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Introduction

1 Introduction

1.1 Ca?': a universal biological secondary messenger

In eukaryotic cells, calcium plays an essential role in regulating a wide variety of cellular processes by
acting as a secondary messenger (Berridge, et al., 2000). In plants, calcium is an integral element in
the plant's life cycle. In its cation form (Ca®"), it strengthens the cell wall and membranes of plants,
helping plants to grow and develop (Wenjuan, et al., 2009; Knight, et al., 1997). Moreover, plants
depend on Ca?" for photosynthesis (Brand & Becker, 1984) and to survive pathogenic attacks
(Vadassery & Oelmiiller, 2009). Ca*" also plays an essential role as a secondary messenger in cells,
transmitting a wide range of different stress signals to maintain plants health and growth (Kudla, et al.,
2010; Thor, 2019). Under non-stress conditions, the concentration of Ca*" in the cytoplasm ([Ca®*]cyt)
is usually within the range of 100-200nM (Bush, 1995; Knight, 1999; White, 2000).

Upon exposure to internal or external stimuli, free [Ca?]ey increases temporarily (McAinsh &
Hetherington, 1998). This increase is sensed by a group of Ca?" binding proteins known as Ca?" sensors
(Figure 1). The Ca®" sensor proteins react directly to the changes in [Ca?"]cy:, by activating various
responses such as plant growth, cell division, and the formation of organs (Zhang, et al., 2014).

Most Ca?" sensors contain Ca?>" binding domains called EF-hand-motifs (Kawasaki, et al., 1998). In
Arabidopsis thaliana (A. thaliana), the presence of approximately 250 EF-hand-containing proteins
counts as evidence of the importance of the Ca?" signaling pathway in plants (Day, et al., 2002). The
leading group of Ca?" sensor proteins in all eukaryotic organisms are the calmodulins (CaMs) (Figure
1). The Plants also have a unique set of calmodulin-like proteins (CMLs) and two additional Ca®*
sensors, calcium-dependent protein kinases (CDPK) and calcineurin B-like proteins (CBL) (Tuteja &
Mahajan, 2007). Depending on their intracellular localization and compatibility with Ca?*, these
sensors carry out a variety of roles in the Ca®* signaling pathway.

The Ca?* signaling response to a stimulus can be divided into three significant steps: Ca?" influx, efflux,
and decoding (Edel, et al., 2017). The combined effects of Ca?" influx through Ca?" channels and
active energy-dependent Ca?" efflux via Ca’" transporters generate stimulus-specific Ca®* signatures,
decoded by the Ca®* sensors to imply the corresponding cellular responses. In 4. thaliana, five families
of Ca*"-permeable channels have been identified: cyclic nucleotide-gated channels (CNGCs), plant
glutamate receptors (GLRs) (Price, et al., 2012), two-pore channels (TPCs) (Morgan & Galione, 2014),
mechanosensitive (MS) channels (Kurusu, et al., 2013) and the reduced hyperosmolality-induced

[Ca®']i increase]l (OSCAL1) (Yuan, et al., 2014). These channels, responsible for the influx of Ca®*, are
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Introduction

counterbalanced by at least four families of Ca®" transporters that extrude Ca?" in order to return to its
basal levels and maintain Ca’>* homeostasis: autoinhibited Ca’>*-ATPases (ACAs), ER-type Ca’*-
ATPases (ECAs), P1-ATPases (heavy metal ATPase 1) and Ca®*"/H" exchangers (Manohar, et al.,
2011; Bonza & Michelis, 2011). However, the exact function, regulation, and localization of most

members of these Ca?" influx and efflux systems remain largely a mystery.

Biotic stress

* % " Stimulus |
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/""7_ . - _7-"\ p= * -
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f ' N ’ Caz

|
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\ ( i | Cellular
\ Cellular response ‘ response
\\ / // |

Figure 1. Ca®" signaling network in plant cells. An increase in [Ca®'] is induced by abiotic and biotic stress as well as
by internal stimuli, which is then sensed by Ca?* sensors such as calmodulins (CaMs), calmodulin-like proteins (CMLs),
Ca*'-dependent protein kinases (CDPKs) and Calcineurin-B-like proteins (CBLs). As a result, these sensors activate a
variety of downstream processes, which then produce an overall cellular response specific to the original stimulus and in
connection with information from other signaling pathways.

The “Ca?" signature” principle states the presence of distinct temporal and spatial patterns in Ca?*
transients caused by different stimuli. The Ca®* signatures of plants have already been identified in
several studies since 1991, including those conducted in A. thaliana (Knight, et al., 1991), Nicotiana
tabacum (Manzoor, et al., 2012), and more recently in Oryza sativa (Zhang, et al., 2015). Ca*
signatures are generated by numerous factors such as biotic (injuries, pathogens, etc.) and abiotic

(salinity, heat, drought, etc.) stimuli.
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1.2 Ca? measurement in plants subjected to biotic and abiotic stress

Changes in the [Ca?"] can be measured by utilizing non-ratio metric Ca>* dyes such as Fluo-3 and 4,
Rhod-2 and 3, and Calcium Green-1, as well as genetically encoded Ca?" sensors such as aequorin
(AEQ). In plants, some difficulties have been encountered when using fluorescent dyes (Callaham &
Hepler, 1991), such as the dye not being absorbed by the nuclei or the dye fluorescence not increasing
after increasing [Ca®']cy: artificially, suggesting the dye is not measurable within the cytosol (Knight,
etal., 1993). By contrast, recombinant AEQ complements these techniques and may provide additional
benefits. Natural photoproteins, such as those found in coelenterates (hydroids and jellyfish), produce
light in response to Ca?" ions. A jellyfish known as Aequoreu victoria synthesizes the AEQ protein
under normal conditions, containing a single polypeptide chain (ca. 22 kDa) and three Ca®"-binding
EF-hand motif sites (Deng, et al., 2005). Upon binding to Ca?", AEQ changes its conformation and
acts as an oxygenase, converting coelenterazine into its excited form, coelenteramid, which produces
a blue light (1 = 469 nm) that can be detected and recorded (Figure 2). Finally, calibration curves
make it possible to convert the emitted light, expressed as Relative Luminescence Units (RLUs), into

[Ca®*] concentrations (Allen & Prendergast, 1977).
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Coelenterazine

N Aequorin
Apoaequorin Aequorin

=S e a Coelenterazine

Figure 2. Molecular mechanism of light emission by aequorin upon binding to Ca?*. The Ca?"-binding photoprotein,
aequorin, is composed of an apoprotein (apoaequorin) and a prosthetic group known as coelenterazine which is a luciferin
molecule. The functional holoprotein aequorin is reconstituted spontaneously in presence of oxygen. The protein contains
three EF-hand Ca?'-binding sites. Upon occupying these sites with Ca?", aequorin undergoes a conformational change and
behaves as an oxygenase which converts coelenterazine into excited coelenteramide, which is released along with carbon
dioxide. The excited coelenteramide relaxes to the ground state, causing the emission of blue light (A = 469 nm) which
can be detected by a luminometer.

In plants, through the introduction of AEQ into plants targeted to the cytosol or different organelles
(Knight, et al., 1991; Knight, et al., 1996) and cell types such as guard cells (Dodd, et al., 2006), the
monitoring of [Ca?"] changes have been possible. To date, using AEQ, the changes in the [Ca?"]cy; of
plant cells were measured in response to various abiotic stresses such as salt and drought (Knight, et
al., 1998; Ranf, et al., 2008), oxidative stress (Evans, et al., 2005), cold stress (Knight, et al., 1991;
Knight, et al., 1996), as well as hormones (Zhu, et al., 2013) and pathogen elicitors (Lecourieux, et al.,
2006).

1.2.1 Ca?*'signaling in response to salt and drought stress

Throughout the world, soil salinity remains one of the most severe environmental problems related to
agriculture, hindering food production. Salinity inhibits the growth and development of plants, such
as seed germination (Ungar, 1996; Dash & Panda, 2001) and seedling growth (Katembe, et al., 1998).
Salt stress leads to the impairment of all the major activities carried out by plants, including

photosynthesis energy, lipid metabolism, and protein synthesis (Anuradha & Rao , 2001; Babu, et al.,
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2012). The presence of salt causes membrane leakage, ion imbalances, and increased reactive oxygen
species (ROS) production (Roychoudhury, et al., 2008).

Salt stress commonly affects plants in three ways: osmotic stress (water stress), ionic stress, and
oxidative stress (Munns & Tester, 2008). Tolerating these stresses requires plants to accumulate
osmolytes and osmoprotectants. Additionally, the expression of antioxidants enzymatically and non-
enzymatically is another mechanism to cope with salt stress. In general, salt has two adverse effects
on the ability of plants to acquire minerals. In the first place, the ionic strength of the substrate
influences nutrient uptake and translocation. Alternatively, by introducing a competitive environment
with ions, such as sodium (Na") and chloride (CI"), salinity can disrupt the mineral relations between
plants and the environment in the substrate (Peuke & Jeschke, 1999). This eventually causes
imbalances and nutritional disorders in plants, which may ultimately damage plant cells (Xu, et al.,
2010), injure the chlorophyll, and consequently cause loss of photosynthetic activity. This is followed
by leaf senescence (De Michele, et al., 2009) and plant growth suppression (Garg & Manchanda,
2009).

Plants can cope with salinity stress through a variety of responses. In recent years, Ca’" has been
extensively studied for its role as a signal transducer in response to salt stress. Substantial progress has
been made concerning the Salt Overly Sensitive (SOS) pathway, comprised of three components
SOS1, SOS2, and SOS3 (Zhu, 2000). A critical step in the SOS signal transduction cascade is the
activation of the Ca®* spike, which is caused by a Ca?" flux upon facing salinity stress. This increase
in cytosolic [Ca®'] is detected by SOS3, a calcineurin B-like protein, which then interacts with the
protein Kinase SOS2. The SOS3-SOS2 complex activates the SOS1 protein (a plasma membrane
Na*/H" antiporter) and restores Na* homeostasis (Zhu, 2002).

Another abiotic stress that plants face is drought stress. Drought has the same effects on osmotic
potential, leading to several modifications, including the stomata closure to prevent further water loss
(Davies, et al., 1981), accumulation of proline (Savoure, et al., 1995), and other osmoprotectants
(Bartels & Nelson, 1994). Despite studies carried out in 4. thaliana plants under mannitol treatment,
mimicking drought stress (Lu, et al., 2021), the molecular mechanism by which plants distinguish

between Ca?" signaling that promotes gene expression under drought and salt stress remains unclear.

1.2.2 Ca*'signaling in response to oxidative stress

In plants, oxidative stress is caused directly by the effects of environmental stress or indirectly by the
production and accumulation of ROS. Despite the fact that ROS is necessary for normal plant

development and performance, excess amount of ROS causes exhibit growth obstacles, including the
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loss of leaves and flowers (Mufioz & Munné-Bosch, 2018; Goldental-Cohen, et al., 2017),
gravitropism of roots (Mugnali, et al., 2014), delay in seed germination (Shi, et al., 2014) and finally
death.

To protect themselves from the damaging effects of ROS, plant cells have been proposed to incorporate
several models for monitoring ROS levels and signaling (Apel & Hirt, 2004; Asada, 2006; Demidchik
& Maathuis, 2007; Foyer & Noctor, 2009; Sierla, et al., 2013; Noctor, et al., 2015; Mittler, 2017;
Waszczak, et al., 2018). Different potential ROS receptors have been identified: (I) two-component
histidine kinases, (II) redox-sensitive transcription factors, such as NPR1 or Heat Shock Factors, (III)
ROS-sensitive phosphatases, (IV) redox-regulated ion channels (Apel & Hirt, 2004; Demidchik &
Maathuis, 2007; Sierla, et al., 2013; Demidchik, et al., 2014). Also, compounds referred to as
antioxidants are considered capable of quenching ROS without undergoing its conversion into a
destructive radical (Noctor & Foyer, 1998) (Drog, 2002). Superoxide dismutase (SOD) is one
prominent example that can metabolize the superoxide and converts it into H>O>, which in turn is
neutralized by other antioxidants or translocated to other cells (Asada, 1994; Foyer, et al., 1994).
Similarly, nonprotein thiols act as antioxidants by preventing the oxidation of other redox-active
molecules (Noctor & Foyer, 1998).

