). Here, it was found
that the ability of the CSD1 dimer to bind to the EMSA probe is not impaired while the ability
of the monomer to bind to the DNA sequenced is strongly impaired upon pre-treatment with 5
to 10 mM of H20>. Similarly, the enzymatic function of CSD1 was significantly impaired upon

pre-treatment with H>O> concentrations ranging between 5 to 10 mM. These results indicate
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that the CSD1 monomer loses its ability to bind to DNA, while the enzymatically inhibited
CSD1 dimer still can bind to DNA.

To understand if the binding of CSD1 towards promoter sequences in vivo might affect the
expression of specific genes during the early salt stress response, DNA-sequences from the
promoter of HSFAGB and TAT3 were used to perform an EMSA (Figure 11).
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Figure 11: EMSA confirms the binding of CSD1 to the promoter of HSFA6B and TAT3. The EMSA gels were
imaged using the LI-COR Odyssey device. (A) Depicted sequences are used as probes in the EMSA, Panel B-C.
The bold and underlined sequence is the putative CSD1-binding sequence. (B-C) The binding of the CSD1
monomer and dimer to motifs in the promoter of HSFA6B and TAT3 is shown.

For all performed EMSA assays, two shifts were observed indicating that the CSD1 monomer
and dimer bound to the chosen motifs of these two promoters. The lower shift for the motif 2

of the TAT3 promoter was weaker indicating that the CSD1 monomer did bind less strongly.

Taken together, CSD1 binds to specific upstream promoter sequences of NCED3, ZAT7, TAT3
and HSFAGB. This indicates that the altered expression of these genes during the initial salt

stress response directly depends on CSD1.

3.1.7 CSD1 regulates the transcriptional activity of salt-stress responsive genes

As the CSD1 proteins binds to promoter sequences of several salt-stress responsive genes and
the transcriptional response upon salt stress was impaired in transgenic plants with altered
CSD1 protein levels, it was hypothesised that CSD1 regulates the transcriptional activity of



Results 62

these genes. This hypothesis was tested by using the trans-activation assay (TA assay) in
Arabidopsis mesophyll protoplasts. To this end the promoter sequences of NCED3, HSFAGB
and TAT3 were cloned upstream of a firefly luciferase reporter gene in the pGWL7 vector.
Arabidopsis mesophyll protoplasts were transformed with three different plasmid constructs:
(1) the promoter sequences fused to the firefly luciferase gene, (2) a transfection control
construct using the Renilla luciferase gene and (3) a construct expressing the effector proteins

with the 35S promoter.

By co-transfection of the NCED3 promoter with CSD1 or FLAG-CSD1 in Arabidopsis
mesophyll protoplasts, it was found that the 35S:FLAG-CSD1 co-transfection results in a two-
fold increase of the firefly luciferase activity indicating that the FLAG-CSD1 protein fusion
was able to activate the transcription of the NCED3 promoter (Figure 12 A). The co-
transfection with the 35S:CSD1 construct resulted in a weaker increase of the firefly activity,
but this change was not significant.
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Figure 12: CSD1 activates the transcription of the NCED3 promoter. The results of the transactivation (TA) assays
with the promoter of NCED3 and the effector constructs 35S:CSD1 or 35S:FLAG-CSD1 are shown. (A) The TA
assays were performed with protoplasts from Col-0 plants. (B) The NCED3 luciferase reporter was tested in
protoplast derived from different genetic backgrounds to compare the basal activity of the promoter. (C) The TA
assay was performed with protoplasts from the stable transgenic 35S:FLAG-CSD1#4 line, which is essentially
devoid of CSD1. Each data point is based on four technical replicates. Error bars represent the mean deviation.
Statistical significance was determined by a Student’s t-test: * p-value < 0.05, ** p-value < 0.005, *** p-value <
0.0005.

By using the wild type, the 35S:CSD1 and the 35S:FLAG-CSD1 genetic backgrounds as origins
for the mesophyll protoplasts, it was analysed if the basal activity of the reporter gene is
affected in lines that contain higher or lower CSD1 protein levels as compared to wild type
(Figure 12 B). Indeed, in 35S:CSD1 protoplasts, the NCED3 reporter constructs showed a
significant higher activity as in wild type, while in 35S:FLAG-CSD1 protoplasts no altered
activity was observed. Furthermore, an experiment with the 35S:CSD1 and 35S:FLAG-CSD1



Results 63

construct in a transgenic 35S:FLAG-CSD1 genetic background, which is virtually devoid of
CSD1, was performed. Here, both CSD1 and FLAG-CSD1 significantly activated the
transcription of the NCED3 promoter (Figure 12 C).

Similar effects of CSD1 on the transcriptional activity of the promoter of HSFA6B and TAT3
were found (Figure 13). CSD1 and FLAG-CSD1 activated the transcription of the HSFA6B
promoter in wild type protoplast (Figure 13 A). Similar to NCED3, the co-expression of the
FLAG-CSDL1 protein had a stronger effect on the transcriptional activity as compared to the

untagged CSD1 protein.
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Figure 13: CSD1 activates the transcription of the HSFA6B and TAT3 promoter. (A) The results of the TA assays
of the promoter of HSFA6B and the effector constructs 35S:CSD1 and 35S:FLAG-CSD1 are shown. The
transactivation assay was performed with Col-0 protoplasts. (B) The results of the TA assays with the promoter of
TAT3 and the effector constructs 35S:CSD1 and 35S:FLAG-CSD1 are shown. The TA assay was performed with
protoplasts from Col-0 plants. Each data point is based on four technical replicates. Error bars represent the mean
deviation. Statistical significance was determined by a Student’s t-test: * p-value < 0.05, ** p-value < 0.005, ***
p-value < 0.0005.

Also, the expression of the TAT3 promoter can be induced by CSD1 (Figure 13 B). Here, the
TAT3 promoter was co-transfected with the 35S:CSD1 or 35S:FLAG-CSD1 construct which
both resulted in a significantly increased transcription of the TAT3 promoter. Similar to NCED3
and HSFAG6B, the FLAG-CSD1 co-transfection leads to a stronger transcriptional activation
compared to CSD1.

By using the trans-activation assay in Arabidopsis mesophyll protoplasts, it was found that

CSD1 not only directly bind the promoter regions of the selected genes, but can also activate
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the expression of NCED3, HSFA6B and TAT3. Interestingly, for most promoters the

transcriptional activation was stronger if co-transfected with the FLAG-CSD1 protein.

3.1.8 Summary

In this chapter, it has been discovered that CSD1 is a cytosolic and nuclear localised protein.
The nuclear localisation is inducible and the translocation towards the nucleus occurs in a
concentration-dependent manner upon salt stress, most likely facilitated by an active transport
mechanism. Transgenic lines with decreased CSD1 protein levels showed an impaired salt
stress tolerance in the early seedling stage and an accelerated senescence response during the
adult plant phase. Furthermore, the transgenic 35S:FLAG-CSD1 plants which are virtually
devoid of CSD1 showed that CSD1 is also an important developmental regulator. The
transcriptional response of salt-stress responsive genes like NCED3, TAT3 and HSFAG6B was
impaired in transgenic lines with altered CSD1 levels, which underlines the observed salt-
sensitivity of the mutant. In a combinatorial approach, it could be shown that CSD1 binds DNA
in a sequence-specific manner and hundreds of potential target genes were identified by ChiIP-
seq. The A/T-rich DNA binding motif AGCTTT was confirmed independently. The binding of
CSD1 to the promoter sequence of the salt-stress responsive genes NCED3, HSFA6B and TAT3
was validated with EMSA assays. Furthermore, it was found that CSD1 activates the
transcription of the salt-stress responsive genes like NCED3, TAT3 and HSFAG6B. These results
indicate that CSD1 features a novel molecular function as a transcriptional regulator in the early

salt stress response by binding and regulating the expression of salt-stress responsive genes.
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3.2 Chapter 2: CSD1-interacting protein HIPP20 is member of a novel

class of transcriptional activators

Within the first chapter of this thesis, the conserved moonlighting function of CSD1 was
uncovered, indicating that in plants it acts as a transcriptional regulator. Although CSD1 can
activate the transcription of several salt-responsive genes, CSD1 has no transcriptional
activation domains, suggesting that in the nucleus it might recruit other proteins to exert this
function. To understand the transcriptional function of CSD1 in Arabidopsis, databases were

screened for putative interaction partners.
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Figure 14: Previously reported interaction partners of CSD1. Shown is data from the BioGRID database
(http://thebiogrid.org, Stark et al., 2006) which indicates five interaction partners for the Arabidopsis CSD1
protein. Highlighted with a red box is the interaction with the HIPP20 protein.

A genome wide interactome study (Braun et al., 2011) by the Arabidopsis Interactome
Consortium, reported an interaction of CSD1 with the HIPP20 (AT1G71050) protein (Figure
14, red box). Of interest, HIPP20 is containing a heavy-metal associated (HMA) domain that is
similar to that of the COPPER CHAPERONE FOR SOD1 (CCS) protein. As HIPP proteins
contain an HMA domain, it is speculated that they are mainly involved in regulating metal ion

stress. Furthermore, HIPP proteins contain an isoprenylation motif, whose reversible nature
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suggests a direct impact on the function of HIPP proteins by linking and releasing them from
membranes (Cowan et al., 2018). Despite being linked to abiotic and biotic stress, the precise
molecular function of HIPP proteins remains elusive (Barth et al., 2009; Cowan et al., 2018;
Guo et al., 2021). The scope of this chapter is to examine the potential interaction of CSD1 and
HIPP20 and the molecular function of HIPP proteins in Arabidopsis.

3.2.1 HIPP20 and homologs are nuclear localised proteins in Arabidopsis

The HIPP20 protein is predicted to be cytosolic localised, however, it does contain a putative
nuclear localisation signal (Figure 35 A). To determine the subcellular localisation of the
predicted CSD1-interacting HIPP20 protein, the coding sequence of HIPP20 was fused to GFP
and transformed into Arabidopsis protoplasts. The HIPP20 protein showed a specific nuclear
localisation in Arabidopsis protoplasts (Figure 15 A). The dispersion of the fluorescence signal
inside the nucleus indicates a subnuclear localisation. A transgenic Arabidopsis plant
expressing the 35S:HIPP20-GFP was generated and confirmed the nuclear localisation in root

and leaf cells (Figure 15 B). Thus, HIPP20 is a nuclear localised plant protein.
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Figure 15: Nuclear localisation of HIPP20, HIPP21 and HIPP22 in Arabidopsis. (A) Arabidopsis protoplasts were
transfected with a 35S:GFP-HIPP20 construct and imaged with a confocal microscope. Scale bar: 7.5 uM. (B)
Stable transgenic Arabidopsis plants expressing 35S:HIPP20-GFP were analysed using a confocal microscope.
The Arabidopsis root tip and a stomata cell are shown. Scale bar: 25 UM and 10 uM. (C-D) Arabidopsis protoplasts
were transfected with either 35S:HIPP21-YFP or 35S:HIPP22-YFP to analyse their subcellular localisation. Scale
bar: 7.5 uM. The DAPI staining was used to confirm the nuclear localisation. In green and yellow the fluorescence
of the GFP and YFP is visible while magenta corresponds with the DAPI staining. The autofluorescence of the
chloroplasts is represented in red.

HIPP20 belongs to clade Il of the HIPP protein family that is comprised of 14 members
including HIPP26 (Figure 36). The closest homologs of HIPP20 are HIPP21 and HIPP22,
which are predicted to be cytosolic localised (Figure 35 B-C). Furthermore, HIPP22 does
contain a nuclear localisation signal, whereas HIPP21 does not. To determine the subcellular
localisation of HIPP21 and HIPP22, the coding sequence of both proteins was fused to the YFP
protein and transformed into Arabidopsis mesophyll protoplasts. The HIPP21 protein showed

anuclear localisation like HIPP20, whereas the HIPP22 protein showed a nuclear and cytosolic
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localisation (Figure 15 C-D). Both homologs showed also a subnuclear localisation to specific
structures. Therefore, it was concluded that HIPP20 and its close homologs, HIPP21 and
HIPP22, are nuclear localised proteins while HIPP22 is also localised in the cytosol. These
results did not match the predicted subcellular localisation by SUBA4 (Figure 35) and indicate

the necessity of experimental confirmation of predictive data.

3.2.2 HIPP20 protein levels do not impact vegetative growth of Arabidopsis

To gain insights into the potential role of the HIPP20 protein in Arabidopsis, a T-DNA insertion
line, hipp20-1 (SALK_048115), was identified as knock-out and a stable transgenic
35S:HIPP20-GFP was generated. The plants were grown under long-day conditions and the
phenotype was observed during the period of growth. After 8 weeks of growth the phenotype
was documented by a photograph (Figure 16).

Col-0

hipp20-1

35S:HIPP20-GFP RS

PAA

Figure 16: Phenotype of Col-0, hipp20-1 and 35S:HIPP20-GFP Arabidopsis plants. The Arabidopsis plants were
grown under long-day conditions and imaged after 8 weeks of growth.

The phenotypes of the hipp20-1 and 35S:HIPP20-GFP plants did not show any obvious
differences in growth compared to the Col-0 wild type plants. Similar phenotypes were
observed for hipp21-1 (SALK_131715.53.60) and hipp22-1 (SALK_204024) T-DNA insertion

lines (data not shown). This indicates that the individual HIPP proteins do not affect the
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vegetative growth of Arabidopsis plants under beneficial conditions. Potentially, the HIPP
proteins might act redundantly, and higher order mutants are required (Tehseen et al., 2010). In
addition, the function of the here analysed HIPP proteins might also be restricted to stress

conditions.

3.2.3 Nuclear interaction between CSD1 and HIPP20 in Arabidopsis and Oryza sativa

The HIPP20 protein and its closest homologs are nuclear localised proteins. This directly leads
to the hypothesis that the putative interaction of CSD1 and HIPP20 is an exclusive nuclear
interaction and might therefore be related to CSD1"s moonlighting function as transcriptional
regulator. To determine if CSD1 and HIPP20 are able to interact in planta, and to determine
the localisation of their interaction, the coding sequences of CSD1 and HIPP20 were fused to
the C-terminal half (cYFP) or the N-terminal half (nYFP) of YFP and transformed into
Arabidopsis mesophyll protoplasts. The bimolecular fluorescence complementation (BiFC)

showed a nuclear interaction of CSD1 and HIPP20 in Arabidopsis protoplasts (Figure 17 A).
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Figure 17: CSD1 interacts with HIPP20 in the nucleus. Red represents the autofluorescence of the chlorophyll,
yellow corresponds with the YFP fluorescence and magenta indicates the DAPI staining. (A) Arabidopsis
protoplasts were transfected with the pUC:SPYNE-CSD1 and pUC:SPYCE-HIPP20 construct and analysed for the
interaction. Scale bar: 7.5 uM. (B) Oryza sativa protoplasts were transfected with the pUC:SPYNE-OsCSD1 and
pUC:SPYCE-OsHIPP42 construct and analysed for their interaction. Scale bar: 10 uM. (C) Yeast-two-hybrid
(Y2H) results to test the interaction between CSD1 and HIPP20, HIPP21 and HIPP22 are shown. Two
concentration of 3-AT were used to select for the strength of the interaction. The pDEST22 and pDEST32 vector
system was used. (D) Arabidopsis (upper panel) and Oryza sativa (lower panel) protoplasts were transfected with
the pUC:SPYNE-CSD1/0OsCSD1 and the pUC:SPYCE empty vector construct and analysed for their interaction.
Scale bar: 25 uM (upper panel), 8 UM (lower panel).

To test if the interaction between HIPP20 and CSD1 is conserved in Oryza sativa, the HIPP20
homolog, OsHIPP42, was fused to the cYFP and OsCSD1 was fused to the nYFP. The BiFC
assay in Oryza sativa stem protoplast cells showed the interaction of OsCSD1 and OsHIPP42
in the nucleus and also the cytosol (Figure 17 B). This indicates that the interaction of CSD1

and HIPP20 is conserved in planta.

In Arabidopsis, HIPP21 and HIPP22 proteins are very similar to the HIPP20 protein. Therefore,
CSD1 might also be able to interact with HIPP21 and HIPP22. To test this hypothesis, the
Yeast-Two-Hybrid (Y2H) system was used by fusing the coding sequence of CSD1 to the Gal4-
DBD in the pDEST32 vector and the coding sequence of the HIPP proteins to the Gal4-AD in
the pDEST22 vector. The interaction of both proteins enables the yeast cells to grow on SD
medium without lysine (L), tryptophan (W) and histidine (H). The growth of the yeast cells
showed that CSD1 interacts with HIPP20, HIPP21 and HIPP22 (Figure 17 C). By using the
competitive inhibitor of the HIS3 gene product, 3-amino-1,2,4-triazol (3-AT), clones are
selected with high levels of the HIS3 gene product which depends on the strength of the
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interaction between bait and prey. The use of 1 mM and 5 mM 3-AT showed that the interaction
of CSD1 with HIPP20 is the strongest among all three HIPP proteins followed by HIPP22 and
HIPP21.

Summarised, a nuclear interaction between the CSD1 protein and HIPP20 was found in planta.
Furthermore, HIPP21 and HIPP22 can interact with CSD1 in yeast, suggesting that all three
HIPP proteins might act redundantly.

3.2.4 HIPP proteins are a novel class of transcriptional activators

The nuclear interaction of CSD1 and HIPP20 as well as the limited experimental data about the
HIPP protein family raises the question about their molecular function within the nucleus. In
light of CSD1"s moonlighting function as transcriptional regulator, the hypothesis that HIPP
proteins are involved in transcriptional regulation was established. One major research question
in this hypothesis is the involvement of CSD1 in transcriptional complexes and in detail the
individual ability of CSD1 to activate transcription. By using the Gal4-based TA assay in
Arabidopsis mesophyll protoplasts, it was found that the CSD1 protein fused to the Gal4-DBD

showed no significant activation of transcription (Figure 18 A-B).
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Figure 18: HIPP proteins are transcriptional activators. (A) Schematic overview of the Gal4-based transactivation
assay. The Gal4-binding domain (G4B) binds to the upstream-activating sequence (UAS). If the fusion proteins,
in this case SOD1/CSD1, possess transcriptional activity, the firefly luciferase (FLUC) reporter gene is expressed.
The reference construct expressing the renilla luciferase (RLUC) reporter gene is used as transfection control. (B)
Gal4-based TA assay of CSD1 as effector protein is shown. (C) Gal4-based TA assay with the three HIPP proteins
is shown. Different letters above the bars indicate significant differences according to one-way ANOVA and post-
hoc Tukey test. (D) The Gal4-based TA assay for the HIPP20 homolog in Oryza sativa, OsHIPP42, is shown. (E)
A phylogenetic tree displaying chosen HIPP family members from Arabidopsis (At), Hordeum vulgare (Hv) and
Oryza sativa (Os) is shown. (F) The schematic structure of the HIPP3 and HIPP20 protein is shown as
representatives for their clade. The green box indicates the HMA domain and the orange band represents the
isoprenylation motif. (G) The Gal4-based TA assay of HIPP3 and HIPP5 is shown. For each data point at least
three technical replicates are represented. Statistical significance was tested by a Student’s t-test. Error bars
represent the mean deviation. The p-value (* <0.05) is indicated by an asterisk.

Contradictory, the CSD1 protein was able to activate the transcription of NCED3, TAT3 and
HSFA6B promoters (see 3.1.7). To test if HIPP proteins possess transcriptional activity, the
coding sequence of the HIPP proteins was fused to the Gal4-DBD and transformed with the
reporter and reference construct into Arabidopsis mesophyll protoplasts (Figure 18 A). The
HIPP proteins activated the transcription of the reporter construct indicating that HIPP20,
HIPP21 and HIPP22 can function as transcriptional activators (Figure 18 C). Interestingly,
HIPP20 appears to be a more potent transcriptional activator as the other two tested HIPP
proteins. Furthermore, the HIPP20 homolog from Oryza sativa, OsHIPP42, activated the

reporter and acted as transcriptional activator indicating a functional conservation in planta
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(Figure 18 D). These results indicate that the small HIPP proteins with one HMA domain
(Figure 36) function as transcriptional activators which represent a novel function for HIPP

proteins.

The HIPP protein family is a structurally diverse protein family where individual HIPP proteins
can contain, for example, more than one HMA domain (Figure 18 E-F). The HIPP3 and HIPP5
proteins belong to clade | of the HIPP protein family and are phylogenetically distinct to the
members of clade Il (Figure 18 E). They are distinct to the clade Il as they are larger in size
and contain two HMA domains (Figure 18 F). As these HIPP3 and HIPP5 proteins are
structurally distinct to the HIPP20 protein, it was tested if the transcriptional activity is a
commonality between different HIPP members. To this end, the HIPP3 and HIPP5 coding
sequences were fused to the Gal4-DBD and a TA assay in Arabidopsis protoplasts was
performed. This experiment showed that the HIPP5 protein activated transcription, however the
HIPP3 protein not (Figure 18 G). This indicates that even within the same clade of HIPP
protein a functional diversity might exist. Nevertheless, these results indicate that at least two
out of five clades in the HIPP protein family can activate transcription.

3.2.5 Summary

In this chapter, it was found that CSD1 interacts with HIPP20 in the nucleus and might form a
transcriptional complex with HIPP20. In addition, the HIPP20-homologous HIPP21 and
HIPP22 can interact with CSD1 in a Y2H assay, suggesting that they act in part redundantly.
In line with this, the individual knockout of the HIPP20, HIPP21 and HIPP22 genes did not
lead to a vegetative growth phenotype under beneficial conditions. HIPP20, HIPP21 and
HIPP22 are nuclear localised proteins with a specific subnuclear localisation. Here, it was
shown through transactivation assays that HIPP20 and its close homologous act as
transcriptional activators. Moreover, even HIPP proteins from other clades can act as
transcriptional activators, suggesting that the HIPP family represents a novel class of

transcriptional regulators in plants.
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3.3 Chapter 3: Co-IP reveals novel PTM of CSD1 and temporal and
stress-dependent interactome of CSD1 and CSD2

The view that the molecular function of CSD1 is exclusively to act as detoxifying enzyme
through dismutation of superoxide to hydrogen peroxide has been severely challenged by the
discoveries made in yeast and human cells (Tsang et al., 2014; Li et al., 2019).

In yeast and human literature on SOD1 many PTMs for SOD1 have been uncovered including
phosphorylation, acetylation, sumoylation and ubiquitination which are directly linked to the
molecular function of SOD1 (Banks & Andersen, 2019). For example, the nuclear translocation
of SODL1 in yeast depends on the phosphorylation of two conserved serine residues (Tsang et
al., 2014). SOD1s function in nutrient sensing and redox regulation involves a reversible
phosphorylation at S39 in yeast and T40 in humans (Tsang et al., 2018). In contrast, to date no
PTMs for SOD1 in plants have been reported. Although attempts to identify phosphorylation
events for CSD1 in Arabidopsis failed (data not shown), here a novel PTM for CSD1 was
identified that might be linked to protein stability and therefore might explain the higher
transcriptional activity of the FLAG-CSD1 protein (Figure 12, Figure 13).

Furthermore, the discrepancies in the predicted and confirmed interaction partners between
CSD1 and its counterparts in yeast and human cells were a point of interest to further understand

the molecular functions of CSD1 in plants (Figure 19).
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Figure 19: Reported interaction partners of CSD1/SOD1 proteins. Based on data of the BioGRID database
(http://thebiogrid.org, Stark et al., 2006) the number of interaction partners is shown for the different SOD1/CSD1
proteins. The Arabidopsis CSD1 protein is reported to interact with 5 proteins (A), while the SOD1 protein from
humans is known to interact with 402 partners (B) and the yeast SOD1 protein with 255 partners (C).

The scope of this chapter is to identify PTMs of CSD1 and explore the CSD1 and CSD2

interactome in-vivo using the CSD1-specific antibody for state-of-the-art protein pulldown
assays.

3.3.1 The CSD1 protein receives an NTA in Arabidopsis

To explore posttranslational modifications of CSD1 in Arabidopsis, the CSD1-specific
polyclonal rabbit antibody was used, which was synthesised in collaboration with the
Phytoantibody group of Prof. Dr. Udo Conrad at the IPK. This specific antibody allows for
immunopurification of CSD1 from a Col-0 total protein extract with magnetic beads coated
with Protein A (Figure 20 A). Important to note is that CSD1 is purified from the protein extract
but also CSD2, however in a smaller quantities.
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Figure 20: CSD1 receives an N-terminal acetylation in-vivo. (A) The western blot image of the
immunoprecipitation with the CSD1-specific antibody (rabbit) is shown. Both, the CSD1 and CSD2 protein, were
identified by using the CSD1-specific antibody for the western blot analysis. The samples are from untreated
Arabidopsis seedlings (grown in liquid culture) and denatured to be released from the magnetic beads. (B) Shown
is the amino acid sequence of CSD1 with the predicted sites of digestion for the GIuC and trypsin protease. (C)
The CSD1-corresponding N-terminal peptide sequence and the detected mass is shown. Three technical replicates
were used. This experiment was once repeated with similar results. (D) Shown data were taken and adapted from
the supplementary data of Linster et al., 2015.