A variety of studies have been carried out on the role of Ca®* signaling in response to oxidative stress
in plants. One study showed that low concentrations of H>O, and superoxide cause significant
increases in [Ca?"]ey in guard cells of Commelina communis (McAinish, et al., 1996). H,O, has been
reported to cause a transient increase in [Ca®"]eyt in tobacco seedlings (Price, et al., 2012). 4. thaliana
whole seedlings exposed to H>O, showed an increase in [Ca®*]¢y with a double peak, where the initial
Ca”" peak occurs within the cotyledons, and the delayed peak exclusively occurred within the root
system (Rentel & Knight, 2004).

By understanding how plants demonstrate stress responses, we will be able to address fundamental
questions regarding how abiotic stress is translated into electrochemical signals and comprehend a few

of the vital biological processes that allow plants to grow and develop under stressful conditions.

1.3 Ca? signaling in plant cell compartments

Due to its tendency to bind to other components and precipitation leading to cellular physiological
threads, Ca?" is usually found bound to proteins or stored in various cell organelles (Logan & Knight,
2003). Former studies were mainly concentrated on the role of Ca?* signaling in the cytosol, however,
later studies showed that this regulatory pathway is also present in other organelles, such as the
nucleus, chloroplast, mitochondria, peroxisomes, and the endomembrane system [recently reviewed

in: (Pirayesh, et al., 2021)].
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By employing specifically targeted genetically encoded Ca?" indicators (GECISs) to the cytosol and
various cell organelles, changes in [Ca?'] in response to biotic and abiotic stimuli were measured

(Costa, et al., 2018). In order to protect the cell from Ca?" toxicity, the cell sustains the cytosolic

[Ca2+]cyt at a sub-micromolar level of 50 to 100 nM (Figure 3) (Logan & Knight, 2003). Similarly, the
amount of resting free Ca®" inside the nucleus was estimated at 100 nM (Brini, et al., 1993) (Figure
3). In the mitochondria, the resting free [Ca’>*]m measured in the mitochondria was around 200 nM
(Logan & Knight, 2003).

Unfortunately, there is only a little information available concerning the storage properties of the
endoplasmic reticulum and the peroxisome and their role in the Ca?" signaling network in plant cells.
Our understanding of the amount of free [Ca?'] in peroxisomes and the ER is confined to studies in
animal cells (Figure 3).

In the Ca?" measurement studies, the chloroplast is the most well-studied subcompartment among all
organelles. In the chloroplast, the free ([Ca®']s) in the stroma has been determined to be between 100
and 150 nM (Sai & Hirschie Johnson, 2002; Sello, et al., 2016), while in the thylakoid lumen, the
[Ca®"]mi concentration was around 200 nM during the day and increased to 500 nM at night (Sello, et
al., 2018) (Figure 3). In spite of the fact that the molecular mechanism of this light-off response has
not been elucidated, it has nevertheless been proposed that the thylakoid lumen might be involved in
dispersing the increase in [Ca®']s that is associated with the light-dark transition (Sai & Hirschie
Johnson, 2002; Sello, et al., 2016; Sello, et al., 2018). The purpose of this study is to gain a deeper

understanding of calcium signaling in Arabidopsis chloroplasts.
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Endoplasmic reticulum
[Ca?*];= 0.05 - 5 mM(

Vacuole
[Ca*]z=0.2 -5 mM

Cytoplasm
[Ca?*];=50-100 nM

~ Peroxisome [Ca;%fb ?0'1‘1?&3."

[da2+]F- 150 nM - 2pM

Apoplast: [Ca?']y= 330 pM-1 mM

Figure 3. Schematic presentation of free Ca** concentrations in various plant compartments. A diurnal rhythm seems
to be responsible for regulating [Ca®Jr in the chloroplast stroma and thylakoids. Because plant ER and peroxisome values
have not been documented, the given values have been taken from animal data and indicated by an asterisk (*). Two peaks
indicate the presence of stimulus induced Ca** fluxes.

1.4 Ca’"signaling in the chloroplast

It was the pioneering work of Neish in 1939 that suggested the chloroplast as potential Ca®* storage in
the plant cell (Neish, 1939). Chloroplasts have a relatively high total Ca?" concentration (higher than
15 mM), with only a small amount of which is in free Ca*" form (Larkum, 1968; O'keefe & Dilley,
1977; Yamagishi, et al., 1981). Most of the Ca®" in chloroplasts is bound to the thylakoid membrane
or in a complex with stromal proteins (Hochmal, et al., 2015). Specific intra-chloroplast Ca**
signatures have previously been described using chloroplast sub-localized AEQ and cameleon under
stress conditions including salt stress, oxidative stress, flg22, and other biotic and abiotic stressors

(Sello, et al., 2016; Nomura, et al., 2012; Loro, et al., 2016; Manzoor, et al., 2015). Even though all
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stimuli mentioned above are also detected in the cytosol, a subsequent study revealed that in 4.
thaliana, a destructive heat shock of 25°C - 45°C triggers an independent chloroplastic Ca®" signature
that is not detected in the cytosol (Lenzoni & Knight, 2019). Interestingly, prior to this study, it had
been reported that in several species, such as Nicotiana plumbaginifolia, heat shocks above 45°C

generate changes in [Ca®*"]cyt but not in the [Ca* | (Gong, et al., 1998; Liao, et al., 2017). This

indicates that the chloroplasts are capable of producing independent Ca" signals.

Chloroplasts contain Ca?’-sensing proteins, which among them several EF-hand containing proteins
have been described, such as (p)ppGpp synthetase (Tozawa, et al., 2007). The chloroplasts also contain
a Ca®" sensing protein lacking the EF-hand domain, known as CAS (Calcium sensing receptor), which
is localized in the thylakoid membrane (Vainonen, et al., 2008; Cutolo, et al., 2019).

On the other hand, a few channels and transporters linked to Ca>* homeostasis in chloroplast have been
identified. Two homologs of the bacterial mechanosensitive (MS) like channels, MSL2, and MSL3
are localized in the chloroplast inner envelope of 4. thaliana (Haswell & Meyerowitz, 2006). Likewise,
a more recent study has uncovered a new chloroplastic Ca?" transporter, localized in the thylakoid

membrane, called the bivalent cation transporter 1 (BICATT1) (Frank, et al., 2019).

1.4.1 Ca*'-sensing proteins in the chloroplast

Ca®" transients in the chloroplast stroma and thylakoid lumen are assumed to be determined by
members of protein families involved in Ca?" transport and sensing (Navazio, et al., 2020). Chloroplast
is predicted to contain about 21 Ca®" sensors, although their role in interpreting organellar Ca*
signatures is yet to be determined (Navazio, et al., 2020). Of these 21 predicted proteins, only three
have been confirmed to be present in A. thaliana so far: CPK20, CPK31, and CAS (Navazio, et al.,
2020). Furthermore, several CML and CaM proteins have also been predicted to be localized in the
chloroplast, but for now, the localization of none of them has experimentally been confirmed

(McCormack & Braam , 2003; Dell'Aglio, et al., 2016).

1.4.1.1 The Calcium sensing receptor (CAS)

CAS is one of the less functionally characterized chloroplast phosphoproteins, with low affinity and
high capacity for binding Ca?" (Han, et al., 2003). CAS, a protein of 42 kDa, was revealed to contain
a single transmembrane domain (Figure 4). Based on in-silico prediction, two major domains have
been identified for CAS: N-terminal domain (NT) and C-terminal domain (CT). The CT has been
described as a phosphorylation target containing two potential functional sub-domains: a Rhodanese

homology domain (amino acids 231-352) which lacks functional characterization, and a region
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consisting of amino acids with potential protein-protein interactions with the ‘fork-head-associated’
(FHA) domain (Figure 4) (Vainonen, et al., 2008). Interestingly, it has been anticipated that, unlike
CaMs, CAS lacks the high affinity Ca>* binding domain (EF-hand). Nevertheless, it has been predicted
that due to its isoelectric point and the presence of acidic amino acids, the N-terminus of CAS (Figure
4) might act as a Ca?" binding domain (Wang, et al., 2016).

CAS was initially considered a plasma membrane protein. However, expression of CAS-YFP in
tobacco protoplasts and immunoblotting studies have revealed that CAS is a chloroplastic protein
localized in the thylakoid membrane with both C- and N-terminus facing the stroma (Nomura, et al.,
2008; Cutolo, et al., 2019).

Even though no molecular activity has been determined for the CAS, the protein has been linked to a
number of physiological processes such as: 1) regulation of the salicylic acid signaling pathway,
providing immunity against S. sclerotiorum, a plant pathogen causing white mold via Ca?" signaling
(Tang, et al., 2020), 2) dependency of Ca>" signaling of chloroplast triggered by temperature on CAS
(Lenzoni & Knight, 2019), 3) regulation of photosynthetic processes by acting on photoacclimation
pathways by the state transition kinase 7 and 8 (STN7 and STN8) networks (Cutolo, et al., 2019), 4)
activation of ABI4 resulting on LHCB repressing during retrograde signaling (Guo, et al., 2016), and
5) stomatal closure regulation (Wang, et al., 2012; Nomura, et al., 2008; Weinl, et al., 2008).

N-Terminus (with possible Ca?* ability) C-Terminus

e —— | pmm——

1 l 33 187 207 363 l 387
Transit Transmembrane Possible protein-protein
peptide Domain Interaction domain

Figure 4. Schematic illustration of CAS protein structure. CAS's N-terminus contains a potential Ca**-binding domain,
while the C-terminus contains a potential protein-protein domain. The 33-amino acid transit peptide determines the location
of CAS in the cell. CAS has a single transmembrane domain that acts as an anchor for its localization in the thylakoid
membrane.
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Based on primary studies on CAS, describing the protein as a phosphoprotein in A. thaliana, it has
been suggested that CAS, via its phosphorylation, may also be involved in further regulating activities
in response to numerous stimuli. It was initially stated that CAS is a possible substrate of STNS8
(Vainonen, et al., 2008). However, it was shown later that CAS is not only phosphorylated by STN8
but also by STN7 together with another yet unknown Ca?" dependent kinase(s) (Stael, et al., 2012 a.;
Cutolo, et al., 2019).

In Chlamydomonas, the cyclic electron flow (CEF) is mediated by a complex composed of CAS,
photosystem I (PSI), cytochrome b6f (CYTb6/f), and the proteins PGRL1 and ANRI1 (Terashima, et
al., 2012). In 4. thaliana, the CEF occurs specifically around the PSI, leading to an electron transfer
from the PSI to Ferredoxin (Fd) and from there to CYTh6/f, resulting in ATP synthesis and generating
a proton gradient across the thylakoid membrane, without reduction of NADP" (Terashima, et al.,
2012). CEF has been believed to play a role in photoprotection and regulation of photosynthesis of
plants, especially under fluctuating light rather than constant light (Yang, et al., 2019). However, the
role of CAS in the CEF in 4. thaliana is not yet described.

1.4.1.2 Calmodulin and Calmodulin-like proteins

CAMs and CMLs are two significant Ca®*-sensing protein groups present in plants. In 4. thaliana,
seven genes encode the CAM proteins, which are very similar and differ only in 4 amino acids at most
(Yang & Poovaiah, 2003; McCormack & Braam , 2003). CaMs, with 4 EF-Hands, located at two
global ends as a pair, are small and acidic proteins with about 150 amino acids and are present in all
eukaryotic organisms (Cyert, 2001; Luan, et al., 2002; McCormack & Braam , 2003; Yang &
Poovaiah, 2003; Zielinski, 1998). An EF-hand is composed of a helix-loop-helix structure in which a
Ca®" chelating loop joins two a-helixes. The loop consists of 29 amino acids, of which the central 12
are negatively charged and can bind the positively charged Ca?".

In addition to CaMs, the A. thaliana genome encodes 50 different CMLs, each having between 1-6
EF-hands and no other functional domains. They can be more prominent in size than CAMs and can

even contain N or C-terminus extensions (Bussemer, et al., 2009; McCormack & Braam , 2003).
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2 Aim of this work

In Chlamydomonas, it has been shown that CAS makes a complex with PSI, CYTh6/f, and
other proteins such as PGRL1 and ANRI1 in the chloroplast (Terashima, et al., 2012). However,
in A. thaliana, such a CAS complex has not been shown yet. Thus, one of the aims of this study
was to investigate the ability of CAS to build a protein complex in the chloroplast of A.
thaliana. To that end, BN-PAGE followed by MS/MS analysis was used. On the other hand,
to better understand the role of CAS in A. thaliana, growth phenotype and photosynthetic
activity were investigated in a cas-knockout (casko) A. thaliana mutant line compared to wild-
type plants (WT).

The second focus of this work was to investigate the role of CAS in the Ca?* signaling pathway
in response to salt, mannitol, and oxidative stress. Herein, changes in [Ca?"] were determined
in response to these stimuli in WT and casko mutant plants expressing the Ca?" reporter AEQ,
targeted to the cytosol, stroma, or thylakoid lumen. Additionally, this study focused on
discovering the potential source of Ca?* responsible for generating these [Ca®*] changes.

A further objective aimed to discover the correct cellular localization of CML36, one of the 50
CMLs present in the A. thaliana. This approach was achieved using the full-length YFP-tag
and the self-assembly GFP (saGFP) system in leaf tissue and isolated protoplasts and using

laser confocal fluorescence microscopy.
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3 Material and Methods

3.1 Material
3.1.1 Chemicals

All chemicals used unless otherwise stated were PA grade or the highest grade available.

Table 1. List of chemicals used in this study

Name Company

1-(4-Hydroxy-3,5-dimethoxyphenyl) ethan-

-one (Acetosyringone) Sigma-Aldrich GmbH, Germany

Albumin (BSA) Fraction V (pH 7.0) PanReac Applichem ITW Reagents

ATP (Adenosine-5’-triphosphate) Roche, Germany

Cellulase "Onozuka R-10" from

Trichoderma viride Serva Electrophoresis GmbH

Coelenterazine Carl Roth GmbH, Germany

Complete protease inhibitor cocktail, EDTA Roche, Germany

free

Confidor WG 70 Bayer Agrar, Germany
Coomassie® Brilliant blue G Sigma-Aldrich GmbH, Germany
EDTA Sigma-Aldrich GmbH, Germany
EGTA Sigma-Aldrich GmbH, Germany
&-Aminocapronic acid Carl Roth GmbH, Germany
IPTG Duchefa Biochemie, Netherlands
Lanthanum chloride Sigma-Aldrich GmbH, Germany

Macerozyme R-10 from Rhizopus sp.

lyophil Serva Electrophoresis GmbH

Murashige and Skoog medium (MS)

. Duchefa Biochemie, Netherlands
medium
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n-Dodecyl B-D-maltoside

Ni-NTA agarose

Oligonucleotides

Percoll™

PhosSTOP™ phosphatase inhibitor
Phytagel

Pierce® protein A plus Agarose
Plant potting soil

PMSF

PVDF membrane

Silver nitrate > 99.9% p.a

3.1.2 Buffers, Enzyms and Kits

Material and methods

PanReac Applichem ITW Reagents
Qiagen, Germany

Thermo Scientific, USA

Cytiva, Sweden

Roche, Mannheim, Germany
Sigma-Aldrich GmbH, Germany
Thermo scientific

Flora Guard, Germany

Roche, Mannheim, Germany
Thermo Scientific, USA

Carl Roth GmbH, Germany

Table 2. List of Buffers, enzymes, and Kits employed in this study

Name
Buffer G
DNA restriction enzymes
FastDigest Restriction enzymes
Gel/PCR Fragment extraction kit

HiYield® Plasmid DNA Kit
HiYield® Plasmid mini kit

Native Page 4-16% Bis-Tris gel
Native page 3-12% Bis-Tris gel

Notl, Apal, Sapl
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Company
Thermo Scientific, USA
Fermentas, Germany
Thermo Scientific, USA
Macherey-Nagel (Diiren, Germany).
HiYield® DNA Isolation SLG
Stid-Laborbedarf GmbH
Invitrogen, USA

Thermo Scientific, USA
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Nucleospin Extract II Kit Macherey-Nagel, Qiagen, Germany
Phusion Hi-Fidelity polymerase Thermo Scientific, USA

Pstl Fermentas, Germany

RevertAid First Strand cDNA synthesis Kit Thermo Scientific, USA

T4 DNA ligase Kit (Buffer and ligase) Thermo Scientific, USA

Taq polymerase Genaxxon, Germany

3.1.3 Plasmid DNA vectors and constructs used in this study

Binary vector pBIN19-YFP (supplied by Dr. Norbert Mehlmer) was used in transient tobacco
(Nicotiana benthamiana) transformation to study the CML36 localization. On the other hand,
plasmid vector pET21b (Stratagene, USA) was employed in the in vitro protein expression in

E. coli. The list of constructs used in this study are presented in the (Table 3).

Table 3. List of pBIN19-plasmid and pET21b constructs used in this study

Construct name AGI code of gene Plasmid purpose
Protein
AtCML36-saGFP;.10c At3g10190 CDS pBIN19-saGFPi-10c o
localization
Protein
AtCML36-saGFPiic At3g10190 CDS pBIN19-saGFP1ic o
localization
‘ Protein
ssRuBisCo-saGFPi.ioc  AT1G67090 CDS pBIN19-saGFP;.10c o
localization
Protein
ssRuBisCo-saGFPiic AT1G67090 CDS pBIN19-saGFPiic
localization
Protein
CPK17624-saGFPi.iloc AT5G12180 CDS pBIN19-saGFPi-10c o
localization
Protein
CPK1762a-saGFPy1ic AT5G12180 CDS pBIN19-saGFPiic o
localization
Protein
0OGD-saGFPi.10c AT3G07880 CDS pBIN19-saGFPi-10c o
localization
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Protein
OGD- saGFPiic AT3G07880 CDS pBIN19-saGFPiic o
localization
Protein
MIA-saGFP;.10c AT5G23395.1 CDS  pBIN19-saGFPi-10c o
localization
Protein
MIA-saGFPjic AT5G23395.1 CDS  pBIN19-saGFPiic o
localization
Protein
AtCML36-YFP AT3G10190 CDS pBIN19-YFP o
localization
At5g23060.1 CDS Protein
CAS-CT pET-21b
(aa 234-387) overexpression

3.1.4 Primers

All primers used in this study were purchased from Invitrogen by Thermo fishers Scientific. In
all naming cases the FW stands for forward primer and Rev stands for revers primer and CDS

stands for coding sequence

Table 4. List of primers studied in this study.

Purpose of

Primer Name Sequence (5°>3’) use

RP_CAS SALK1  TGGTTGATTGTTTTCTCCACC .
- - CAS specific

LP CAS SALKlI  ATGTGTGTTTGCTCGTCTTCC genotyping
Transketolase
RpS15 GATTCCTTGTCCTTGTCCAAGAGGACC specific,
Genotyping
LpSI15 TCCAACGGTCATATTTGATCC and DNA
quality check
Lbal TGGTTCACGTAGTGGGCCATCG T-DNA
sertion

CAS c¢cDNA FW CGTCTCCTCTCTCACTGAAGTGGAGAAAA

CAS CDS

CAS cDNA REV1 AAACGCAGCACCAGCAGCAAC . .
- - amplification
CAS cDNA REV2 TTTTCGCCACTATCTTAGCCGAATCCG

CAAGAATTCATGTACTTGATGGTGGATATA

CAS cln CT_FW 0o
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a-CAS CT
CAS cInCT Rev  ATAGCGGCCGCGTCGGAGCTAGGAAG antibody

design
FW_CAS amplify CTTATGGCTATGGCGGAAATG

CAS CDS

Rev CAS_amplify CTTGTCGGAGCTAGGAAGG

3.1.5 Antibodies

The self-designed a-CAS-CT polyclonal antibody in rabbit was produced by David’s
Biotechnologie GmbH (Regensburg, Germany) from recombinant CAS as antigen. List of
other antibodies used in this study is brought in the (Table 5).

Table 5. List of Antibodies and their manifactures used in this study

Name of Antibody Dilution Organism made in Source
a-CAS CT 1:2000 Rabbit Self-made
Supplied b
a-CAS NT 1:2000 Rabbit PP Y
AG. Vothknecht
a-GFP 1:1000 Mouse Roche, Germany
a-Mouse Seconda Supplied b
- Y 1:1000 Mouse PP Y
antibody-ALK AG. Vothknecht
a-Rabbit-Secondary Sigma Aldrich
1:30000 Rabbit .
antibody-ALK Chemie
Supplied b
a-TKL1 1:5000 Rabbit PP Y
AG.Vothknecht
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3.1.6 Molecular weight and size markers

Table 6. List of molecular weight and size markers used in this study

Name Purpose Company

GenreRuler™ 1Kb plus DNA size marker for

DNA ladder agarose gel electrophoresis Thermos Scientific, USA

PeqGOLD Protein-Marker Protein size marker for SDS ~ VWR Life Science,
v PAGE Germany

PageRuler™ Plus restained ~ Protein size marker for SDS  Thermo Fisher Scientific,

protein ladder PAGE Waltham, MA, USA
NativeMark™ Unastained Protein size marker for Blue = Thermo Fisher Scientific,
protein standard Native gel Waltham, MA, USA

3.1.7 Plant material and growth conditions

In all experiments, 4. thaliana Columbia 0 (Col-0) was used as the WT control. CAS-1 (casko)
(SALK 070416) mutant used in all experiments, were kindly provided by Professor Eva Mari
Aro, University of Turku, Finland.

A. thaliana WT plants stably transformed with a 35S:YFP-APOAEQUORIN construct targeted
to the cytosol, the stroma an the thylakoid lumen, were produced by (Mehlmer, et al., 2012;
Sello, et al., 2018). On the other hand, casko A. thaliana containing the apoequorine protein
targeting the cytosol, stroma, and thylakoid lumen had been previously crossed by Dr. Eduardo
Cutolo (Cutolo, Ph.D. 2018). A complete list of 4. thaliana lines containing Aequorin used in
this study is presented in (Table 7).

Plants were grown either on soil or on 2 MS media plates, depending on the experiment. The
plants were grown in growth-chambers under controlled conditions. Depending on the
experiment, plants were grown either in long day condition of 16/ 8 h light/ dark cycle at 20
°C under 100-120 umol m S-! photons illumination (growth light, GL) or short-day condition
of 8/16 h light/dark cycle under 100-120 umol m S-! photons illumination (growth light, GL).
The growth chambers humidity was set to 65%. For Agrobacterium-mediated infiltration
experiments and transit expression for microscopy-based localization, tobacco plants

(Nicotiana benthamiana) were grown in growth chambers assembled with Philips TLD 18 W
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of altering 830/ 840 light color temperature under a long day condition of 16/8 h of light/dark

cycle.

Table 7. List of A. thaliana lines used in the calcium measurement study.

Line name

WT-YFP/AEQ-
LUM-C

caskoYFP/AEQ-
LUM-E

WT-YFP/AEQ-
CHL-H

casko-YFP/AEQ-
CHL-L

WT-YFP/AEQ-
CYT-AA

casko-YFP/AEQ-
CYT-P

Genetic
background

Col-0

CAS-1
SALK 070416

Col-0

CAS-1
SALK 070416

Col-0

CAS-1
SALK 070416

Construct

475.1C
TLP-YFP-AEQ

475.1A
TLP-YFP-AEQ

286.1
ntThxR-
YFPAEQ
NTRC-YA

286.1
ntThxR-
YFPAEQ
NTRC-YA

391.1
CPK17G2A-
NES

391.1
CPK17G2A-
NES

3.1.8 Bacterial strains and growth conditions

Localization of
YFP-AEQ

Thylakoid
Lumen

Thylakoid
Lumen

CHL-Stroma

CHL-Stroma

Cytosol

Cytosol

Zygosity

Homozygote

Heterozygote

Homozygote

Heterozygote

Homozygote

Homozygote

Various bacterial strains of E. coli and Agrobacterium tumefaciens (A. tumefaciens) were used

depending on the experiment. Bacteria samples were grown on LB broth medium agar plates

or LB broth medium liquid culture containing corresponded antibiotics. As for E. coli strains,

the samples were grown at 37 °C for 16-18 hours, and in case of A. tumefaciens samples,

bacteria samples were grown at 28 °C for 48 hours. (Table 8) presents the information of the

bacterial strains used in this study.
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Table 8. List of bacterial strains used in this study.