In collaboration with Dr. Jurgen Eirich and Prof. Dr. Iris Finkemeier (Plant Physiology,
University of Minster), a mass spectrometry analysis of immunopurified CSD1 was performed.
Based on the amino acid sequence of CSD1 both trypsin and the endoproteinase GluC were
used to digest the CSD1 protein in separate on-bead digestion reactions (Figure 20 B). The
presence of a lysine at position 3 does not allow for a N-terminal peptide detection after trypsin
digestion, therefore the GluC enzyme was used to generate a detectable N-terminal peptide. By
mass spectrometry analysis, a N-terminal peptide of CSD1 with a different mass was detected
which correlates to an acetyl-residue and therefore an N-terminal acetylation (NTA). In total,
16.5% of all detected N-terminal peptides carried the NTA, which represents the acetylation
yield (Figure 20 C). This discovery is supported by the mass spectrometry analysis of Linster
et al. (Linster et al., 2015) who isolated and analysed total protein extracts of Arabidopsis Col-
0 and transgenic amiNaal0 and amiNaal5 plants (Figure 20 D). This analysis showed that the
acetylation yield of CSD1 dropped to 3.5% in the amiNaal5 transgenic line indicating that the
NatA complex facilitates the NTA. This represents a novel posttranslational modification of
CSD1 in Arabidopsis and provokes the question what the biological function of the acetylated
CSD1 protein pool might be. Although the PTM analysis also focussed on identifying
phosphorylation events, the large number of phosphorylatable residues in each CSD1 peptide
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after trypsin or GIluC digestion prevented identifying specific residues that might have been
phosphorylated. In other words, CSD1 is likely to be phosphorylated in planta, but it was not
possible to pinpoint the specific residue on which it occurred. Of note, CSD1 has 24 putative
phosphorylation sites (S/T) which is a lot considering it represents 15% of the 152 amino acids
(Figure 20 B). In future experiments, the combination of specific tryptic enzymes will be used

to pinpoint the phosphorylated residues.

3.3.2 In-silico analysis suggests N-terminal acetylation of several SOD proteins

As the SOD proteins are evolutionary conserved and found in all eukaryotes, the N-terminal
acetylation and the subsequent in vivo impact of the modification might be conserved as well.
To further support this hypothesis, the protein sequences of different SOD proteins were
retrieved and compared in an in-silico analysis. Interestingly, the alanine at the second position

is conserved between several distinct species (Figure 21 A).



Results 78

A
Protein sequence N-terminal protein sequence
AtCSD1 MAKGVAVLNSSEG
HsSOD1 MATKAVCVLKGDP
ScSOD1 MVQAVAVLKGDA — ®- AtFsd1 o AtFsd2 - AtFsd3
® AlCsdl ® ACsd2 & AlCsd3
MpSOD1 MBVTKKAVAVLKG 25 Aisdi
20 —
HvSOD1 MAGKPSSLKGVAL 5 S .
< ° -
: 15 " g
8 0] B *—a
B § ~ .
- 2 5 ¢ o
g 31 a
Protein sequence N-terminal protein sequence d 2] o ~ B
o e
-
CSD1 MAKGVAVLNSSEG " =
0
CSD2 MAATNTILAFSSPS 1 o ¥ 0 5 f
L v J\_ v o
CSD3 MEAPRGNLRAVAL rosette development fruit development
MSD1 MAIRCVASRKTLAG
FSD1 MAASSAVTANYVLK

Figure 21: In-silico analysis suggests that most SOD proteins undergo N-terminal acetylation. (A) The N-terminal
amino acid sequence of several SOD isoforms from the species Arabidopsis thaliana (At), Homo sapiens (Hs),
Saccharomyces cerevisiae (Sc), Marchantia polymorpha (Mp) and Hordeum vulgare (Hv) are shown. Amino acids
that might receive an NTA are highlighted. (B) The N-terminal amino acid sequences of several SOD isoforms of
Arabidopsis are shown. Amino acids that might receive an NTA are highlighted. (C) The expression level of
several SOD isoforms of Arabidopsis are shown at different developmental stages of the plant. The figure was
taken and adapted from Pilon et al, 2011. Data wused are based on the Genevestigator

(http://lwww.genevestigator.com).

For example, the CSD1/SOD1 proteins in human cells, in Saccharomyces cerevisiae, in
Marchantia polymorpha and Hordeum vulgare share the alanine at position 2 indicating an
evolutionary conservation. Furthermore, several other SOD proteins in Arabidopsis contain an
alanine at position two (Figure 21 B). Both CSD1, CSD2 as well as MSD1 and FSD1 share the
alanine. Therefore, all SOD proteins that share the conserved alanine at position two are
potential targets for the NTA. By analysing the expression patterns of the SOD genes in
Arabidopsis through the gene investigator portal (https://genevestigator.com/), it was found that
those SOD proteins that might be N-terminal acetylated were the most strongly expressed genes

during all developmental stages of Arabidopsis (Figure 21 C). This provoked the question if
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the NTA represents another mechanism to control the protein abundance of SOD proteins in

vivo which will be tackled in the future.

3.3.3 Co-IP of CSD1 and CSD2 from total protein extracts of Arabidopsis identified a
plethora of interactors

The scientific achievement to synthesise a CSD1-specific antibody allowed for exploring the
interactome of CSD1 in the wild type background in vivo. The experiment was designed to gain
further insight into the molecular function of CSD1. Here, protein A bound to magnetic beads
was used to pulldown CSD1 protein complexes from soluble protein extracts of Arabidopsis
with the CSD1-specific antibody. To confirm the specific pulldown of CSD1, the complexes
bound to the magnetic beads were denatured, separated via an SDS-PAGE and analysed by a
Western blot. The pulldown of CSD1 and CSD2 was confirmed by using the CSD1-specific
antibody in Arabidopsis Col-0 plants (Figure 22 A).
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Figure 22: CSD1 and CSD2 pulldown from total protein extracts of Arabidopsis. (A) The western blot of the
immunoprecipitated protein complexes with the magnetic beads is shown. Immunoprecipitation and western blot
were performed with the CSD1-specific antibody. Results for an immunoprecipitation on total protein extracts of
untreated 12 days old Arabidopsis seedlings is shown. (B) The average enrichment (log2(FC)) of CSD1 and CSD2
in all different conditions is shown as compared to immunoprecipitation with an mCherry-specific antibody
(rabbit) as negative control. For all conditions, four biological replicates were used.

The western blot analysis showed additional bands that might represent the CSD1 dimer or the

CSD1 protein bound to different complexes. The western blot confirmed the ability to pulldown

the CSD1 and CSD2 protein from total protein extracts of Arabidopsis plants.
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Within 5 minutes of salt stress, CSD1 moves to the nucleus which was shown before by FRAP
analysis (Figure 2). The mechanism of this process is unknown. To gain further insights into
the molecular function of CSD1 during the early stress response, the pulldown experiment was
performed with Arabidopsis wild type seedlings stressed with H2O2, methyl viologen/paraquat
(MV) and sodium chloride (NaCl) which were harvested at different time points (5-minutes and
30-minutes). The bead-antibody-protein complexes were shipped to the group of Prof. Dr. Iris
Finkemeier (University of Minster, Germany) to perform mass-spectrometry analyses. As
negative control, and to determine the enrichment of peptides, the pulldown was in parallel
performed with an anti mCherry-antibody that was also synthesised in rabbits. By mass-
spectrometry analysis, a strong and significant enrichment of CSD1 and CSD2 in all four
replicates of the distinct stress conditions was found (Figure 22 B). This confirmed successful
enrichment of CSD proteins in the different pulldown samples. Subsequently, the identified
peptides of potential interaction partners were analysed, quantified and sorted based on their
peptide enrichment, p-value and presence in at least 50% of the replicates for each condition.
The analysis settings resulted in the overall identification of 515 unique interactors for CSD1
and CSD2 (Supplementary data 1). These 515 interactors were sorted based on their
subcellular localisation within the SUBA4 database (https://suba.live/, Hooper et al., 2017).
Hereby, it was found that 38% are localised to the cytosol, 30% to plastids, 11% to the
mitochondrion and 8% to the nucleus (Figure 23 A).
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Figure 23: Identification of a plethora of CSD1 and CSD?2 interaction partners. (A) Based on the SUBA4 database,
the identified interaction partners were sorted for their subcellular localisation. In total, 515 interactors were
identified. As several interactors have dual localisation the number increased to 555. (B) The number and
distribution of enriched interaction partners are shown for each conditions analysed. Enriched interactions partners
that were present in all conditions were excluded from the distribution and considered separately. An interaction
partner was considered to be enriched based on the p-value (p<0.05) and the presence in >50% of the replicates.

Based upon the subcellular localisation of the identified hits, 267 proteins potentially interact
with CSD1 in the cytosol and/or nucleus. 163 plastidial proteins potentially interact with the
chloroplastic CSD2 protein. Furthermore, 125 hits belong to proteins which are predicted to
localise to the mitochondrion, Golgi apparatus, peroxisome and extracellular space which do
not contain the CSD1 or the CSD2 protein. This crude analysis resulted in a total of 555 hits as
certain proteins are localised to more than one subcellular compartment and will need further

validation regarding the subcellular localisation of the complex formation.

The identified hits were sorted by conditions to link the interactors to the stress conditions
(Supplementary data 2). Here, the hits were based on the p-value (<0.05) and the presence in
at least 50% of the replicates. Through all conditions, 34 hits were identified and considered to
be the “core”-interactome. Two out of these 34 hits were CSD1 and CSD2, therefore 32 novel
hits were identified (Table 5). These hits were mostly ribosomal proteins which were correlated
with the 30S, 40S, 50S and 60S subunits of the ribosome in cytosol and chloroplast.
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Table 5: The 32 hits identified in all conditions (untreated and treated) are shown.

Annotation Abbreviation Description Ann(:]tatio Abbreviation Description
AT5G55070 E2-OGDH?2 Dihydrolipoamide succinyltransferase | AT2G47610 Ribosomal protein Ribosomal protein
AT5G23740 RPS11C Ribosomal protein (40S) ATSG20290 RPSSA Ribosomal protein (40S)
AT2G36160 RPS14A Ribosomal protein (40S) AT1G54220 mtE2-3 Dihydrolipoamide acetyltransferase
AT5G14320 EMB3137, RPS13 Ribosomal protein (30S) AT5G02450 RPL36C Ribosomal protein (60S)
AT1G18540 RPL6A Ribosomal protein (60S) AT3G60770 Ribosomal protein Ribosomal protein
AT2G19730 RPL28A Ribosomal protein (605) AT3G55280 RPL23aB Ribosomal protein (605)
AT3G52200 mtE2-1, LTA3 Dihydrolipoamide acetyltransferase | aATcGoo770 RPSS Ribosomal protein (30S)
AT3G25920 RPL15 Ribosomal protein (50S) AT3G04840 RPS3aA Ribosomal protein (40S)
AT3G53020 RPL24B Ribosomal protein (60S) ATCG01310 RPL2.2 Ribosomal protein (505)
AT4G17390 Ribosomal protein Ribosomal protein AT4G00100 RPS13B Ribosomal protein (40S)
AT2G41840 RPS2C Ribosomal protein (40S) ATCG01230 RPS12 Ribosomal protein (30S)
ATCG00380 RPS4 Ribosomal protein (30S) AT3G07110 RPL13aA Ribosomal protein (60S)
AT2G18020 RPLSA Ribosomal protein (60S) AT2G31610 RPS3A Ribosomal protein (40S)
AT3G24830 RPL13aB Ribosomal protein (605) AT1G67430 RPL17B Ribosomal protein (605)
AT5G15200 RPSOB Ribosomal protein (40S) AT3G62870 RPL7aB Ribosomal protein (60S)
AT5G62300 RPS20C Ribosomal protein (40S) AT3G13930 mtE2-2 Dihydrolipoamide acetyltransferase

Combined with 33 hits that were identified in the untreated samples, the interactome of CSD1
and CSD2 consisted of 65 proteins under untreated conditions (Figure 23 B). In comparison,
107 hits were identified for the two H>O> time points, 567 hits were identified for the three
NaCl time points and 203 hits for the two MV time points. Interestingly, especially the 10 min
NaCl time points resulted in the identification of a plethora of interaction partners. It remained
elusive if this is related to an efficient pulldown compared to other samples or to the time point
and stress condition. Nevertheless, the amount of identified hits highlights the stress and time
point specific complex formation of the CSD proteins. By treatment with different stresses and
harvesting at different time points the dynamics of the interactome of CSD1 and CSD2 became
visible. To further highlight the dynamics of the interactome, the log2FC enrichment of peptides
upon treatment with 30 minutes of H202, MV and NaCl was visualised in relation to the log2FC
enrichment of these peptides in the untreated samples, indicated by the line corridor in Figure
24 A.
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Figure 24: CSD interactome is dynamic. (A) A scatter plot highlighted the enrichment changes (log2(FC)) between
untreated and treated samples is shown. The corridor (black lines) indicates the enrichment in the untreated
samples. The CSD1 protein is highlighted in light green. Colour code represents the p-value. (B) The enrichment
of all identified peptides in relation to the p-value is represented through all conditions as volcano plot. Ribosomal
proteins are highlighted in cyan and non-ribosomal proteins in red. The threshold is shown by black lines. The
CSD1 protein is highlighted with a dark red dot.