Organism Strain Usage Company
Cloning,
DH10a _ ‘
Amplification of DNA Stratagene, USA
. DH10pB .
E. coli plasmid
RIPL-ER2566 Protein expression NEB, Germany

Stable transformation of
GV3101 A. thaliana by floral

dipping Van Larebeke et

A. tumefaciens
Transit transformation of  al., 1974
LBA1334 tobacco for localization

assays

3.2 Methods
3.2.1 Bacterial transformation methods

3.2.1.1 E. coli transformation using heat shock technique

E. coli samples of desired strain were transformed using the basic molecular biology technique,
the heat shock method. This method introduces an external plasmid or ligation product to E.
coli cells. In this method, 100 ul of selected E. coli strain was mixed with 3-5 ul of plasmid
DNA on ice. The mixture was then incubated for 15 min on ice. The incubation step was
followed by the precisely 45 seconds of heat shock at 42 °C before moving back on the ice for
2 min. Next, 800 ul of fresh liquid LB media without antibiotics was added to the mixture. The
sample was then incubated for 45 minutes with agitation at 650 rpm at 37 °C. Finally, the grown
bacteria clones were centrifuged at 5000 g for 1 minute. The harvested bacteria cells were
resuspended with 100 ul of fresh liquid Luria-Bertani (LB) media before plating on LB plates
containing corresponding antibiotics. The E. coli cells were then grown at 37 °C overnight. The

success of the transformation was measured by visualization of colony formation.
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3.2.1.2 Agrobacterium tumefaciens transformation via electroporation technique

A. tumefaciens was transformed by mixing 25 pl of bacteria cells with 1-3 ul of plasmid DNA
and 25 pl of 10% sterile glycerol (v/v). After a gentle mix, the mixture was moved to an
electroporation cuvette (Carl Roth, Germany). Next, electroporation was performed using the
BioRad electroporation chamber using “Agr” mode. The electroplated mixture was then mixed
with 400 pl fresh LB media, transferred in a fresh eppie, and incubated at 28 °C, 650 rpm for
2 hours. The transformed bacteria cells were then harvested by centrifugation for 1 minute at
5000 g. The pellet was resuspended in 100 ul fresh LB before plating on LB media plates
containing Kanamycin (25 pg/ml), Rifampicin, and 1 M MgCl,. The Agrobacterium plates

were then incubated at 28 °C for 48 hours for successful colony transformation.

3.2.1.3 Protein Expression and purification

Overnight grown 20 ml LB liquid cultures containing the corresponding antibiotic of desired
E. coli RIPL sample was diluted in 500 ml LB liquid culture with corresponding antibiotics.
The ODeoo was measured continuously up till the ODsoo reached 0.5-0.8. At this point, 0-hour
non-indued samples of 500 pl were taken, and the rest of the culture was incubated for 3 hours
with IPTG. Next, a 500 pul induced sample was taken from the induced culture and was pelleted
down. Then using the IMPACT™-TWIN system (New England Biolabs, Frankfurt, Germany),

following the manufacturer’s instructions, purification was performed under native conditions.

3.2.2 Plant methods

3.2.2.1 Chloroplast isolation

Intact chloroplast was isolated from 4-weeks-old A. thaliana plants, as previously mentioned
by (Seigneurin-Berny, et al., 2008). The plants were grown in short-day conditions, of 8/16 h
light/dark cycle, and leaves were harvested 2 hours after the beginning of the light cycle.
Growth light samples were kept for the mentioned 2 hours under normal light conditions of
120 pmol m s™! photons illumination. The intact chloroplast samples were kept at -80 °C as

50 ul aliquots after direct freezing using liquid nitrogen.
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Chlorophyll concentration was ascertained by mixing 5 pl of the sample with 5 ml 80%

Acetone (v/v), as previously described by (Porra, et al., 1989), and measured as below:

[(ODes3-OD750) x 8.2] + [(ODs45-OD750) x 20.2] = X pg/ul

3.2.2.2 Chloroplast fractionation

In order to separate the thylakoids from the stroma, 50 pul of intact chloroplasts sample was
treated for 15 minutes with 200 pl lysis buffer (20 mM Tricine pH 7.6, 10% (v/v) glycerol, 1
mM DTT, completeTM, EDTA-free protease inhibitor), on ice. Membrane proteins were then
separated from soluble fractions by centrifugation at 20000 g for 10 minutes at 4 °C. The pellet
containing membranal proteins (thylakoid enriched) was then washed 2-3 times with 200 ul of
cold lysis buffer to remove excess stromal contamination. All described previously by (Rocha,

etal., 2014).

3.2.2.3 Total leaf protein isolation

Total leaf protein was isolated by grinding 100 mg of 3-week-old plant leaves in 150 pl of
extraction buffer (100 mM NaCl, 50 mM Tris-HCI pH 7.5, 0.5 M Triton x-100, 100 mM beta-
mercaptoethanol, 1 mM PMSF). The extract was then centrifuged at 13000 g for 5 minutes at
room temperature. The supernatant containing proteins of interest was mixed 1:1 with sample
buffer [125 mM Tris-HCI pH 6.8, 5% (w/v) SDS, 10% glycerol (v/v), 5% beta-mercapto-
ethanol (v/v)]. The mixture was heated for 5 minutes at 95 °C before loading on gel. All

described before by (Rensink, et al., 1998).

3.2.2.4 Transit transformation of tobacco plants using Agrobacterium infiltration in
contemplation of CML36 localization

Agrobacterium-mediated transit transformation is an efficient technique as it is not affected by
chromosomal positional effects (Fischer, et al., 1999). Overnight A. tumefaciens cells grown
in 5 ml LB liquid culture supplied with 50 mg/ml Kanamycin were harvested by 5 minutes
centrifugation at 4000 g. The harvested cells were resuspended in 1 ml cold Infiltration buffer
[20 mM Citric acid (monohydrate), 2% (v/w) sucrose pH 5.2 using NaOH 5 M] and autoclaved
prior to use supplemented with 200 uM acetosyringone. Next, ODgoo was measured for samples
by diluting 1:1 of the sample using Infiltration media mixed with acetosyringone. The ODsoo

was adjusted to 0.1-0.3 (samples with higher ODsoo were diluted using the Infiltration media
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mix). The samples were incubated for 2 hours at RT while rotating at dark prior to infiltration
of 3—4-week-old tobacco leaves. Transit transformation expression signal peaks at 48-60 hours
after infiltration therefore, the infiltrated leaves were controlled using a confocal microscope

after 48-60 hours of dark incubation post infiltration.

3.2.2.5 Protoplast isolation from transit transformed tobacco leaves

Transformed tobacco leaves were cut into 0.5-1 mm pieces and submerged in enzyme solution
[1-1.5% (v/w) cellulase R10, 0.2-0.4% (v/w) macerozyme R10, 0.4 M mannitol, 20 mM KCl,
20 mM MES pH 5.7]. Afterward, the solution mixture was heated at 55°C for 10 minutes and
mixed with 10 mM CaCl2 after it had been cooled down to room temperature. The mixture
was then passed through a 0.45 um filter. Using a vacuum, for 30 minutes, the filtered mixture
turns dark green, representing the protoplast release.

Since the protoplasts are very fragile, the samples need to be carried under extra caution from
this step. The vacuumed mixture was then placed on a shaker rotating at 40 rpm in dark
conditions for 90 minutes, followed by a 5 minute faster shake of 80 rpm. The samples were
filtered through 100 um nylon mesh to isolate protoplast from leaf strips, and the protoplast
mixture was centrifuged at 100 g for 10 minutes at RT while the break was off. The supernatant
containing broken protoplast was removed, and the pellet was washed with W5 buffer (154
mM NaCl, 125 mM CaCl,, 5 mM KCIl, 2 mM MES pH 5.7). The washed protoplasts were
centrifuged at 100 g for 10 minutes at RT with no break. A major part of the supernatant was
removed, and the pellet was dissolved in the rest of the supernatant, by gently shaking prior to

confocal laser scanning.

3.2.2.6 Floral dipping method using Agrobacterium tumefaciens

(Zhang, et al., 2006) method was employed to make transformed seeds in A. thaliana. 500 ml
LB mixture of desired transformed bacteria and appropriate antibiotic was incubated overnight
at 28 °C. The transformed cells were harvested by centrifugation the following day for 10
minutes at 4000 g at 4 °C. The pellet was resuspended in 500 ml sucrose solution [5% (W/v)
sucrose, 200 pl 0.5 M acetosyringone, 200 pl 100% Tween20). The A. thaliana plants were
kept in the dark overnight after dipping and moved to the growth chamber the day after. The

dipping was repeated one additional time to increase the transformation.
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3.2.2.7 Self-assembly GFP (saGFP) assay

Transient transformation of tobacco was done using a modified pBIN19 binary vector carrying
C-terminally the sequence coding either for saGFP1.190 or saGFP11 (Bevan, 1984). The genes of
interest harboring an Apal overhang or Notl overhang were cloned in the pBIN19 vector
expressing either the saGFP11 or saGFPi.10 tags. The cloned vector was then introduced into
agrobacteria (described in material and methods 3.2.1.2). Co-infiltration of leaves of 3-4 weeks
old tobacco plants (Nicotiana benthaminana) was then performed (as described in 3.2.2.4).
Subcellular localization of the proteins was analyzed by confocal laser scanning microscopy
using the Olympus FluoView FV1000 confocal laser scanning microscope, and the images

were processed with the FV10- ASW Viewer software.

3.2.3 Nucleic acid methods and cloning

3.2.3.1 Genomic DNA isolation from leaf samples

Genomic DNA isolation was done using 3 to 4-weeks-old leaf samples. Single leaf tissue was
grounded using a metal bead and 400 ul extraction buffer (200 mM Tris-HCI pH 7.5, 250 mM
NaCl, 25 mM EDTA). The grounded sample was centrifuged at 13000 g for 10 minutes. In this
step, the genomic DNA is released into the supernatant. 285 ul of supernatant containing
genomic DNA was mixed with 715 pl of 70% Ethanol. The mixture was centrifuged after
vertexing at 13000 g for 10 minutes. The clear pellet after centrifugation contains the genomic
DNA and was dried at 50 °C for 2 hours before resuspending in 50 pl Tris-HCI pH 8.5. DNA

samples were kept at -20 °C until further desired experiments.

3.2.3.2 Isolation of plasmid DNA

According to the manufacturer's descriptions, plasmid DNA from transformed E. Coli cells

was isolated in all studies using a HiYield® Plasmid mini kit (Siid-Laborbedarf GmbH).

3.2.3.3 Polymerase chain reaction (PCR)

In order to amplify genomic DNA or plasmid DNA fragments for genotyping, cloning, and
other analytical purposes, the PCR technique was employed. According to the manufacturer’s
instructions, either GoTaq DNA polymerase (Promega, USA) or Phusion Hi-Fidelity
polymerase (Thermo Scientific, USA) were used. The standard components of a PCR reaction

are presented in Table 9.
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Taq polymerase reaction

Material and methods

Phusion polymerase

Components
mix reaction mix
5x Buffer 5.0 ul 5.0 ul
DNA template (10-50 ng/ul) 1.0 pl 1.0 ul
dNTPs (200 uM) 0.5 ul 0.25 ul
H>O 17.3 ul 16.8 ul
MgCl; (25 mM) 0.0 pl 1.25ul
Polymerase 0.2 ul 0.2 ul
Primer 1 (1 uM) 0.5 ul 0.25 ul
Primer 2 (1 uM) 0.5 ul 0.25 ul
Total 25 ul 25 ul

According to the expected amplicon size and the calculated annealing temperature of the
primers used in the reaction, the elongation time and the annealing temperatures were adjusted

explicitly. Table 10 presents the optimized PCR settings used in this study.

Table 10. Optimized PCR settings performed on a thermocycler

GoTaq Polymerase Phusion polymerase Number
PCR Steps

Temperature (°C) — Time (S) = Temperature (°C) — Time (S)  of cycles
Initial denaturation 95°C-120s 98 °C-30s x1
Denaturation 95°C-120s 98°C-10s
Annealing *-60s #*-30s x35
Elongation 72 °C - 60 s /kb 72 °C - 30 s /kb
Final elongation 72 °C-300s 72 °C-300s x1

Hold 4°C-o0
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3.2.4 Protein methods

3.2.4.1 SDS PAGE analysis

Protein samples were prepared for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) by
mixing the isolated protein, with 4X SDS solubilisation buffer [40% (v/v) Glycerol, 240 mM
Tris-HCl pH 6.8, 8% (w/v) SDS, 0.04% (w/v) bromophenol blue, 5% (v/v) beta-
mercaptoethanol]. The mixture was then heated at 96 °C for 5 minutes and loaded on 10% or
12% SDS gel after cooling down, based on the sample size. Table 11 and Table 12 present the

gel compositions for the running and the stacking gel.

Table 11. Composition of SDS PAGE Running gel

Components 10% SDS gel 12% SDS gel
H-O 4.0 ml 3.3 ml
30% (v/v) Acrylamide mix 3.3 ml 4.0 ml
1.5M Tris (pH 8.8) 2.5ml 2.5ml
10% SDS 0.1 ml 0.1 ml
10% APS 0.1 ml 0.1 ml
TEMED 0.004 ml 0.004 ml
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Table 12. Composition of SDS PAGE Stacking gel

Components S ml
H-O 3.4 ml
30% (v/v) Acrylamide mix 0.83 ml
1.0 M Tris (pH 8.8) 0.63 ml
10% (w/v) SDS 0.05 ml
10% APS 0.05 ml
TEMED 0.005 ml

3.2.4.2 Blue native gel electrophoresis

The preferred chlorophyll amount to be loaded on Blue native gels, in the case of this study
unless mentioned, has been determined to be 20 mg. Chloroplast was diluted to the
corresponding concentration and brought to a final volume of 45 pul using ACA buffer (750
mM &-Aminocapronic acid, 50 mM BisTris pH 7.0, 0.5 mM EDTA). The mixture of
chloroplast/ACA was incubated on ice for 15 min while kept dark before mixing with 5 pul 10%
n-Dodecyl B-D-maltoside, a non-ionic detergent, used in membrane studies. The mixture was
then vortexed and incubated on ice for 30 min while kept dark. The mixture was subsequently
centrifuged at 21000 g for 10 min at 4 °C. The supernatant in this step, which is light green, is
separated and is mixed with 5 ul of 5% serve blue G (750 mM ACA, 5% (w/v) Coomassie®
Brilliant blue G) and incubated for 5 min on ice before loading on gel. The empty pockets of
the gel were filled with a mixture of 1:1 ACA buffer and 5% serve blue G. The gels ran for 1
hour with 1x cathode buffer with Coomassie® Brilliant blue G (Table 14) and 1x Anode buffer
(Table 14) at 100 v, 2 mA for one big gel and 2 hours at 150 V for small blue native gels from
Invitrogen (Native page 3-12% Bis-Tris gel, Native Page 4-16% Bis-Tris Gel). The cathode
buffer was then changed to 1x cathode buffer without Coomassie® Brilliant blue G in the dark.
The composition of the different percentages of blue native gels is brought in Table 13 Buffers

used for running the gel are mentioned in Table 14 (all buffers must be stored at 4 °C).
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Table 13. Components of different percentage gel used in Blue native gel

Running gel 6% Running gel 14%
Chemicals Stacking gel (Sml)
(8 ml) (8 ml)

30% Acrylamide

1.6 ml 2.67 ml 0.66 ml
mix
6x Gel buffer 1.33 ml 1.33 ml 0.83 ml
Glycerol 0 ml 1.6 gr 0 ml
H>O 5.07 ml 2.82 ml 3.5ml
TEMED 3.8 ul 3.8 ul Sul
APS 15.2 ul 15.2 ul 50 pl

Table 14. Buffers used in running blue native gels.

Buffer name

5x Cathode buffer with
Coomassie® Brilliant blue
G

5x Cathode buffer without

Coomassie® Brilliant blue

G

6x Anode buffer

6x Gel buffer

Reagents and Concentrations

250 mM Tricine, 75 mM Bis-Tris, 0.1% (w/v) Coomassie
250G (pH 7.0 using HCI)

250 mM Tricine, 75 mM Bis-Tris (pH 7.0 using HCI)

300 mM Bis-Tris (pH 7.0 using HCI)

1.5 M Amino caproic Acid, 150 mM Bis-Tris (pH 7.0 using
HCI)

3.2.5 Aequorin reconstitution and luminescence measurements

To study Ca?" transients, 4. thaliana seedlings of WT and casko, carrying the apoaequorin

protein targeted to the cytosol,

stroma, and the thylakoid lumen were grown on 2 MS media

supplemented with sugar and vitamin for eight days under long-day conditions (120 mol). The
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whole seedlings were reconstituted in a 5 M coelenterazine solution (Carl Roth, Karlsruhe,
Germany) for 16 hours prior to the measurements. For treatments with inhibitors, seedlings
were incubated for one hour in 1 mM lanthanum chloride (LaClz) or I mM EGTA after
reconstitution. A plate luminometer (Multimode ReaderTriStar> LB 942, Berthold
Technologies) was used to measure all measurements in a 96-well plate (Lumitrac 600, Greiner
Bio-One, Kremsmiinster, Austria). To measure the baseline prior to injecting a 2-fold
concentrated solution of CaCl,, H,O», NaCl, and mannitol, Luminescence measurements were
made for 120 seconds with a 1 second integration time. Luminescence was measured for
another 600 seconds following injection. The luminescence signal was detected for another
300 seconds with the same integration time following injection of the discharge solution (1 M
CaCl, in 10% ethanol). In calculating [Ca?*], the background correction was derived from
measurements of empty wells in the same conditions for all cell comparisons. For calculating
A[Ca*"], the mean [Ca*"] from 10 seconds of baseline preceding treatment was subtracted from

the maximum [Ca?*] after injection.
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4 Results

4.1 Characterization of CAS protein

CAS has been identified as a Ca?"-sensing protein localized in the thylakoid membrane of the
chloroplast (Nomura, et al., 2008). CAS is nuclear-encoded and post-translationally
transported into the chloroplast with the help of a 33 amino-acid transit peptide (Figure 4).
After transport into the chloroplast, the transit peptide is cleaved to produce the mature form
of CAS with a molecular weight of 34 kDa (Nomura, et al., 2008). In Chlamydomonas, it has
been shown that CAS makes a supercomplex with the complexes PSI, CYTbh6/f complex, as
well as with the proteins PGRL1 and ANRI1 in the chloroplast (Terashima, et al., 2012). In A.
thaliana, however, such a CAS supercomplex has not been shown yet. Thus, one of the aims
of this thesis was to investigate the ability of CAS to build a protein complex in the chloroplast
of A. thaliana. On the other hand, to better understand the role of CAS in A. thaliana,
phenotypic investigations and measurements of photosynthetic activity were performed by

comparing WT (Col-0) with a casko mutant line.

4.1.1 Blue native PAGE analysis

Blue native (BN) PAGE assays were performed using intact chloroplasts isolated from A.
thaliana WT and casko lines (SALK 070416) (see 3.2.4.2) to determine whether the absence
of CAS affects the protein complex composition of the chloroplast. Indeed, differences in the
protein complex patterns on the BN-gel were observed between the WT and casko chloroplasts
(Figure 5). The most differences were observed between 556 kDa and 292 kDa, with at least
four bands (B, C, D, and E) which are absent in casko chloroplasts. One additional band (A)
with a molecular weight higher than 556 kDa was also detected only in the WT chloroplast.
The other known major complexes of the photosynthesis reaction in the thylakoid membrane
were not affected, except the LHC trimer, which was less abundant in the casko chloroplast
(Figure 5, trimeric LHC). By contrast, the LHC monomer was more dominant in the casko

chloroplasts compared to the WT (Figure 5, LHC monomer).
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Figure 5. BN-PAGE of WT and casko A. thaliana intact chloroplast. The figure presents the known chloroplastic
complexes and their size on a (6-10%) BN-gel. Letters marked on the gel (A, B, C, D, and E) indicate the differences
observed between the WT and casko chloroplast.

To determine the protein composition of each band showing differences between WT and
casko chloroplasts, the corresponding areas were cut from the gel and analysed by MS/MS.
The results showed that bands A, B, C, D, and E contain CAS protein in different amounts.
The bands A, B, and D contain a very elevated amount of CAS, indicating a high probability

that CAS is a subunit of three different complexes.
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Table 15. CAS protein iBAQ values obtained from MS/MS analysis of the protein complexes showing
differences between WT and casko chloroplasts on BN-gels.

Band A Band B Band D Band C Band E

CAS
1196200 1085900 906240 615790 610230
(Calcium sensing receptor)

Since bands A, B, and D, showed the highest amount of CAS protein, further detailed analyses
were performed only with them to identify the nature of their protein compositions. MS/MS
analysis showed that the three bands contain different subunits of the complexes PSI, PSII,
LHCs, CYTb6/f, and ATP-synthase (Tables 16, 17, and 18). One main difference concerned
the isoforms of the ferredoxin-NADP™ reductase 1 and 2 (FNR1 and FNR2), which could be
detected only in bands B and D, but not in A. Interestingly, the LHC proteins also showed a
differential distribution within these bands. Band A contains different LHCA and LHCB
proteins which are known to interact with PSI and PSII, respectively (Table 16). However, in
band B, mostly LHCA proteins were present (Table 17), while in band D, only LHCB proteins
could be detected (Table 18). Additionally, all the bands contain PGR5-like A (PGRLI)
protein. In Chlamydomonas, it has been shown that CAS is interacting with a supercomplex
composed of (PSI-LHCI), (PSII-LHCII), CYTb6/f, in addition to FNR and the thylakoid
protein PGRS5-likel (Iwali, et al., 2010; Petroutsos, et al., 2009). The bands A, B, and D have
quite similar protein compositions to the Chlamydomonas supercomplex, suggesting that the
bands A, B, and D might also correspond to supercomplexes in A. thaliana. For further
analysis, the bands were called supercomplex A, B, and D. Supercomplex A is composed of
the complexes PSI-LHCA, PSII-LHCB, CYTh6/f, ATP-synthase, and the proteins CAS and
PGRS5-like A (PGRL1). Supercomplex B is composed of the complexes PSI-LHCA, PSII,
CYTb6/f, ATP-synthase, and the proteins CAS, PGR5-like A (PGRL1) and FNR1/FNR2,
while supercomplex D contains the complexes PSI, PSII-LHCB, CYTh6/f, ATP-synthase and
the proteins CAS, PGR5-like A (PGRL1), and FNR1/FNR2. In A4. thaliana, CAS is an essential
component for the formation of these supercomplexes, since in its absence, in casko mutant

chloroplasts, they could not be detected anymore (Figure 5).
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Table 16. Protein composition of supercomplex A. Protein composition of band A from the BN-gel shown in
Figure 5 is determined by MS/MS analysis. The proteins are divided into PSI (light green), PSII (dark green),
CYTb6/f (orange), LHC (pink), ATP synthesis (light blue), and PGR (red) groups.