Of note, the CSD1 peptide is highlighted in light green and shows no change between untreated
and treated samples, indicating that the pulldown was performed with the same efficiency.
However, CSD1 interacting proteins showed an altered enrichment between untreated and
treated conditions. The visualisation reveals that specifically the 30 min NaCl treatment
increased the complexity of the CSD1 and CSD2 interactome. Overall, the complex formation
of the CSD1 and CSD2 protein was found to be highly dynamic, depending on the type of stress
applied and the time point at which the samples were analysed after the stress application.

In the interactome dataset, several ribosomal proteins were identified as strongly enriched
proteins. Distinct ribosomal proteins were identified within the “core”-interactome of CSD1
and CSD2 (Supplementary data 2), but also changes in the enrichment of ribosomal proteins
between the individual stress conditions were observed. To highlight the enrichment of
ribosomal proteins (coloured in blue), the log2FC enrichment of peptide counts was visualised
in relation to the p-value (Figure 24 B). The CSD1 protein is highlighted with a dark red dot.
The visualisation revealed that ribosomal proteins were strongly enriched in all conditions and
represent one major class of CSD interacting proteins. Interestingly, the ribosomal proteins
showed an overall higher log-FC than other proteins through all conditions as highlighted by a

density plot (Figure 25).
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Figure 25: Ribosomal proteins are the strongest enriched fraction of identified interactions partners. The
enrichment (log2(FC)) of all identified peptides is represented in a density plot for all conditions. Density of
ribosomal proteins is highlighted in cyan and density of non-ribosomal proteins in red. The enrichment of
ribosomal proteins is high through all conditions and increasing with stress.

The density plot describes the distribution of all peptides in relation to the log2FC and thereby
gives an overview if the strength of enrichment is increasing or decreasing between the
conditions. Especially, the density of ribosomal proteins for high log2FCs increased in the early
5-minute stress treatments. This might indicate a specific complex formation between
ribosomes and the CSD proteins. Figure 25 shows in general that the density of high FCs
increased in the stress treatments. The increased number of peptides with high FCs indicates a
stronger complex formation of CSD proteins upon stress.

3.3.4 Complex formation of CSD1 and CSD2 depends on the timing rather than the
stress

To further understand the complex formation of the CSD1 and CSD2 protein upon stress, the
hits identified at different time points were compared (Figure 26). Here, the focus was to
explore if the CSD proteins were present in the same complex at different time points during
the response towards for example H20 (Figure 26 A).
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Figure 26: CSD complex formation depends on the stress condition and the time point. (A-C) The overlap of
interaction partners between control, 5-minutes and 30-minutes time point for the H,O,, MV and NaCl treatment
is shown in a Venn diagram from left to right, respectively. (D-E) The overlap of interaction partners between the
different stress conditions at the same time point is shown in a VVenn-diagram.

The overlap between untreated, 5-minutes of H20, and 30-minutes of H2O: stress were two
hits: the RPL4A/SAC56 (AT3G09630) and the plastidic RPL17 (AT3G54210) protein.
Comparing the 5-minutes and 30-minutes time point of H,O; stress resulted in an overlap of
eight hits: RH37 (AT2G42520), EIF3E (AT3G57290), Ribosomal protein (AT2G20450),
RPL24 (AT5G54600), NAI2 (AT3G15950), RPL19 (AT1G02780), TPL6 (AT1G47270) and
RPL13D (AT5G23900). A similar observation was made when comparing the MV and NaCl
treatments with the control situation (Figure 26 B-C). The control and MV time points showed
an overlap of 7 hits: RPL4A/SAC56 (AT3G09630), E1-OGDH1 (AT3G55410), MAB1
(AT5G50850), RPS11 (AT3G52580), plastidic RPL3 (AT2G43030), RPS6 (AT4G31700) and a
Ribosomal protein (AT3G53740). The control and NaCl time points showed an overlap of 3
hits: RPS11 (AT3G52580), plastidic RPL3 (AT2G43030) and RPS6 (AT4G31700). It was found
that between these three treatments, the CSD protein shared a minimal overlap of interaction
partners under stress conditions as compared to the different time points and the control

situation. This small overlap was surprising as it indicates that rather the time point than the
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stress defines the CSD protein complexes. To understand if the time point was important, the
hits for all three treatments at the 5-minutes time point were compared (Figure 26 D-E). These
comparisons revealed an overlap of 27 hits between the three different stresses. At the 30-
minutes time point the three stresses showed an overlap of 41 hits. Furthermore, in this
comparison large overlaps between two out of three treatments were found as 5-minutes of MV
and 5-minutes of NaCl shared 22 hits and 30-minutes of MV and 30-minutes of NaCl shared
38 hits. This overlap between the three treatments at the same time point, compared to the
minimal overlap within a treatment (Figure 26 A-C), highlighted that the complex formation
of the CSD proteins depends rather on the time point of the treatment than the individual
treatment. Still, each condition and time point had a unique fingerprint of identified hits

indicating a complex spatiotemporal interaction network of the CSD proteins.

The 27 hits that were identified in the overlap of the three different treatments at the 5-minute

time point are highlighted in the Table 6.

Table 6: The 27 hits overlapping at the 5-minute time point between the H,O2, MV and NaCl treatment are shown.

Annotation Abbreviation Description Annotation Abbreviation Description
AT3G57290 EIF3E Eukaryotic translation initiaton factor AT1G02780 RPL19A Ribosomal protein
AT1G70600 RPL27aC Ribosomal protein ATAG34670 RPS3aB Ribosomal protein
AT3G09630 RPLAA, SAC56 Suppressor of ACAULIS 56 AT3G04920 RPS24A Ribosomal protein
AT3G60245 RPL37aC Ribosomal protein AT3G18740 RPL30C Ribosomal protein
ATAGO02230 RPL19C Ribosomal protein AT5G54550 ATDOB12 Protein of unknown function
AT2G04865 MAIL2 MAIN-LIKE 2, aminotransferase-like | ataG12310 CYP706A5 Cytochrome P450 oxidase
AT3G02660  FAC31, EMB2768 Tyrosyl-tRNA-synthetase AT5G28060 RPS24B Ribosomal protein
AT1G59359 RPS2B Ribosomal protein AT5G23900 RPL13D Ribosomal protein
AT1G48380 RHL1, HYP7 ROOT HAIRLESS 1, HYPOCOTYL 7 AT3G52580 RPS14C Ribosomal protein
AT2G20450 RPL14A Ribosomal protein AT5GA5390 CLPP4 Caseinolytic protease P4
AT3G56340 RPS26C Ribosomal protein ATCG00130 ATPF ATPase FO complex
AT4G31700 RPSGA Ribosomal protein ATCGOO750 RPS11 Ribosomal protein
ATSGS4600 RPL24B Ribosomal protein AT2G20784 NA Hypothetical protein
AT4G18100 RPL32A Ribosomal protein

Most of these identified hits were ribosomal proteins indicating that CSD1 might impact the
translation in the early stress response towards these three treatments. The 41 hits that were
identified in the overlap at the 30-minute time point represent less ribosomal proteins indicating
that the CSD protein complexes changed between these two time points (Table 7).
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Table 7: The 41 hits overlapping at the 30-minute time point between the H,O,, MV and NaCl treatment are

shown.
Annotation Abbreviation Description Annotation Abbreviation Description
AT2G42520 RH37 RNA helicase AT2G45710 RPS27A Ribosomal protein
AT4G23100 CAD2, PAD2 Glutamate-cysteine ligase AT4G35110 PEARLIA Phospholipase-like protein
AT3G55410 E1-OGDH1 2-oxoglutarate dehydrogenase AT3G08590 iPGAM?2 Phosphoglycerate mutase
AT1G13930 NA Nodulin-related protein 1 AT2G44640 NA Trigalactosyldiacylglycerol-like protein
AT1G04780 NA Ankyrin repeat family protein AT3G22230 RPL27B Ribosomal protein
AT1G74060  Ribosomal protein Ribesomal protein AT2GA43030 RPL3 related Ribosomal protein
AT1G11860 GLDT Glycine-cleavage T-protein family AT2G20450 RPL14A Ribosomal protein
ATAG32470 NA Cytochrom bd ubiquinol oxidase AT3G55750 RPL35aD Ribosomal protein
AT5G02960 RPS23R Ribosomal protein ATAGO1050 TROL Thylakoid rhodanese-like
AT3G09840 CDCASA Cell division cycle protein 48A AT5G54600 RPL24B Ribosomal protein
AT1G02780 RPL19A Ribosomal protein AT5G51380 NA RNI-like superfamily protein
AT1G27400 RPL17A Ribosomal protein AT3G15950 NAI2 DNA topoisomerase-related
ATAG02520 GSTF2, GST2 Glutathione S-transferase PHI 2 ATAG26910 E2-OGDH1 Dihydrolipoamide succinyltransferase
AT3G54210 RPL17 Ribosomal protein AT3G53740  Ribosomal protein Ribosomal protein
AT5G50850 MAB1 Transketolase family protein ATAG19191 NA TPR-like superfamily protein
AT1G47270 TPLG Tubby like protein 6 ATAG27370 VAIT:! Myosin VIl B
AT5G23900 RPL13D Ribosomal protein AT2G21330 FBA1 Fructose-bisphosphate aldolase 1
AT3G27530 GCB, MAIGOA Golgin candidate 6 AT1G01320 REC1, FLL2 Reduced chloroplast coverage 1
AT1G26910 RPL10B Ribesomal protein ATCG00810 RPL22 Ribosomal protein
AT1G14320 RPL10A Ribosomal protein AT2G01720 05T1A Oligosaccharyltranferase 1A
AT1G77120 ADH1 Alcohol dehydrogenase 1

Several interesting proteins were identified at these time points: the CELL-DIVISION CYCLE

48A (CDC48A) protein which is involved in the turn-over of an immune receptor (Copeland et

al., 2016) and the ubiquitin-dependent degradation of intra-chloroplast proteins (Li et al., 2022)

or the NAI2 protein which is involved in ER body formation (Yamada et al., 2008). It will be a

future task to resolve the molecular role of the complex formation of CSD proteins with the

identified proteins. As the complex formation was rather time point specific than treatment

specific, the biological role might be part of a general stress response.

3.3.5 The complex formation of CSD1 and CSD?2 is time- and stress-specific

To further highlight the temporal and condition-specific dynamics of the CSD complex

formation, ten identified interacting proteins were analysed for their enrichment between the

different stress conditions through a heatmap representation (Figure 27 A).
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Figure 27: CSD1 and CSD2 interaction partners show stress and time point specific enrichment dynamics. The
enrichment (logz(FC)) of selected interaction partners of CSD1 (A) and CSD2 (B) through the stress treatments
and time points are shown in a heatmap. Each data point is the mean enrichment of four biological replicates.
Statistical significance of individual enrichments is shown with an asterisk (p-value <0.05).

In untreated samples, the CIRCADIAN RHYTHM AND RNA BINDING 2 (CCR2) and the
UBIQUITIN 6 (UBI6) protein showed a significant enrichment indicating that they were
present in the same complex as CSD1. The UBI6 protein was significantly enriched in all
conditions indicating that the complex of UBI6-CSD1 was independent of the treatment and
time point. The CCR2 protein was enriched in untreated and the 30-minute treatment time
points. At the 5-minute time points, the CCR2 protein was not enriched in the pulldown samples
indicating the CCR2-CSD1 complex was dynamic and dissociated during the early phase of the
stress response. The enrichment of the RAN GTPASE 3 (RAN3) was significant at 30 minutes
of H2O2 and 30 minutes of MV treatment implying that the RAN3-CSD1 complex only forms
under prolonged stress conditions. Opposing to RAN3, the CC-TYPE GLUTAREDOXIN 7
(ROXY7) was significantly enriched at 5 minutes of NaCl and 5 minutes of MV treatment.
Furthermore, the complex formation of CSD1 with the STOREKEEPER-LIKE
TRANSCRIPTION FACTOR 1 (STKL1) and CDC48A was specific for the 30-minute time
point in all three different treatments while it was not present in the 5-minute time points, except
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for CDC48A at 5 minutes of MV treatment. Stress-specific enrichment was also observed for
the ADENOSINE KINASE 1 (ADK1) in the 5- and 10-minute NaCl treatment and 5-minute
MYV treatment. As the ADK1 is the homolog of the human adenosine kinase which was shown
to interact with the human SOD1 counterpart (BioGRID, Stark et al., 2008; Wan et al., 2015),
this cross-species complex formation will be a point for future research. These results showed
that the complex formation of CSD1 with proteins like RAN3, ROXY7, CDC48A, STKL1 and
ADK1 followed individual patterns with time point-related dynamics indicating a specific

molecular fine-tuning for these complexes.