Predicted protein iBAQ
CAS calcium sensing receptor 1196200
PSAF photosystem I subunit F 18823000
PSAD-2, PSAD-1 photosystem I subunit D-1, D-2 16061000
PSAB Photosystem I, PsaA/PsaB protein 14739000
PSAL photosystem I subunit 1 12406000
PSAE-1 Photosystem I reaction centre subunit IV / PsaE protein 11035000
PSAH2, PSAH-2, PSI-H photosystem I subunit H2 10548000
PSAA Photosystem I, PsaA/PsaB protein 10116000
PSAG photosystem I subunit G 5471700
PSAK photosystem I subunit K 3895900
PSAC iron-sulfur cluster binding 3576600
PSAJ PSAJ 965330
PSAH-1 photosystem I subunit H-1 191010
PSAE-2 photosystem I subunit E-2 161560

8276200

8136600
5507900
3922000
3705200
905550
PETB photosynthetic electron transfer B 1009500
PETA photosynthetic electron transfer A 878630
PETG 462200
PETC photosynthetic electron transfer 323930
LHCA3 photosystem I light harvesting complex gene 3 70269000
LHCA4, CAB4 light-harvesting chlorophyll-protein complex I subunit A4 13068000
LHCAZ2 photosystem I light harvesting complex gene 2 7779700
LHCAT1 photosystem I light harvesting complex gene 1 6376700
LHCBI1.3 chlorophyll A/B binding protein 2159900
LHCB2 photosystem II light harvesting complex gene 681340
LHCB6, CP24 light harvesting complex photosystem II subunit 6 466540
LHCBA4.2 light harvesting complex photosystem II 375540
LHCBA4.1 light harvesting complex photosystem II 326190
ATPH ATP synthase subunit C family protein 8878900
ATP synthase subunit (ATP alpha) 1212400
ATP synthase subunit (ATPF) 1202300
ATP synthase alpha/beta family protein 894200
Beta subunit of ATP synthase 801340
ATP synthase subunit (ATP alpha) 454120

ATP synthase subunit 1 330970
323930
244270
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Table 17. Protein composition of supercomplex B. Protein composition of band B from the BN-gel shown in
Figure 5 is determined by MS/MS analysis. The proteins are divided into PSI (light green), PSII (dark green),

CYTh6/f (orange), FNR (dark blue), LHC (pink), ATP synthesis (light blue), and PGR (red) groups.

Predicted protein iBAQ
CAS calcium sensing receptor 1085900
PSAF photosystem I subunit F 49419000
PSAB Photosystem I, PsaA/PsaB protein 30823000
PSAL photosystem I subunit 1 30820000
PSAD-2, PSAD-1 photosystem I subunit D-1, D-2 30223000
PSAE-1 Photosystem I reaction centre subunit IV / PsaE protein 29427000
PSAH2, PSAH-2, PSI-H photosystem I subunit H2 26538000
PSAA Photosystem I, PsaA/PsaB protein 24846000
PSAG photosystem I subunit G 12405000
PSAC iron-sulfur cluster binding 10961000
PSAJ 3545600
PSAE-2 photosystem I subunit E-2 1697800
PSAK photosystem I subunit K 1447100
PSAP, PSI-P photosystem I P subunit 122110
26393000
25407000
21259000
13116000
4508400
2818700
634500
PETA photosynthetic electron transfer A 2097600
PETB photosynthetic electron transfer B 974380
PETC photosynthetic electron transfer C 694990
PETG 484210
406840
LHCA4, CAB4 light-harvesting chlorophyll-protein complex I subunit A4 32032000
LHCAT1 photosystem I light harvesting complex gene 1 16285000
LHCA3 photosystem I light harvesting complex gene 3 10201000
LHCAZ2 photosystem I light harvesting complex gene 2 508230
LHCBI1.3 chlorophyll A/B binding protein 492500
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ATP synthase subunit (ATP alpha) 7406900
Beta subunit of ATP synthase 5179900
ATP synthase subunit (ATPF) 2938300
ATPH ATP synthase subunit C family protein 2327000
ATP synthase subunit (ATP gammal) 1297300
ATP synthase subunit (ATPG) 915470
ATP synthase subunit (ATP epsilon 482420
694990
131140
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Table 18. Protein composition of supercomplex D. Protein composition of band D from the BN-gel shown in
Figure 5 is determined by MS/MS analysis. The proteins are divided into PSI (light green), PSII (dark green),

CYTb6/f (orange), FNR (dark blue), LHC (pink), ATP synthesis (light blue), and PGR (red) groups.

Predicted protein

iBAQ

CAS calcium sensing receptor

906240

PSAD-2, PSAD-1 photosystem I subunit D-1, D-2

PSAE-1 Photosystem I reaction centre subunit IV / PsaE protein
PSAL photosystem I subunit 1

PSAH2, PSAH-2, PSI-H photosystem I subunit H2

PSAB Photosystem I, PsaA/PsaB protein

PSAA Photosystem I, PsaA/PsaB protein

PSAG photosystem I subunit G

PSAC iron-sulfur cluster binding

PSAF photosystem I subunit F

PSAE-2 photosystem I subunit E-2
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59308000
55848000
45834000
44273000
38604000
38424000
21289000
20967000
13687000
8530000
6062900
5393900
4537200
1470600
1319400
342110
314970
5037800
3878000
922850
887890
318970
950190
579090
510350
497480
210310
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LHCBG6, CP24 light harvesting complex photosystem II subunit 6 193450
LHCBS light harvesting complex of photosystem II 5 159640
ATP synthase subunit (ATP alpha) 20861000
Beta subunit of ATP synthase 18453000
ATP synthase subunit (ATPF) 6050200
ATP synthase subunit (ATP gammal) 4058500
ATPH ATP synthase subunit C family protein 3745800
ATP synthase subunit (ATP epsilon) 3411800
ATP synthase subunit (ATPG) 2844000
ATP synthase subunit (ATP alpha) 785340
ATP synthase subunit (ATP beta 396720
887890
70650

4.1.2 In-silico protein-protein network prediction of CAS

Bioinformatic molecular interaction predictions are useful for interpreting experimental data
as they allow one to get a broad picture of how proteins can interact with one another. In this
work, a mass spring conserved entropy-based networking model along with a co-expression

network was constructed using the available STRING database (https:/string-db.org/)

connected using the R-based Bioconductor package (Figure 6). STRING networks are usually
constructed based on confidence scores of interaction predictions. Higher confidence
interaction modules (based on either co-expression or gene neighborhood) would usually be
placed in close proximity and vice-versa. As evident from (Figure 6), after the construction of
the network with the sequenced proteins from MS/MS, CAS could be placed closely with the
proteins FNR1 and FNR2. These proteins are known to facilitate the last step of electron
transfer from ferredoxin to NADPH, catalyzing the final step of electron flow, thereby
facilitating carbon fixation, along with the canonical PETC (PGR1) protein, proposed to be a
part of the CYTh6/f complex involved in cyclic electron flow (Nikkanen, et al., 2018;
Yamamoto & Shikanai, 2019). Also, other significant proteins like LHCA3, a component of
the light-harvesting complex, and PSAf, a subunit of PSI, were closely placed to CAS, thereby
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signifying a high degree of predicted association between them. This also corresponds to the
results of the BN gel electrophoresis and MS/MS analysis, where CAS was co-localized with
the complex CYTb6/f along with FNR1/FNR2. To closer scrutiny, these results obtained with
MS/MS sequencing and in-silico predictions in 4. thaliana also tallies with the observations
made in Chlamydomonas where, using immunoblotting with extracted thylakoid fractions,
CAS was shown to be a component involved in cyclic electron flow along with other approved
proteins involved in the cyclic electron flow like FNR and PGRL1 (Terashima, et al., 2012;
Leister & Shikanai, 2013).
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Figure 6. Functional association network of CAS with chloroplastic proteins and the observed Co-expression
in A. thaliana. Interacting network of CAS. The edges represent protein-protein associations. In the diagram, light
blue lines indicate known interactions (from the curated database) and pink lines indicate experimentally
determined interactions. Predicted interactions on the other hand are shown in dark green (gene neighborhood),
red (gene fusions) and dark blue (gene co-occurrence). The co-expression genes are connected by black lines,
while the light green bands represent the previous publications. The edges represent protein-protein interactions.
The concepts of associations and binding ought to be specific and meaningful. For instance, proteins collaborate

to perform a joint function rather than physically interacting.
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4.1.3 In vivo analysis of CAS function in A. thaliana

Using the BN-PAGE analysis, it was shown that CAS might be a part of three different
supercomplexes composed of at least the complexes PSI, PSII, and CYTb6/f. These complexes
are known to be essential for photosynthesis and hence for the growth of plants. Consequently,
in further investigation, we addressed whether the absence of CAS affects the photosynthetic
activity and the growth of the plants. For this purpose, the casko mutant line was used in
comparison to WT.

Under normal growth conditions, no alterations could be observed in the phenotype of casko
plants compared to WT plants (Figure 7A, upper panel). In addition, the efficiency of
photosynthesis (PSII Yield) is not affected (Figures 7B and C). These results indicated that
the CAS protein is not essential for plant growth and photosynthesis activity under normal
growth conditions. However, when the plants were challenged with stress conditions such as
salt (NaCl) and oxidative stress (H20>), they showed different photosynthetic activity (Figures
7B and C). In the case of salt, both WT and casko plants showed a decrease in the activity to
nearly the same extent (Figures 7B and C). By contrast, in the case of H>O», a decrease in the
activity was observed only in the WT (Figure 7B), while in the casko mutant, it remained
unchanged (Figure 7C). These results indicated that plants might cope better with the H,O»
stress in the absence of CAS and suggested that CAS might be involved in the cellular response
process to H>O».

Previous studies have suggested that CAS regulates stomatal physiology and thus water use
efficiency (Han, et al., 2003; Nomura, et al., 2008; Weinl, et al., 2008; Vainonen, et al., 2008).
This also corresponds to our results, which showed the stomata in the WT leaves have 30%
less aperture opening compared to the casko leaves (Figures 7D and E). However, these
differences have no effect on the phenotype of both plant lines even when the plants were

grown under drought stress conditions (Figure 7A).
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Figure 7. Characterization of casko compared to WT plants. (A.) No phenotypical differences were observed
between WT and casko neither under normal nor under drought stress conditions. (B, C.) photosystem II yield
YTII] analysis of WT and casko 15-days-old A4. thaliana under non-stress conditions vs exposed to salt and H202
stress. (D, E) casko lines show a bigger stomata aperture compared to the WT samples under normal conditions.
Values represent means = SE of ten independent replicates (*P< 0.05 **P<0.01).
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4.1.4 Comparison of Ca?* signaling between WT and casko mutant A. thaliana plants

CAS was initially detected to be localized in the plasma membrane and was suggested to have
an extracellular Ca?"-sensing characteristic (Han, et al., 2003; Tang, et al., 2007). However,
later biochemical and immunodetection studies proved that CAS has a chloroplastic rather than
a plasma membrane localization (Vainonen, et al., 2008; Cutolo, et al., 2019). So far, no
specific molecular activity has been described for CAS, but in 4. thaliana, CAS appears to be
involved in a wide range of physiological processes, including the regulation of stomatal
closure (Nomura, et al., 2008; Weinl, et al., 2008), modulation of immunity-related gene
expression (Nomura, et al., 2012) and activation of retrograde signals (Guo, et al., 2016).
Moreover, the ability to bind Ca®* in vitro (Han, et al., 2003) and several experimental pieces
of evidences for the involvement of CAS in both chloroplastic and cytosolic [Ca®*] transient
oscillations in response to external stimuli (Nomura, et al., 2012; Nomura, et al., 2008; Weinl,
et al., 2008) suggested a crucial role of CAS in Ca?" signaling in both the chloroplast and the
cytosol. In this work, the effect of CAS on the [Ca?"] dynamics in response to H2O2, NaCl, and
mannitol stress in the cytosol as well as in two sub-compartments of the chloroplast, the stroma,

and the thylakoid lumen have been investigated.

4.1.4.1 Characterization of WT and casko plants expressing YFP-AEQ

For these experiments, stably transformed A. thaliana WT and casko (SALK 070416) mutant
plants with a 35S::YFP-APOAEQUORIN construct (Mehlmer, et al., 2012; Sello, et al., 2018;
Cutolo, Ph.D. 2018; Pirayesh, Master thesis 2017) were used. The generated transgenic lines
express the apoaequorin, targeted to different cellular compartments: the cytosol (Cyt-AEQ),
the stroma (Str-AEQ), and the thylakoid lumen (Thl-AEQ). The successful targeting of AEQ
has been confirmed by fluorescence microscopy (Figure 8). A clear localization of the YFP
signal in the desired (sub)-compartments has been observed for all three lines. Epidermal cells
were shown in the case of Cyt-AEQ, and mesophilic cells were shown in the case of the Str-
AEQ and the Thl-AEQ (Figure 8). Nevertheless, the correctness of the localizations of the
lines by a more thorough fluorescence microscopy analysis was also verified previously

(Mehlmer, et al., 2012).
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Cyt-AEQ Str-AEQ ThI-AEQ

Figure 8. In vivo localization of YFP-aequorin targeted to different cellular sub-compartments in A.
thaliana leaves. A. thaliana lines stably transformed by YFP fused AEQ targeted to (A) the cytosol (Cyt-AEQ),
(B) the stroma (Str-AEQ), or the (C) thylakoid lumen (Thl-AEQ). The correct localization was confirmed by YFP
fluorescence (green) using fluorescence microscopy. The figure presents the results from the WT samples, and
similar results were also obtained for the casko lines.

In order to exclude that the inserted APOAEQUORIN affects the growth of the plants, WT and
casko A. thaliana seedlings were compared phenotypically with the transgenic plants
expressing APOAEQUORIN under normal growth conditions. No differences in the apparent
phenotype of the plants could be detected, demonstrating that the inserted AEQ does not affect
the growth of the transgenic plants (Figure 9).

Cyt-AEQ Str-AEQ Thl-AEQ

WT casko WT casko WT casko WT casko

Figure 9. Phenotypic analysis of A. thaliana wild type (WT) and casko compared to transgenic WT and
casko plants expressing AEQ. Nine-day-old A. thaliana WT and casko seedlings grown under normal conditions
on 2 MS-media were compared to transgenic plants stably transformed by YFP-4APOAEQUORIN targeted to the
cytosol (Cyt-AEQ), stroma (Str-AEQ), or thylakoid lumen (Thl-AEQ). No visible differences in the phenotypes
were observed, indicating that the inserted aequorin has no effect on the growth of transgenic plants.
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4.1.4.2 Ca® responses induced by exogenous Ca?*

In order to check the efficiency of the expressed apoaequorin in reporting changes in the [Ca®'],
the different transgenic WT and casko plants (Cyt-AEQ, Str-AEQ, and Thl-AEQ) were treated
with exogenous Ca?* (10 mM CaCly) after the reconstitution of AEQ with coelenterazine. The
AEQ luminescence was recorded using a plate luminometer. Ca®*-treated seedlings showed a
response in the form of an increase in [Ca?*] with the strongest response in the cytosol (Cyt-
AEQ) for both lines WT and casko (Figure 10).

Previous studies have shown that in 4. thaliana, the free Ca®* resting level is higher in the
stroma and thylakoid lumen with ~0.5 and 0.6 uM, respectively, compared to cytosol with ~0.2
uM (Sai & Hirschie Johnson, 2002; Sello, et al., 2018). Comparable values for the Ca®" resting
levels (between 0-120 s before injection of the treatment) were obtained in this study in the
WT and the casko mutant (Figure 10). Upon injection of external Ca?*, the [Ca?] in all tested
compartments increased immediately and reached a maximum within 5-7 seconds before
declining to basal levels (Figures 10A, C, and E). Comparing the amplitude of the peaks
(A[Ca?"]) (as explained in 3.2.5), the cytosol showed a higher increase in WT as well as in
casko plants with approximately 0.8 and 0.4 uM, respectively (Figure 10A). By contrast, the
stroma and thylakoid lumen showed a lower increase than in the cytosol, and no significant
differences between the WT and casko lines could be observed (Figures 10C and E).

Taken together, these results demonstrated the functionality of the transgenic lines expressing
AEQ in different cellular compartments in reflecting changes in [Ca®*] upon application of a
stimulus. The data also showed that the absence of CAS does not affect the basal levels of Ca?*

in the cytosol nor the stroma and thylakoids lumen.
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Figure 10. Induction of Ca?" signals in response to application of exogenous Ca?*. [Ca?"] changes in nine-days-
old A. thaliana WT and casko whole seedlings in response to exogenous application of Ca?*" (10 mM CaClz). The
[Ca®"] was measured using a luminometer in (A, B) cytosol, (C, D) stroma, and (E, F) thylakoid lumen. WT is
presented with blue lines and bars, and the casko is shown in orange lines and bars. The time point at which the
stimulus was injected is marked with a black arrow (at 120 seconds). Values represent means + SE of seven
independent replicates (¥*P< 0.05).
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4.1.4.3 Ca’ response induced by H,O>

In several studies, exogenous H2O2 was used as a stimulus to investigate the Ca®"-response to
oxidative stress in plants. This study examined the effect of CAS on the Ca?" response induced
by H>0: in the cytosol, stroma, and thylakoid lumen. Nine-days-old A. thaliana WT and casko
seedlings expressing AEQ were exposed to 10 mM H>0O:, and the Ca?* response was recorded
using a luminometer. In all three compartments, different responses to H>O, were observed.
Both WT and casko seedlings showed two [Ca®*] peaks in the cytosol. The first peak appeared
immediately upon injection of H,O,, followed by a second and much higher peak after 30
seconds of the injection (Figure 11A). The same two peaks could be observed in the stroma
WT, albeit with much reduced amplitudes (Figure 11C). Intriguingly, the stroma of the casko
seedlings showed only the first peak (Figure 11C). By contrast, in the thylakoid lumen, only
the first peak could be observed in both the WT and the casko plants (Figure 11E).

In the cytosol, the Ca?* response dynamics showed a similar pattern in WT and casko seedlings,
which lasted for about 50 seconds before declining to a new elevated basal level, although
differing in the amplitude of the peaks (Figure 11B). The first peak had reached a maximum
of 0.6 uM and 0.45 uM, and the second peak reached a plateau of 1.3 uM and 1.0 uM in WT
and casko plants, respectively.

In the case of the thylakoid lumen, both WT and casko plants showed quite similar Ca>*
dynamics, but the peak was much higher in WT, reaching a plateau of 0.9 uM as casko with a
peak of 0.4 uM (Figure 11F). By contrast, the Ca®* response to H,O, in the stroma showed
notably different dynamics between the two plant lines (Figure 11C). While in the WT, two
peaks could be observed, the casko showed only the first peak, and the second peak was utterly
absent. For the first peak, both lines showed a comparable [Ca®*]« increase of 0.2 uM (Figure
11D). Taken together, the results indicated differences in the H,O; triggered Ca*" signaling

between the WT and the casko lines, especially at the stroma level.
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Figure 11. H20: induced Ca’" response in WT and casko plants. [Ca?"] changes in nine-days-old 4. thaliana
WT and casko whole seedlings in response to H20: stress (10 mM H20:). The [Ca*'] was measured using a
luminometer in the cytosol (A, B), stroma (C, D), and thylakoid lumen (E, F). WT is presented with blue lines
and bars, and the casko is shown in orange lines and bars. The time point at which the stimulus was injected is
marked with a black arrow (at 120 seconds). Values represent means + SE of seven independent replicates (*P<
0.05 **P<0.01).
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4.1.4.4 Source of Ca** fluxes in response to H,O; stress

To investigate the potential sources of [Ca?'] elevations in response to H,O», the effect of the
lanthanum chloride (LaCls) and EGTA (B-aminoethyl ether)-N,N,N',N'-tetraacetic acid) on the
[Ca®'] transients was tested. A common application of La** is to inhibit the influx of Ca®* from
the apoplast into the cytosol by blocking plasma membrane Ca?* channels (Tracy, et al., 2008).
On the other hand, EGTA is a well-known Ca?* chelator (Barr, et al., 1980). The 4. thaliana
WT and casko seedlings were incubated for 1 hour with 1 mM LaCls or 1 mM EGTA prior to
exposure to H2O».

In both the WT and casko lines, the two inhibitors lead to a reduction in the Ca®* response in
the cytosol to H,O; stress in the cytosol (Figure 12). In WT, EGTA and La** reduced the first
Ca®" peak to ~15% and ~60% and the second peak to ~30% and ~70%, respectively (Figure
12B). In casko, EGTA and La’" lead to a reduction in the first Ca?* peak in the cytosol to ~35%
and ~50% and the second Ca*" peak to ~40% and ~70%, respectively (Figure 12D). In both
plant lines, the effect of La’" was stronger than EGTA.
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Figure 12. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca** response to H20: in cytosol
of WT and casko plants. [Ca’>"]ey: changes in nine-days-old 4. thaliana WT and casko seedlings in response
to 10 mM H2O: after pre-treatment with 1 mM LaCls or I mM EGTA. The [Ca’"]cyt was measured using a
luminometer in the WT (A and B) and casko (C and D). Non treated samples of both are presented with blue
line and bar, samples pre-treated with 1 mM EGTA are presented in orange, and with 1 mM LaCls are presented
in gray. The time point at which the stimuli was injected is marked with a black arrow (at 120 seconds). Values
represent means + SE of seven independent replicates (*P< 0.05 **P<0.01).

The same experiments were performed in WT and casko plants expressing Str-AEQ and Thyl-
AEQs. EGTA and La’" effected only the second peak in the WT stroma, while the first peak
was unaffected (Figure 13A). On the other hand, no significant reduction was observed with
either the La*" or the EGTA for the casko samples (Figure 13B). It appears that the first Ca>*
peak in the stroma of both WT and casko is not generated by Ca?" influxes from the apoplast,
whereas in the case of WT samples, the second peak appears to be generated by the apoplast.
In the thylakoid lumen, pre-incubation of samples in EGTA and LaCls lead to a significant
reduction for [Ca*|my1 with ~70% in WT (Figure 14B) and ~30% and ~65% in casko
samples, respectively (Figure 14D).

59



Results

Taken together, the results showed the requirement of Ca?" influxes from the extracellular
compartment for generating the response to the H>O» in the cytosol and thylakoid lumen in
both WT and casko mutant plants. The fact that the inhibitors could not completely abolish the
Ca”" response to H>O: in either of the samples suggests that internal Ca?* stores may generate

the Ca?" response to H20x.
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Figure 13. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca’" response to H20: in stroma
of WT and casko plants. [Ca?*]s: changes in nine-days-old 4. thaliana WT and casko seedlings in response to
oxidative stress (10 mM H202) under 1 mM LaCls or 1 mM EGTA. The [Ca**]s« was measured using a
luminometer in the stroma WT (A) and casko (B). Non treated samples of both WT and casko are presented
with blue line, samples pre-incubated in 1 mM EGTA are presented in orange, and samples pre-incubated in 1
mM LaCl;s are presented in gray. The time point at which the stimuli was injected is marked with a black arrow
(at 120 seconds). Values represent means + SE of seven independent replicates (*P< 0.05 **P<0.01).
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Figure 14. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca?* response to H20: in thylakoid
lumen of WT and casko plants. [Ca®"|my changes in nine-days-old A. thaliana WT and casko seedlings in
response to oxidative stress (10 mM H20z) under 1 mM LaClsz or | mM EGTA. The [Ca* ]my was measured
using a luminometer in the thylakoid lumen WT (A and B) and casko (C and D). Non treated samples of both
WT and casko are presented with blue line and bar, samples pre-incubated in 1 mM EGTA are presented in
orange, and samples pre-incubated in 1 mM LaCls are presented in gray. The time point at which the stimuli
was injected is marked with a black arrow (at 120 seconds). Values represent means =+ SE of seven independent
replicates (*P< 0.05 **P<0.01).
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4.1.4.5 Ca’ responses induced by NaCl

In order to examine the Ca?" response to salt in A. thaliana WT and casko mutant, 200 mM
NaCl was used since it has previously been established as the optimal concentration to induce
Ca®" response in 4. thaliana (Sello, et al., 2018). In both lines, upon injection of NaCl, a rapid
increase in [Ca®"] was observed in the cytosol, the stroma as well as the thylakoid lumen
(Figure 15). In all the three compartments, a maximum was reached within 5-7 seconds before
declining to basal levels. The cytosolic response was the highest in both WT and casko mutant,
with a peak at 6.1 uM and 3.8 uM, respectively (Figures 15A and B). Also, the dynamics of
the Ca®" transient showed notable differences in the shape between WT and casko mutant
(Figure 15A). Additionally, several secondary small peaks could be observed in the cytosol of
the casko, which were absent in the WT.