Similar to CSD1, dynamic complex formation was also observed for potential CSD2 interaction
partners (Figure 27 B). For example, the FRUCTOSE-BISPHOSPHATE ALDOLASE 3
(FBA3) was enriched in the untreated samples and 30-minutes treatments of NaCl and MV,
however it was not enriched in the 5-minutes time point or the H,O> treatment. This trend was
also observed for CINNAMYL ALCOHOL DEHYDROGENASE HOMOLOG 2 (CAD2),
CHLOROPLAST RNA-BINDING PROTEIN 29A (CP29A) and ATP SYNTHASE
COMPLEX C1 (ATPC1). Opposingly, the enrichment of ROTAMASE CYP 4 (ROC4) was
significant in the 30-minutes time point of NaCl and MV treatment. Interestingly, only CAD2
showed a significant enrichment upon H2O> treatment while the other 9 proteins only showed
specific enrichment under control, NaCl or MV treatment. Taken together, these results showed
that the CSD2 complex formation was, similar to CSD1, individual and highly dynamic. In an
ongoing experiment, the interaction of CSD1 and CSD2 with the highlighted proteins is tested
with another experimental setup to elucidate if the CSD proteins interact directly or indirectly

with the identified protein partners.

Within the peptide dataset, a substantial amount of ribosomal proteins was identified. As the
mCherry-antibody was used a negative control to clear the background noise of peptides in the
dataset, the identified peptides which managed to pass the sorting filter (p-value <0.05, >50%
of replicates) were considered as significant enriched hits. The observation that the density and
enrichment of ribosomal proteins changed upon the different stress treatments (Figure 25)
provoked the question if the CSD proteins were present in different ribosomal protein
complexes upon stress treatment. To answer this question, the dataset was screened for
ribosomal proteins and the enrichment of these ribosomal proteins was visualised in a heatmap
(Figure 28 A-B).
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Figure 28: Complex formation with ribosomal proteins is partially time- and stress-specific. The enrichments
(log2(FC)) of the CSD proteins and several ribosomal proteins through the different stress treatments and time
points are shown in a heatmap. These ribosomal proteins are either interaction partners of CSD1 (A) or CSD2 (B).
Each data point is the mean enrichment of four biological replicates. Statistical significance of individual
enrichments is shown with an asterisk (p-value <0.05).

Two individual heatmaps were generated based on the subcellular localisation of the 60S/40S
cytosolic and 50S/30S plastidic ribosomal proteins to discriminate between CSD1 and CSD2.
In Figure 28 (Panel A) the enrichment of CSD1 was visualised in comparison to a set of
ribosomal proteins. Several ribosomal proteins constitutively interact with CSD1, as they were
found under control conditions and all stress conditions tested (RPS3A, RPS14A and RPL24B).
Other ribosomal proteins, like RPS23B, were strongly enriched after 30-minutes of stress as
compared to the untreated samples but showed no enrichment in the 5-minutes time points.
Opposingly, RPS3aB showed only a strong enrichment in the 5-minutes time point in all three
treatments. Overall, the enrichment of the selected ribosomal proteins was highly dynamic
indicating that CSD1 associates with different ribosomal proteins or complexes under control

and stress conditions.

Similar to CSD1, the complex formation with different ribosomal proteins was also observed
for CSD2 (Figure 28 B). Plastidial ribosomal proteins like RPS4 and RPL15 showed a constant
enrichment through untreated and treated samples while ribosomal proteins like RPL27 and
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RPS15 showed a specific enrichment pattern. RPL19 was enriched in the 5-minutes NaCl and
MYV time point, while RPL16 was only significantly enriched in the 5-minutes H20- time point.
Overall, the visualised enrichments of ribosomal proteins highlighted that CSD2 associates with
certain ribosomal protein complexes through all conditions but seems to also associate with

stress-specific and time point-specific ribosomal protein complexes.

3.3.6 Summary

In this chapter the N-terminal acetylation of CSD1 at the a-amino acid alanine was found. The
structure of the N-terminus of CSD1 and the work of Linster et al. strongly indicate that the
acetylation is facilitated by the NatA complex (Linster et al., 2015). An in-silico analysis
suggests that several SOD isoforms in Arabidopsis might also be targets for NTA. Furthermore,
the CSD1 counterparts in human, yeast, barley and Marchantia shared the conserved a-amino

acid alanine indicating that the N-terminal acetylation is conserved in the green lineage.

Furthermore, 515 interactors of CSD1 or CSD2 were identified in wild type Arabidopsis
seedlings. Based on subcellular localisation information, 267 interactors were related to CSD1
and 163 to CSD2. Among the 515 interacting proteins, many ribosomal proteins were detected.
By using Arabidopsis seedlings treated with different stresses for different time intervals,
changes in the complex formation of the CSD proteins were explored. It was found that the
complex formation of CSD proteins is highly dynamic and depends rather on the time point of
the stress response than the response towards a specific treatment. Nevertheless, each individual
stress treatment had a unique fingerprint of CSD interactors at a specific time point. Several
CSD1 interacting proteins like CCR2, STKL1, CDC48A, RAN3, ROXY7 or ADK1 showed a
time- and stress-specific complex formation with CSD1. Similarly, CSD2 interactors like
FBA3, CP22, CAD2 or ROC4 showed a time- and stress-specific complex formation.
Furthermore, several ribosomal proteins showed a time- and stress-specific complex formation
with the CSD proteins. Combined, these results revealed that the CSD proteins are involved in
the initial stress response through temporally restricted protein complex formation. The
identification of the interaction partners and the dynamic of their complex formation with the
CSD proteins provides novel insights that will help to understand the molecular function of

CSD proteins during the stress response in Arabidopsis.
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4 DISCUSSION

This work aimed to explore the moonlighting function of the Arabidopsis superoxide dismutase
protein CSD1. Especially the recent advances on the role of SOD1 from human and yeast in
transcriptional regulation urged for exploration of this novel function in plants (Tsang et al.,
2014; Li et al., 2019). Here it was found that CSD1 in plants localised both to the cytosol and
the nucleus. In the nucleus, CSDL1 is able to bind DNA, and acts as a transcriptional regulator
during the initial response to salt stress. Moreover, the protein interactome of CSD1 was
explored by a unique experimental setup, revealing that CSD1 forms highly dynamic protein
complexes that occur in a temporal manner upon stress. Furthermore, the exploration of the
nuclear interaction partner HIPP20 indicates that CSD1 and HIPP20 form a transcriptional
complex. The discovery that HIPP proteins act as transcriptional regulators grants an unknown
plant protein family a novel and important molecular function. Here the major advances and

follow-up research questions will be addressed and discussed.

4.1 Chapter 1: CSD1 acts as a transcriptional regulator in the early salt

stress response

In this chapter, the moonlighting function of CSD1 as a transcriptional regulator during the
early salt stress response in Arabidopsis thaliana was established. Upon salt stress, cytosolic
CSD1 translocates to the nucleus where it binds specifically to DNA by recognisinga TGCTTT
cis-element in the promoter of here uncovered target genes. During the early salt stress
response, CSD1 affects the transcriptional response of stress-related genes like NCEDS3,
HSFA6B and TAT3 through binding to their promoter and regulating their transcription. The

impact of these discoveries and the potential for novel research lines will be addressed.

The SOD protein family was discovered more than 50 years ago by McCord and Fridovich and
seen exclusively as pivotal antioxidant enzyme by the dismutation of superoxide to hydrogen
peroxide (McCord & Fridovich, 1969). This fixed textbook view has dramatically changed
within the last years by the discovery of the moonlighting function of SOD1 as transcriptional
regulator in yeast and human cells. Tsang et al. (2014) found that SOD1 translocates to the

nucleus and regulates the expression of stress-related genes upon oxidative stress in yeast. In
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2019, Li et al. found that also in human cells SOD1 translocates to the nucleus and regulates
the expression of stress-related genes upon oxidative stress. The initial discovery that SOD1
acts as a transcriptional regulator revolutionised and shifted the view on the CuZnSOD protein
family (Tsang et al., 2014). Due to the causative link between SOD1 and ALS (Franklin et al.,
2020), SODL1 has always been extensively studied, thus these novel discoveries are especially
astonishing. To date, SOD1 is known to be a regulator in cancer development (Salem et al.,
2015; Li et al., 2018), starvation/nutrient sensing (Tsang et al., 2018) and ribosome biogenesis
(Wang et al., 2021). Highlighted in a review by Xu and co-authors, all these individual
discoveries are specifically linked to the molecular function of the nuclear fraction of SOD1
(Xu et al., 2022). However, a clear separation between these two molecular functions of SOD1,
as enzyme and as transcriptional regulator, remains open and will be a major research question

to be entangled.

The recent findings are mostly connected to yeast and human research. My research work now
translates and advances this knowledge into the plant kingdom by the identification of CSD1"s
role as transcriptional regulator during salt stress in Arabidopsis and is therefore a crucial
contribution to further understanding the role of SODs in all kingdoms of life. Also, in plants
SOD proteins are described as basic and pivotal antioxidant enzymes which now will be seen
in a different light with the here uncovered novel function of CSD1 as transcriptional regulator
during salt stress in Arabidopsis (Kliebenstein et al., 1998). It will be an important task to
elucidate if the role of CSD1 as transcriptional regulator is also conserved within the eclectic

SOD protein family in plants, especially in crops.

Several experimental aspects open new research opportunities in Arabidopsis. For example, the
stress-induced movement of CSD1/SOD1 to the nucleus is conserved between Arabidopsis,
yeast and human cells (Tsang et al., 2014; Li et al., 2019). The translocation of SOD1 in yeast
and human depends on two stress-induced phosphorylation events facilitated by a conserved
module of kinases (Tsang et al., 2014, Li et al., 2019). The phosphorylatable residues on the
SOD1/CSD1 protein are conserved between yeast, human and Arabidopsis, however no
obvious homologous kinases are present in Arabidopsis. Here, it will be illuminating to
understand the interactome of CSD1 that might contain candidate protein kinases. To
understand the mechanism that triggers the stress-induced nuclear movement of CSD1, will
close a knowledge gap for the molecular function of CSD1 and might also provide a link to the
upstream stress signal that is currently missing. Furthermore, it needs to be determined if the
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enrichment of the SOD1/CSD1 protein is controlled by an active transport mechanism. The
protein surface does not contain an obvious nuclear-localisation-signal (NLS). Of note, the
described experimental evidence was based on the use of the transgenic 35S:CSD1-GFP
overexpression line that does not resemble the wild type protein level. To date it remains elusive
how much CSD1 is present in the nucleus under control conditions. Therefore, it will be
interesting to study how the nuclear fraction of CSD1 is controlled as the FRAP results strongly

indicate an active transport mechanism.

In the nucleus, CSD1 associates with specific DNA motifs in the promoter of salt stress-related
genes thereby regulating their transcription by acting as a transcriptional regulator during the
initial response to salt stress. Here, the transcriptional role of CSD1 is not only linked to
oxidative stress as shown in yeast and human cells but also to a natural stress like salt stress in
Arabidopsis. The early salt stress response in Arabidopsis is comprised of osmotic stress
whereas the “later” response is characterised by ion accumulation (Munns & Tester, 2008).
Rapid growth reduction within the first minutes and hours in response to salt stress are
connected to the osmotic phase (Rajendran et al., 2009; Adem et al., 2014; Tilbrook et al.,
2017). Within the osmotic phase, growth reduction is based on altered cell cycle activity (West
etal., 2004), cell expansion (Niu et al., 1996; Neves-Piestun & Bernstein, 2005), leaf emergence
(James et al., 2002; Fricke et al., 2006) and cell wall rigidity (Byrt et al., 2018; Feng et al.,
2018).

A molecular characteristic of the osmotic phase is the rapid accumulation of ROS, a so-called
ROS burst (Jiang et al., 2012; Schmidt et al., 2013). This ROS burst is necessary for the
adaptation of plants to salt stress (Ben Rejeb et al., 2015). However, the molecular sensors and
facilitators of the ROS burst remain elusive. Here, the elucidation of a novel mechanism
involved in the early salt stress response, and potentially involved in the growth reduction in
the osmotic phase is reported. This novel mechanism provides a link between the initial ROS
burst, the ABA accumulation and subsequently salt stress tolerance. It was found that CSD1
regulates the expression of salt-stress related genes like NCED3 that represents the rate-limiting
enzyme in the biosynthesis of ABA (Tan et al., 2003). ABA biosynthesis is dynamically
regulated during salt stress (Fricke et al., 2006), however peak levels of ABA are correlated
with the early phase (Geng et al., 2013) and might be induced by the rapid ROS signaling. As
CSD1 dismutates superoxide to hydrogen peroxide it might be able to act as signal integrator
of the initial ROS burst. In a future experiment, it will be interesting to study if CSD1 links the
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ROS burst with the ABA peak in the osmotic phase by regulating the expression of NCED3.
The expression of NCED3 peaks at 1 and 3 hours suggesting that NCED3 is the major factor to
control the ABA content. The accumulation of ABA correlates with a growth quiescence in the
primary root (Geng et al., 2013), something that also happens in the response to drought stress
(luchi etal., 2001). Therefore, the transcriptional induction of NCED3 by CSD1 might represent
an output signal of the initial ROS burst resulting in an initial growth reduction within the
osmotic phase of the early salt stress response. With other words, CSD1 might translate the
ROS signal into an alteration of ABA levels for short term stress adaptation.

Another target gene of CSD1 is HSFA6B. Heat shock transcription factors (HSFs) are known
to control the expression of heat shock proteins (HSPs) which are important to respond and
cope towards stress with their role as molecular chaperones (Guan et al., 2014). In a previous
study, HSFA6B was shown to be induced during salt and osmotic stress, while other HSFs
respond at later stages of the stress (Swindell et al.,, 2007). Furthermore, acquired
thermotolerance and root elongation are regulated by HSFAGB in an ABA-dependent manner
(Huang et al., 2016; Wenjing et al., 2020). Also, it is proposed that both HSFA6A and HSFAGB
are involved in abiotic stress tolerance through regulation of ROS homeostasis in plants
(Wenjing et al., 2020). This suggests that ABA and HSFA6B act upstream of ROS, however,
here it is shown that the regulation of HSFAG6B expression by CSD1 acts upstream of ABA and
is induced after the initial ROS burst. This suggests that the initial observation of ABA
regulation of ROS homeostasis is rather a downstream feedback mechanism (Wenjing et al.,
2020). In the future, it will be interesting to further tackle the hierarchy of the transcriptional
regulation of HSFAG6B expression and interconnection of ABA and ROS leading to abiotic

stress and thermotolerance.

With TAT3, another target gene of CSD1 was discovered. The TAT genes encode tyrosine
aminotransferases that catalyze the reversible transamination between Tyr and 4-
hydroxyphenylpyruvate representing the entry point in plants for the biosynthesis of secondary
metabolites like plastoquinone and tocopherol (Vitamin E) while also enabling Tyr degradation
in the recycling process of energy and nutrients (Wang et al., 2016d). The homologous TAT1
and TAT?2 function together in tocopherol biosynthesis and TAT1 plays the dominant role in
Tyr degradation in planta with TAT2 having a lesser role (Wang et al., 2019). The affinity for
the Tyr substrate differs between both TAT enzymes indicating a functional difference (Wang
et al., 2016d). Tocopherols are antioxidants that deactivate photosynthesis-derived ROS and
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thereby prevent the propagation of lipid peroxidation (Munne-Bosch, 2005). So far, little is
known about the molecular and biological function of TAT3, but a QTL analysis indicates that
TAT3 is involved in the metabolism and/or regulation of tocopherol biosynthesis (Gilliland et
al., 2006). Therefore, by regulating the transcription of the TAT3 gene, CSD1 might affect the
detoxification of ROS within the chloroplast through tocopherol accumulation upon abiotic

stress.

A T-DNA insertion line (csd1-3) and an overexpression line of the FLAG-CSD1 fusion protein
(35S:FLAG-CSD1) resulted in plants virtually devoid of CSD1. The exact mechanism that
caused the 35S:FLAG-CSDL1 line to be virtually devoid is not known. Still, one reasonable
explanation for the phenotype and genotype might be co-suppression. Co-suppression describes
the introduction of a gene by transformation into a cell, that causes neither the resident nor the
transgene copies of the same gene to get expressed (Napoli et al., 1990; Hamilton & Baulcombe,
1999). In a future work it will be interesting to understand if the observed phenomena is linked
to the potential impact of the novel PTM for CSD1, the N-terminal acetylation of the a-amino
acid alanine. Potentially, the N-terminal FLAG tag stabilises CSD1, which results in the
accumulation of CSD1 that promotes the co-suppression response. Both transgenic plants, csd1-
3 and 35S:FLAG-CSD1, showed an early senescence and salt stress sensitive phenotype.
Further, the transgenic 35S:FLAG-CSD1 plants were affected in their embryogenesis as several
plants showed a cup-shape like phenotype. Both transgenic backgrounds strongly indicate that
CSD1 is an important regulator during abiotic stress and development. These results are in line
with identified target genes of CSD1. NCED3, HSFA6B and TAT3 are salt-stress related genes
and SPL2 and TTG1 are developmental regulators (Wang et al., 2016c¢; Xu et al., 2016; Airoldi
etal., 2019). In future experiments, the major task will be to entangle the moonlighting function
as transcriptional regulator from the enzymatic function of CSD1 and link the individual
functions to the observed phenotypes. To this end, complementation assays can be performed
with an enzyme-dead CSD1 mutant. That said, DNA binding assays with enzymatically
inhibited CSDL1 still allowed for efficient DNA binding, suggesting that the two functions do

not depend on each other.

In this chapter, transcriptional targets of CSD1 in the early salt stress response in Arabidopsis
were identified and three specific target genes were validated in detail: NCED3, HSFA6B and
TAT3. The expression of all three genes is affected in transgenic Arabidopsis plants with altered
CSD1 protein levels and the binding and activation of their promoter by CSD1 has been



Discussion 97

confirmed by EMSA and TA assays. As the promoter sequence of a gene is always a
competitive landscape for many different transcription factors, the sole impact of CSD1 on the
expression of these target genes remains unclear. Several transcription factors have been
identified to regulate NCED3 and HSFA6b. For example, NCED3 is regulated by transcription
factors like ATAF1 (Jensen et al., 2013), SRM1 (Wang et al., 2015), NGATHAL (Sato et al.,
2018) and HAT1 (Tan et al., 2018), while NACO019 binds to the promoter of HSFA6B (Guan et
al., 2014). 1t will be of interest to entangle the precise mechanism by which CSD1 regulates the
expression of its target’s genes and if cooperation or competition with other transcription factors

is involved.

The new concept of CSD1 as nuclear localised protein raised the question if CSD1 is interacting
with any protein that might impact CSD1s ability to activate transcription or affect the
enzymatic function. Therefore, a pivotal point of research was to understand and explore the
option for potential interactors. In the next chapter, a novel interactor of CSD1, HIPP20, that
represents a member of a rather uncharacterised plant-specific protein family was explored.
This discovery resulted in new findings to understand the regulation of transcription by CSD1

and furthermore explored a specific function of this new protein family.

The experiments to understand the ability of CSDL1 to activate the transcription of its target’s
genes using the TA assay in protoplasts revealed that the FLAG-CSD1 fusion protein is the
strongest activator of promoter activity. This initial finding and the knowledge about plenty
post-translational modifications to the yeast and human SOD1 protein raised the hypothesis that
the Arabidopsis CSD1 protein is also post-translationally modified. Within a following chapter,
it will be delineated how an initial experimental observation resulted in the identification of a

novel post-translation modification with surprising biological impact.

In the first chapter of this thesis, the novel function of CSD1 as transcriptional regulator in
Arabidopsis was explored. This complements and extends the knowledge about CSD1/SOD1
as transcriptional regulator in all major kingdoms of life. These groundbreaking findings

provoked several new research avenues of which some will be highlighted below.
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4.2 Chapter 2: CSD1-interacting protein HIPP20 belongs to a novel class

of transcriptional co-activators

In this chapter a family of putative metallochaperones, the so called HIPP proteins, have been
characterised as some of them can interact with CSD1. HIPP proteins contain one or more HMA
domains and an isoprenylation motif and are suggested to be required for the safe transport of
metallic ions inside the cell (de Abreu-Neto et al., 2013). Still the few characterised HIPP
proteins reveal a role for these protein in abiotic and biotic stress pathways; however, the
molecular mechanism through which they act are unknown. Here, the localisation of
HIPP20/21/22 as mainly nuclear localised proteins was found. Moreover, in plant cells CSD1
specifically interact with HIPP20 inside the nucleus. The interaction of CSD1 with HIPP21 and
HIPP22 was identified through heterologous expression in a Y2H assay. In addition, it was
found that several HIPP proteins with distinct structure act as transcriptional activators,
revealing a novel molecular function of HIPP proteins. These advances and the impact of these

discoveries will be discussed below.

The here identified CSD1-interacting HIPP proteins, HIPP20, HIPP21 and HIPP22, are mainly
nuclear localised proteins, except for HIPP21 which also resides in the cytosol. Furthermore,
these three HIPP proteins show a specific subnuclear localisation to structures that might
represent the nucleolus. As ribosome biogenesis occurs in the nucleolus (Weis et al., 2015),
HIPP proteins might have a function in that which is in line with the identification of ribosomal
proteins as CSD1-interacting proteins in results Chapter 3. The identified localisations fit to
previous reports that show an exclusive localisation to the nucleus of HIPP3 (Zschiesche et al.,
2015) and HIPP26 (Barth et al., 2009). Both proteins also show specific subnuclear localisation
to the nucleolus. The homolog of AtHIPP26 in Oryza sativa, OsHIPP41, shows a nuclear and
cytosolic localisation (de Abreu-Neto et al., 2013). A recent study discovered the cytosolic and
nuclear localisation of HIPP1 and the cytosolic and nuclear envelope localisation of HIPP6 and
HIPP7 (Guo et al., 2021). Summarised, the findings that HIPP20, HIPP21 and HIPP22 are
mostly nuclear localised proteins complements previous reports. It will be curious to understand
if this localisation is conserved between all five clades of the HIPP protein family. Furthermore,

the effect of the isoprenylation or farnesylation on the localisation will be a future aspect to
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research. Initial findings surrounding the HIPP26 protein suggest that this modification directly

impacts the subcellular cytosol-nuclear equilibrium (Cowan et al., 2018).

The loss of the HIPP20 protein and its homologs did not have a direct impact on the vegetative
growth of Arabidopsis under standard growth conditions. Also, double knockouts of either
hipp20/21 and hipp20/22 did not show a direct impact (data not shown). Plants overexpressing
HIPP20 by a 35S:HIPP20-GFP construct were indistinguishable from the wild type (data not
shown), which is in line with the overexpression of CSD1. Still, what was not yet tested here is
whether the loss or overexpression of HIPPs affects abiotic stress tolerance. That said, a
previous investigation on cadmium induced oxidative stress found that HIPP20/21/22 triple
mutants are impaired in their tolerance (Tehseen et al, 2010). Recently, the clade | HIPP
proteins HIPP6 and HIPP7 have been shown to interact with the FAD-containing cytokinin
oxidase/dehydrogenase (CKX) enzymes in Arabidopsis (Guo et al., 2021). By regulating the
endoplasmic reticulum-associated degradation of CKX proteins, the HIPP proteins directly
affect the cytokinin response in Arabidopsis (Guo et al., 2021). Overexpression of HIPP6 and
HIPP7 altered leaf development and the response to cytokinin. Interestingly, the authors
highlight the use of a 35S:GFP-HIPP6/7 construct and indicate that a C-terminal tag does not
have the same effect on the phenotype. This might explain why plants overexpressing the
35S:HIPP20-GFP construct were indistinguishable from the wild type. For future transgenic
approaches, it will be important to consider that the C-terminus harbours the isoprenylation
motif that might be affected through a C-terminal-based overexpression. Combined with the
need to generate a hipp20/hipp21/hipp22 triple mutant the effect of the HIPP protein level on

the phenotype of Arabidopsis plants demands future research.

The identification of the nuclear interaction of CSD1 and HIPP20 is a key-finding within this
chapter. For both proteins, the identification of an interaction partner represents an exciting step
forward to understand the molecular function as only a limited number of interactors are known
in Arabidopsis. Interestingly, the HMA domain of HIPP proteins shows a high degree of
similarity to the HMA domain of the CCS protein (de Abreu-Neto et al., 2013). As the CCS
proteins is required to deliver copper metal ions to the CSD proteins and thereby inducing the
confirmational change towards the active form in Arabidopsis (Chu et al., 2005), it is reasonable
to speculate that HIPP proteins could also affect the enzymatic function of CSD1. The HIPP3
protein has been reported to bind zinc ions (Zschiesche et al., 2015), which is to date the only
characterisation of a bound metal ion to HIPP proteins. The mode of action of HIPP proteins
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remain elusive to date. Here, it is not hypothesised that HIPP20 delivers a Cu or Zn metal ion
to CSD1 as it is expected that CSD1 already contains both metal ions while translocating to the
nucleus. Based on the structural similarity of the HMA domain of CCS and HIPP20, one
hypothesis might be that the HIPP20 protein can inactivate the enzymatic function of CSD1 by
binding at the position of the Cu-binding pocket and thereby blocking the active site of CSD1.
This hypothesis is founded on the rationale that the presence of hydrogen peroxide in the
nucleus can cause direct harm to the genetic information. To date, experiments are ongoing and

preliminary data indicate that indeed HIPP20 can inhibit the enzymatic function of CSD1.

The role as transcriptional activators is the first discovery that grants the HIPP protein family a
molecular function. Here, it was found that HIPP5, HIPP20, HIPP21, HIPP22 and OsHIPP42
act as transcriptional activators. For now, members of two out of five clades within the protein
family have been characterised as transcriptional activators. In the future, it will be interesting
to study the subcellular localisation of HIPP proteins of the clades IlI, IV and V and if they can
also act as transcriptional activators. This will clarify if the function as transcriptional activators
is shared between all five clades. Nevertheless, as HIPP proteins are plant-specific proteins it

indicates that transcriptional regulators evolved specifically in plants.

Reported interaction data indicate that HIPP proteins are commonly part of transcriptional
complexes, underlying their novel function as transcriptional co-activators. For example,
HIPP20 is reported to interact with transcription factors like the ZINC FINGER
HOMEODOMAIN 1 (ZFHD1, AT1G69600), BASIC HELIX-LOOP-HELIX 145 (bHLH145,
AT5G50010) and an uncharacterised SEQUENCE-SPECIFIC DNA BINDING
TRANSCRIPTION FACTOR (AT3G54390) (Braun et al., 2011). Neither the exact mechanism
that allows HIPP proteins to act as transcriptional activators nor the role of HIPP proteins in
transcriptional complexes is yet understood. As HIPP proteins are thought to manage the safe
transport of metal ions to target proteins (Tehseen et al., 2010), it is speculated to be the mode
of action by which HIPP proteins control the activity of transcription factors. However, this is
contradicted by the fact that HIPP20 interacts with bHLH145 that does not contain a metal ion.
To understand the interaction of HIPP proteins with distinct transcription factors, ongoing
experiments are performed with combinations of transcription factors and HIPP proteins to

elucidate the effect of HIPP proteins in specific transcriptional complexes.
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4.3 Chapter 3: Co-IP reveals novel PTM of CSD1 and temporal and
stress-dependent interactome of CSD1 and CSD2

In other organisms it has been found that SOD1 interacts with hundreds of different proteins
and undergoes a multitude of PTMs, suggesting that SOD1 is involved in a great number of
cellular processes. As in plants virtually no CSD1 interacting proteins are known, nor the
protein complexes with which it associates, here the CSD1-specific antibody was used to
perform several independent Co-IP experiments to identify potential PTMs and PPIs of CSD1.
The search for PTMs led to the discovery that CSD1 undergoes NTA at the a-amino acid
alanine. Initial evidence suggests that the N-terminal acetylation is facilitated by the NatA
complex. Furthermore, an in-silico analysis indicates that several SOD proteins are potential
targets for a N-terminal acetylation with unknown implication for their biological function.
Secondly, 515 (in-)direct interaction partners for CSD1 and CSD2 were found. For CSD1, 267
putative cytosolic and/or nuclear interacting proteins were identified. For CSD2, 163 plastid-
localised interactors were identified. These experiments have revealed novel interactors for
CSD1 and CSD2 indicating that they act in diverse molecular pathways and processes. One of
the main findings is that CSD1 and CSD2 associated with ribosomal complexes, suggesting a
role in protein translation. Further it was found that the complex formation of CSD1 and CSD2
with most of the identified interactors is dynamic and depends on the environmental condition
and timing after stress application. The presented work has resulted in a conclusive and
important dataset that will help to understand the complex molecular function of CSD proteins.
The major advances and novelties will be discussed.

To date PTMs for CSD1 have been elusive and therefore were a major focus in the here
presented project. Studies in yeast and especially human cells discovered a plethora of PTMs
with direct implications for the biological function of CSD1 (Banks & Andersen, 2019). For
example, phosphorylation of two conserved amino acid residues is crucial for the nuclear
translocation of SODL1 to the nucleus upon oxidative stress in yeast (Tsang et al., 2014). Here,
a CSD1-specific antibody was used to immunopurify CSD1 from wild type Arabidopsis plants.
However, the downstream MS analysis indicated that phosphorylation of CSD1 occurs (data
not shown), but failed to specifically pinpoint the amino acids at which this occurs.
Nevertheless, the experimental setup resulted in the discovery of the N-terminal acetylation,
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which to date is the first identification of a PTM for CSD1 in plants. Interestingly, the N-
terminal acetylation of CSD1 at the a-amino acid alanine has also been identified for human
SOD1 (Hallewell et al., 1987), representing therefore another point of conservation. However,
also for SOD1, the impact of the NTA on the biological function remains elusive.

N-terminal acetylation of proteins is conducted by different NAT complexes (Giglione &
Meinnel, 2021). The structure of the CSD1 N-terminus suggests that the NatA complex
facilitates the N-terminal acetylation. Experimental evidence that the acetylation yield of CSD1
is reduced in the amiNaal5 background is another indication for this hypothesis (Figure 20 D).
Furthermore, the CSD1-interactome indicates that the NatA complex is responsible for the N-
terminal acetylation as peptides of NAA10 and NAA15 were detected. The impact of the N-
terminal acetylation on the CSD1 protein and subsequently its biological function remains

elusive.

The impact of NTAs on the protein fate was long enigmatic. Recently, Linster et al. discovered
that the imprinting of the Arabidopsis proteome with acetylation marks is essential for
coordinating proteome stability (Linster et al., 2022). The absence of NTAs triggers protein
destabilisation by a conserved nonAc/N-degron. Interestingly, the protein level of CSD1 was
significantly downregulated in the NatA depleted amiNAA1O line indicating a destabilisation
of CSD1 (Supplementary Data 5 of Linster et al., 2022). These new findings indicate that the
NTA might stabilise CSD1 by protection of the nonAc/N-degron. This might also explain the
FLAG-CSDL1 results observed in the transactivation assays (Figure 12, Figure 13), where the
co-expression of target promoters with the FLAG-CSD1 protein results in stronger activation
of the reporter gene compared to co-expression with the untagged CSD1 protein.

Also, the potential NTA of several other SOD proteins will be of interest. The a-amino acid
alanine is conserved between most SOD proteins within Arabidopsis but also between species.
This strong conservation indicates a functional relevance. In plants, the NTA of certain
chloroplast proteins was suggested to be necessary for the efficient accumulation inside the
chloroplast (Pesaresi et al., 2003). If CSD2 also receives an NTA in-vivo, it will be a point of
future research. As the misfolding and altered stability of SOD1 is linked to ALS it will also be
of interest to test if the human SODL1 protein receives an NTA in-vivo and if it has a direct

implication for the stability of SOD1. Summarised, a novel PTM for CSD1 was identified and
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might also be conserved in SOD1 proteins of other organisms. So far, the precise molecular

function remains elusive, however it represents a fruitful point for future research.

To identify protein-protein-interactions (PPIs) in-vivo several methods are available including
the yeast two-hybrid assay (Y2H), co-immunoprecipitation (Co-IP), bimolecular fluorescence
complementation (BiFC) and fluorescence resonance energy transfer (FRET) (Xing et al.,
2016). Here, the Co-IP approach was chosen based on the availability of the CSD1-specific
antibody and while it represents an in planta method. Using the mCherry-antibody (synthesised
like the CSD1-specific antibody) to calculate the background noise increases the confidence in
the detected protein interaction partners. The performed experiment showed that the
combination of Co-IP and mass spectrometry is a powerful tool for discovering novel
interactors and establishing interaction maps for proteins of interest (Miernyk and Thelen,
2008). However, transient and weak interactions might be difficult to detect using the Co-IP
without cross-linking (Avila et al., 2015) and therefore the interactome of CSD1 and CSD2 is
likely still incomplete. The transient nature of individual identified interactors might contribute
to the differences in the number of interactors found between the different conditions and
timings. For example, approximately 360 interactors were found in the 10 min time point of the
salt stress treatment which exceeded the number of identified interactors of all other treatments.
Interestingly, here also the catalytic subunit of the NatA complex was identified indicating that
the NatA complex is responsible for the NTA of CSD1. This interaction is likely transient and
an example why the number of identified interactors can vary between treatments and timings

on top of the biological explanation.

Interactions identified via the Co-IP approach could result from a protein complex of multiple
interactors where a binary interaction is facilitated by another cofactor. This comes as a blessing
in disguise, as it allows the identification of multimeric protein complexes that is impossible
with other methods like BiFC or FRET (Xing et al., 2016). To validate the direct interaction of
CSD1 and CSD2 with the novel interactors a BiFC experiment will be performed.

Here, the Co-IP and MS combination was taken to another level by not only discovering the
ability to interact with other proteins and form a protein complex in the wild type background,
but also the dependence on timing and condition. These additional dimensions were used to
create elaborate information about the CSD1/2 interaction network. The used approach
represents and should set a new standard for the identification of PPl networks as the
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information density is increased with the additional dimensions. Future work that adds the
dimension of individual cell-types or plant-age can further increase the information of the
CSD1/2 PPI network.

Many new interaction partners for the CSD1 and CSD2 protein were found within this work.
Previously, only the interaction of CSD1 and CSD2 with CCS and the interaction of CSD1 with
DJ-1a were known (Huang et al., 2012; Xu et al., 2010). Here, the interaction of CSD1 with
267 proteins was found. This number resembles the number of identified interaction partners
in yeast and human cells, once again an indication for the strong conservation in structure and
mostly likely also in function of SOD1/CSD1. For CSD2, 163 interactors were found. For both
proteins this represents a point of new research, strongly indicating that CSD protein might be
involved in many developmental and stress responsive pathways. Several identified interaction
partners for CSD1 suggest a role in processes like regulation of circadian rhythm (CCR2;
Schmal etal., 2013; Meyer et al., 2017), ER body formation (NAI2; Yamada et al., 2008), redox
homeostasis and nitrogen starvation (ROXY7; Jung et al., 2018), sucrose metabolism (STKL1,;
Chung et al., 2016), nucleotide metabolism (ADK1; Zhang et al., 2009) and protein degradation
(CDC48A; Copeland et al., 2016; Li et al., 2022). CSD2 might be involved in similar processes
in the chloroplasts as it interacts with FBA3 (glycolysis, gluconeogenesis; Carrera et al., 2021;
Kleffmann et al., 2004), CAD2 (glutathione biosynthesis; Cobbet et al., 1998), and ROC4
(redox homeostasis and sulfur assimilation; Dominguez-Solis et al., 2008; Park et al., 2013).
The function of the CSD proteins in these processes might be directly related to the dismutation
of superoxide to hydrogen peroxide by protecting these processes from toxic by-products. With
other words, CSDs might protect enzymes from superoxide, especially those that contain Fe-S
clusters as they are rapidly inactivated by superoxide (Keyer & Imlay, 1996; Imlay, 2006).
However, they could also directly act as signaling molecules for altered ROS homeostasis in
these processes. The second assumption is supported by the dynamic complex formation of
CSD1 and CSD2 with individual interactors. For example, the interaction of CSD1 with CCR2
was devoid during the first minutes of the stress response towards H.O2, MV and NaCl while
it was present in all other treatments and time points. Tackling these assumptions

experimentally will be an exciting future task.

Interestingly, a majority of identified interaction partners are ribosomal proteins, for both CSD1
as well as CSD2. Up to now it remains elusive why such a high number of ribosomal proteins
were found. The use of the negative control (mCherry antibody) and the dynamic changes of
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individual ribosomal proteins during stress allows to be confident in these findings and to
exclude potential artefacts. Most of the identified ribosomal proteins correlate with the 60S/40S
subunits of the cytoplasmic and 50S/30S subunits of the chloroplastic ribosome, respectively
(Firmino et al., 2020). The association of CSD with ribosome-related protein complexes
indicates a role in protein translation. This fits to the observation that several of the identified
proteins are RNA-binding proteins (RBPs) (Koster et al., 2020). For example, CCR2 is an RBP
(Meyer et al., 2017). Overall, the view of ribosomes as passive and steady cellular machine is
shifting towards a more dynamic macromolecular complex with specialised roles in the cell
(Genuth & Barna, 2018). The obtained results strongly support this shifted view as especially

the dynamic changes of the ribosome-related interactors of CSD1 and CSD2 was observed.

As the modulation of translation is an important adaptation during an early stress response,
CSD1 and CSD2 might be involved in the process of adapting the machinery upon a change in
ROS homeostasis. The link between ROS homeostasis and the early stress response is
commonly known (Nadarajah et al., 2020) and the CSD proteins might be regulators connecting
these two processes. This might also explain the dynamic complex formation of CSD1 and
CSD2 with ribosomal proteins as the composition of ribosomes might change in the early stress
response indicated by changes in the transcript levels of ribosomal proteins upon stress
(Martinez-Seidel et al., 2020). Nevertheless, the dynamic complex formation of CSD1 and
CSD2 confirm the heterogenous composition of ribosome complexes (Genutz & Barna, 2018;
Martinez-Seidel et al., 2020). It will be fascinating to explore the function of CSD proteins in

heterogenous ribosome complexes.

The dynamics of the interactome must be highlighted specifically. So far, many interaction
studies only focussed on the binary approach of a PPI, yes or no. Here the study was extended
with the dimension of the condition and timing. Based on the literature, this approach sets a
new standard. This chapter has resulted in an important new resource for plant biology. First,
many new interaction partners of CSD1 and CSD2 were found. Second, the condition of
interaction as well as timing of interaction was determined. This approach discovered that
CSD1 and CSD2 were present in different complexes at different time points and indicates the
presence of heterogenous ribosome complexes upon stress. Future research needs to explore

the biological function of this dynamic complex formation.
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5 SUMMARY

Superoxide dismutase 1 (SOD1) has been regarded for more than 50 years as an important,
pivotal antioxidant enzyme. Recently, it was found that SOD1 acts as regulator in several
molecular pathways in yeast and human cells. Here, the textbook view for SOD1 in
Arabidopsis, CSD1, is drastically adjusted by discovering the moonlighting function of CSD1

as transcriptional regulator.

It was found that CSD1 features a novel molecular function as a transcriptional regulator in the
early salt stress response by binding and regulating the expression of salt-stress responsive
genes. Within the first 5 minutes of salt stress CSD1 translocates to the nucleus in a
concentration-dependent manner. In a combinatorial approach with different experimental
methods, it could be shown that CSD1 binds DNA in a sequence-specific manner and hundreds
of potential target genes were identified by ChlIP-seq. The A/T-rich DNA binding motif
AGCTTT was confirmed independently. The binding of CSD1 to the promoter sequence of
salt-stress responsive genes like NCED3, TAT3 and HSFA6B was validated. Furthermore, it
was found that CSD1 activates the transcription of these salt-stress responsive genes. Thereby,
CSD1 acts as a moonlighting protein by regulating the initial transcriptional response upon salt
stress.

A nuclear interaction between CSD1 and HIPP20 was found that might result in the formation
of a transcriptional complex. It was found that HIPP20, HIPP21 and HIPP22 are mostly nuclear
localised protein, except HIPP21 that is also localised in the cytosol. Furthermore, it was found
that HIPP5, HIPP20, HIPP21 and HIPP22 act as transcriptional activators revealing a molecular
function for the HIPP protein family.

Finally, PTMs for CSD1 and its interactome was resolved. The NTA of CSD1 was found in
Col-0 wild type plants which represents the first PTM identified for CSDL1. It indicates that the
protein fate of CSD1 is controlled post-translationally. A Co-IP experiment followed by mass
spectrometry identified 515 (in-)direct interactors of CSD1 and CSD2 in Arabidopsis. Based
on subcellular localisation databases, 267 interactors were related to CSD1 and 163 to CSD2.
Several, including CCR2, STKL1, CDC48A, RAN3, ROXY7 or ADK1 showed a time- and

stress-specific complex formation with CSD1 indicating that the complex formation of CSD
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proteins is highly dynamic and depends rather on the time point of the stress response than the

response towards a specific treatment.

The discoveries made, and the new research avenues opened will move CSD1 to a focal point
of research in the future. Understanding the novel function and the regulation of CSD1 will
have major implications on our understanding of plant development and stress tolerance, which

is expected to contribute to future breeding strategies.
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6 ZUSAMMENFASSUNG

Superoxide Dismutase 1 (SOD1) wird seit mehr als 50 Jahren als bedeutendes und
lebenswichtiges Antioxidans-Enzym betrachtet. Neue Erkenntnisse, die hauptsachliche in
Hefe- und menschlichen Zellen gemacht wurden, stellten fest, dass SOD1 ein wichtiger
Regulator verschiedener molekularer Prozesse ist. Dies resultierte in einer verdnderten Sicht
auf SODL1. In dieser Arbeit wurde die Sicht auf das SOD1 komplementar in Arabidopsis, CSD1,
grundlegend verandert, indem die ,,Moonlighting* Funktion der CSD1 als transkriptioneller

Regulator entdeckt wurde.

Die neue molekular Funktion von CSD1 als transkriptioneller Regulator in der frihen
Salzstressantwort durch die Bindung und Regulierung der Expression von Salzstress-sensiblen
Genen wurde entdeckt. Innerhalb der ersten finf Minuten der Salzstressantwort transloziert
CSD1 in einer konzentrations-abhangigen Art und Weise in den Zellkern. Durch eine
Kombination verschiedener Methoden wurden gezeigt, dass CSD1 innerhalb des Zellkerns
DNA in einer sequenz-abhangigen Art und Weise bindet. Dartiber hinaus wurden mithilfe der
ChlP-seq Methode unzahlige potenzielle Zielgene von CSD1 entdeckt. Die A/T-reiche
Bindesequenz AGCTTTT wurde unabhéngig bestétigt. Die Binding CSD1s an die Promotoren
Salzstress-sensibler Gene wie z.B. NCED3, TAT3 und HSFA6B wurde mithilfe von EMSA
nachgewiesen. Auerdem wurde gezeigt, dass CSD1 die Transkription dieser genannten Gene
aktivieren kann. Damit wurde gezeigt, dass CSDI1 ein ,,Moonlighting* Protein ist, indem es als

transkriptioneller Regulator innerhalb der friihen Saltstressantwort agiert.

Eine nukleare Interaktion zwischen HIPP20 und CSD1, die zur Bildung eines transkriptionelle
Komplexes fuhren kdnnte, wurde entdeckt. Des Weiteren wurde die nukleare Lokalisation von
HIPP20, HIPP21 und HIPP22 entdeckt, wobei HIPP21 zusétzlich auch cytosolisch lokalisiert
ist. Es wurde gezeigt, dass HIPP5, HIPP20, HIPP21 und HIPP22 als transkriptionelle

Aktivatoren agieren, was der HIPP Protein Familie eine molekulare Funktion verleiht.

Aullerdem wurden PTMs der CSD1 und ihr Interaktom entschlisselt. Die NTA von CSD1
wurde entdeckt und ist damit die erste Entdeckung einer PTM von CSD1 in Arabidopsis. Es
deutet an, dass CSD1 post-translational kontrolliert wird. Ein Co-IP Experiment hat zur
Entdeckung von 515 Interaktoren der CSD1 und CSD2 gefiihrt. Dabei konnen aufgrund der
subzellularen Lokalisation 267 Interaktoren CSD1 und 163 Interaktoren CSD2 zugeordnet
werden. Mehrere interessante Interaktoren wie z.B. CCR2, STKL1, CDC48A, RAN3, ROXY7
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und ADK1 zeigten eine dynamische und eher vom Zeitpunkt als des Stresses abhangige

Komplexformierung mit CSD1.

Die Entdeckungen und die daraus resultierenden neuen Forschungsfragen machen CSD1 zu
einem interessanten Forschungsobjekt in der Zukunft. Das Verstandnis der neuen Funktion und
der Regulierung der CSD1 konnten zu groRBen Fortschritten im Verstandnis des

Pflanzenwachstums und der abiotischen Stresstoleranz fiihren.
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10 APPENDIX

10.1 Supplemental figures for Chapter 1

Col-0

OxCSD1#2

-
IR
Figure 29: Growth phenotype of transgenic CSD1 plants grown under short day conditions.

The phenotype of Col-0, csd1-3 and OxCSD1#2 plants which were grown for 8 weeks under
short day conditions is shown.
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AT1G08830 — CSD1

SALK_024857

ATG
I UTR 250 bp
D Exon
— Intergenic

Figure 30: T-DNA insertion in genomic locus of AT1G08830 - CSD1. The position of the T-
DNA insertion of line SALK_024857 (pROK?2) in the genomic locus of CSD1 is shown. A full-
length coding sequence of CSD1 can still be formed.
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Figure 31: Overview of the systematic evolution of ligands by exponential enrichment
(SELEX) experiment. (A) The individual steps of the SELEX experiment which include the
immobilisation, the binding, the washing, the elution and the amplification step are visualised.
These steps were performed six rounds and after the amplification step the sequences were
cloned and sequenced. (B) The sequences derived after the amplification were aligned and the

consensus sequence TGCTTT was identified.
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Figure 32: DNA-affinity purification sequencing (DAP-seq) and ChIP-qgPCR confirmation
experiment. The DAP-seq experiment was performed in collaboration with Anna Bartlett, Carol
Huang and Joseph Ecker from the Salk Institute. (A) The schematic procedure of the DAP-seq
analysis is visualised. Adapted from Bartlett et al., 2017. (B) A peak visualised in a genome
browser (Carol Huang) is shown. In green and red, the enrichment of the sequence is
highlighted. Here, the peak is linked to an ATP-dependent helicase (AT2G32260) in
Arabidopsis. (C) The number of peaks linked to the Arabidopsis genome is shown. Logical hits
are defined as those sequences that can be linked to upstream or downstream sequences of
genes. In total, 145 logical hits were identified. (D) A ChIP-qPCR experiment was performed
for the ZAT7 and TTG1 gene which were linked to logical hits of the DAP-seq experiment. The
enrichment of the sequence is visualised as percentage of the input sequence. Each data point
represents at least three technical replicates and the statistical difference was determined by a
Student’s t-test (p<0.05).
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Figure 33: ChlIP-seq analysis of untreated and treated (30 minutes, 150 mM NaCl) samples.
(A) The correlation between the 12 samples (input and immunoprecipitated (IP)) is shown. In
the upper part the overlap for the 12 input and IP control samples is shown, and in the lower
panel the overlap for the salt stress samples. (B) A bin analysis for the input and IP samples is
shown highlighting the specific enrichment in the IP samples. (C) As example for a ChiP-seq
peak, the peak in the SPL2 promoter is shown. In the lower panel, the blue graph indicates the
location and intensity of the peak.
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Figure 34: CSD1 binds to a sequence in the CIF1 and MDAR4 promoter. (A) Two ChlP-seq
peaks were related to the CIF1 and MDAR4 promoter. The promoter sequences with a putative
CSD1-binding motif are shown and used for the EMSA in Panel B. (B) The EMSA experiment
is shown after visualisation. Band shifts show retention of the labeled probes and indicate the
binding of CSD1 to these sequences, both as dimer and monomer. The less intense shift for
CIF1 indicates a weaker binding. 2000 ng of CSD1 protein was used. The competitor was used
in 200-fold excess. The gel was analysed with a LI-COR Odyssey device.
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10.2 Supplemental figures for Chapter 2
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Figure 35: Subcellular localisation and NLS of HIPP20, HIPP21 and HIPP22. The predicted subcellular
localisation and the predicted presence of a nuclear localisation signal (NLS) of the HIPP20 (A), HIPP21 (B) and
HIPP22 (C) protein is shown. The SUBA4 database was used for the subcellular localisation (https://suba.live).
To predict the presence of an NLS, the cNLS mapper was used (https://nls-mapper.iab.keio.ac.jp/cgi-
bin/NLS_Mapper_form.cgi).
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Figure 36: Phylogenetic tree of the HIPP protein family in Arabidopsis (A) and Oryza sativa
(B). The figure was adapted from de Abreu-Neto et al., 2013.
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10.3 Supplementary data

The supplementary data is either available on the USB stick together with the electronic version

of the PhD thesis or after publishing on the website of the Martin-Luther University.

Supplementary data 1: All identified interactors of CSD1 and CSD2. Filtered for the p-value
(0.05) and the presence in >50% of the replicates.

Supplementary data 2: Interactor dataset of CSD1 and CSD2. After being filtered by the p-
value and the presence in more than 50% of the replicate (2 out of 4), the interactors were sorted
based on the conditions they were detected.