In the stroma, the differences could be observed only in the shape of the curves but not in the
amplitude of the peak between WT and casko (Figures 15C and D). The amplitude of the
peaks was at 1.8 uM and 2.4 uM in WT and casko, respectively. By contrast, for the thylakoid
lumen, the differences could be observed only in the amplitude of the peaks, while the shape
of the curves is quite similar between the WT and casko (Figures 15E and F). Here, the
amplitude of the peaks was at 3.08 uM and 1.8 uM in WT and casko, respectively.

The differences in Ca®" response dynamics indicated differences in the Ca?" signaling

components involved in response to NaCl between the two plant lines WT and casko.
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Figure 15. Induction of Ca? response to NaCl in WT and casko plants. [Ca?"] changes in nine-days-old A.
thaliana WT and casko whole seedlings in response to salt stress (200 mM NaCl). The [Ca®] was measured
using a luminometer in the cytosol (A, B), stroma (C, D), and thylakoid lumen (E, F). WT is presented with
blue lines and bars, and the casko is shown in orange lines and bars. The time point at which the stimulus was
injected is marked with a black arrow (at 120 seconds). Values represent means = SE of seven independent
replicates (*P< 0.05, **P<0.01).
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4.1.4.6 Source of Ca’* transients in response to salt stress

In order to identify the Ca®* sources involved in the [Ca?"] elevations in response to NaCl, 1
mM LaClz and 1 mM EGTA were utilized. WT and casko plants expressing Cyt-AEQ, Str-
AEQ, and Thyl-AEQs were pre-incubation for 1 hour in 1 mM EGTA and 1 mM LaCls.
Measurements showed that both compounds lead to a reduction of the cytosolic [Ca?>"] of WT
and casko lines (Figure 16). In the WT line, EGTA showed less effect than La’", while in
casko, both inhibitors showed a similar effect. In WT, EGTA and La*" implied a decrease in
the Ca?" signal in the cytosol to ~25% and ~60%, respectively (Figures 16A and B). In the
casko mutant, both EGTA and La’*" lead to a ~50% decrease in the [Ca?"]cy (Figures 16C and
D).
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Figure 16. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca** response to NaCl in cytosol of
WT and casko plants. [Ca**]cy: changes in nine-days-old A. thaliana WT and casko seedlings in response to salt
stress (200 mM NaCl) under 1 mM LaCl; or 1 mM EGTA. The [Ca*']cyt was measured using a luminometer in
the cytosol WT (A and B) and casko (C and D). Non treated samples of both WT and casko are presented with
blue line and bar, samples pre-incubated in 1 mM EGTA are presented in orange, and samples pre-incubated in 1
mM LaCls are presented in gray. The time point at which the stimuli was injected is marked with a black arrow
(at 120 seconds). Values represent means = SE of seven independent replicates (*P< 0.05 **P<0.01).

Similar to the cytosolic lines, by pre-incubation of samples for 1 hour in | mM EGTA or 1 mM
LaCls, the NaCl-induced [Ca*]s and [Ca®'Jwmyi transients implied a significant reduction
(Figures 17 and 18). In the WT, pre-incubation in EGTA and La** leads to a ~70% decrease
of the [Ca?"]s (Figure 17B), while in casko, EGTA and La** lead to a reduction of the increase
in [Ca?"]se to ~30% and ~55%, respectively (Figure 17D). In the thylakoids, EGTA and La**
inhibit the response to ~50% in WT (Figure 18B), whereas the effect is more substantial in
casko with an implied inhibition of ~80% and ~65% with EGTA and La’", respectively
(Figure 18D).

Taken together, the results showed the requirement of Ca?" influxes from the extracellular

compartment for generating the response to the NaCl in the cytosol, stroma, and thylakoid
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lumen in both WT and casko mutant plants. Furthermore, since the inhibitors were unable to
abolish the Ca?" response completely, internal Ca?* stores may be involved in the generation

of the Ca®* response to NaCl.
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Figure 17. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca* response to NaCl in stroma
of WT and casko plants. [Ca*" ]« changes in nine-days-old 4. thaliana WT and casko seedlings in response
to salt stress (200 mM NaCl) under 1 mM LaCls or 1 mM EGTA. The [Ca®*]s« was measured using a
luminometer in the stroma WT (A and B) and casko (C and D). Non treated samples of both WT and casko are
presented with blue line and bar, samples pre-incubated in 1 mM EGTA are presented in orange, and samples
pre-incubated in 1 mM LaCl; are presented in gray. The time point at which the stimuli was injected is marked
with a black arrow (at 120 seconds). Values represent means + SE of seven independent replicates (¥*P< 0.05
**P<0.01).
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Figure 18. Inhibitory effect of pre-treatment with LaCl; and EGTA on Ca?* response to NaCl in thylakoid
lumen of WT and casko plants. [Ca® |y changes in nine-days-old A. thaliana WT and casko seedlings in
response to salt stress (200 mM NaCl) under 1 mM LaCls or | mM EGTA. The [Ca®']myl was measured using
a luminometer in the thylakoid lumen WT (A and B) and casko (C and D). Non treated samples of both WT
and casko are presented with blue line and bar, samples pre-incubated in 1 mM EGTA are presented in orange,
and samples pre-incubated in 1 mM LaCls are presented in gray. The time point at which the stimuli was injected
is marked with a black arrow (at 120 seconds). Values represent means + SE of seven independent replicates
(*P<0.05 **P<0.01).
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4.1.4.7 Ca’ responses induced by mannitol

Mannitol is often used to mimic drought stress in Ca?" signaling studies since it is a non-ionic
osmotically active substance (Knight, et al., 1997). In this work, 4. thaliana WT and casko
mutant seedlings were injected with 300 mM mannitol. Upon injection, an immediate increase
in [Ca®*] was observed in all samples and reached a maximum within 5-7 seconds (Figure 19).
The cytosol showed the strongest signal in both WT and casko lines compared to the stroma
and the thylakoid lumen. Similar to the salt stress, WT and casko mutant plants displayed
significant differences in the shape and amplitude of the Ca®" response in the cytosol (Figure
19A). The WT sample showed a more extended and strong response compared to the casko
sample. The response peak reached a maximum of 5.36 uM and 3.58 uM in WT and casko,
respectively (Figures 19A and B). In the stroma lines, the differences between WT and casko
were only evident in the shape of the curves and not significant in the peak amplitude (Figure
19C). Compared to the WT sample, the casko sample had a mildly longer response time. The
amplitude of the peaks was at 1.7 uM and 1.8 uM in WT and casko, respectively (Figure 19D).
The differences observed for the thylakoid lumen are detected not only in the pattern of the
curves but also in the amplitude of the peak (Figure 19E). The peaks reached a maximum of
4.35 uM and 2.48 uM in WT and casko, respectively (Figure 19F).

The difference in Ca>* dynamics indicated differences between the two plant lines WT and
casko regarding the Ca?" signaling components involved in response to mannitol/drought. In
all cases, similar to the salt stress, the Ca?" levels returned to near-resting levels after 50-60

seconds, indicating no prolonged organellar Ca®* response to mannitol stress.
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Figure 19. Induction of Ca?' response to Mannitol in WT and casko plants. [Ca’*] changes in nine-days-
old A. thaliana WT and casko whole seedlings in response to mannitol stress (300 mM Mannitol). The [Ca?*]
was measured using a luminometer in the cytosol (A, B), stroma (C, D), and thylakoid lumen (E, F). WT is
presented with blue lines and bars, and the casko is shown in orange lines and bars. The time point at which the
stimulus was injected is marked with a black arrow (at 120 seconds). Values represent means + SE of seven
independent replicates (**P<0.01).
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4.2  Analysis of CML36 sub-cellular localization

Calcium sensors such as calmodulin (CaM) and calmodulin-like proteins (CMLs) play an
essential role in plant development and stress physiology through sensing and generating Ca?*
signals. A. thaliana genome encodes 7 CaMs and at least 50 CMLs. However, the function and
the cellular localization of most of them are still unknown (Bussemer, et al., 2009; McCormack
& Braam , 2003). Herein, this study has focused on identifying the subcellular localization of
CML36.

Homology analysis of the amino acid sequence of CML36 with canonical CaM (CaM2) from
A. thaliana showed that CML36 contains the CaM-typical four EF-hand motifs but differs from
CaM2 by an extension in the N-terminus (Figure 20.) Based on bioinformatic analysis obtained

from (http://aramemnon.uni-koeln.de) it appears that this extension could serve as a

mitochondrial targeting signal through its Arginine (R), Alanine (A), and Serine-rich (S)

sequence (von Heijne, et al., 1989).

CML36 lllKLAKLIPKRFFIRSRDRSTVSKSPTAFSFGSASSSSGQDCKNSGGDGGGGSVTPTSI P

CaM2 ] === === === === === === === - =====================
-k loop_ _ _ _ _ _ - F —
CML36 61 EVPSPYSYVHILOPGIKAINRINEA - - == == == —— —— VSRHDPAESLLSR| HIPLTEIE}
caM2 3 DQLTDDQIS[JFKEL s- ncl I3 I FERLII TTKEAGT VMRS QN ETELEA
__lo_p ____100_12 S
CML36 109 EVD RLEFLASRVVS-LDPARDSTEAI r L
CaM2 62 EVD) DFP)JFLNLMARJMKDTDSEE] sz F

_loop _
CML36 168 FSTIEDEEC Lnocxnﬂn E‘E,:FVCP‘TE‘SIRM DLOM]
KE

CaM2 122 MTNLJEK-L{\DEEVDE! e OINYEL: KV MAK-

Figure 20. Alignment of CML36 with the canonical CaM2 from A. thaliana. The amino acid sequence
alignment showed that the CML36 protein has an N-terminal extension which is lacking in CaM2. The black
boxes present identical amino acid residues, and the gray boxes indicate a conserved amino acid substitution. The
N-terminus extension is marked with a red box. The green bars above the sequence represent the four EF-hands,
with the loops shown in dashed green lines.

As in-silico analysis can only make predictions based on comparisons with other known
proteins, an in vivo analysis employing YFP tagged CML36 was employed to determine its

intracellular localization.
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4.2.1 Analysis of CML36 subcellular localization using YFP

CML36 fused to a full-length YFP-tag in a pBIN19 vector was transiently expressed in the
tobacco leaves by infiltration with 4. tumefaciens LBA1334 as described (3.2.2.4 in material
and methods). The infiltrated leaves were then analyzed for YFP fluorescence using confocal
laser scanning microscopy. The fluorescence patterns suggest an overall cytosolic localization
of the YFP signal (Figure 21, upper panel). However, an overlay between YFP signals and
the chlorophyll autofluorescence could be observed in some areas of the cells, indicating that
CLM36 might also be located in the chloroplast. Agrobacterium-mediated plant transformation
is a widely acknowledged approach, however, whole-leaf analysis has several limitations
(Grenlund, et al., 2012). Therefore, isolation of protoplasts from tobacco leaves showing YFP
signals was performed. The same results for the whole leaf tissue were obtained, showing an
overall cytosolic localization in the protoplast and a partial overlay with chloroplasts (Figure
21, lower panel). However, whether the signal comes from the chloroplast surface remains
unclear. Taken together, these results suggest that dual targeting of CML36 to the cytosol and

chloroplasts might be possible, but further studies are required to confirm that.
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YFP Chlorophyll Overlay

Figure 21. CML36 localization analysis using full-length YFP. Transient expression of the pBIN19 construct
encoding for CML36 fused to YFP in tobacco leaves as visualized by confocal laser scanning microscopy in
whole tissue (upper panel) and isolated protoplast (lower panel). Chloroplasts were detected by chlorophyll
autofluorescence. Overlay: the overlay of YFP, chlorophyll as well as transmitting light images.

As discussed above, since the bioinformatic analysis of the CML36 amino acid sequence
suggested mitochondrial localization of the CML36 protein, the cytosolic and possible
chloroplast localization obtained here may indicate an inaccuracy in the prediction. To

investigate this further, the saGFP system was used.

4.2.2 Analysis of CML36 subcellular localization using saGFP system

In the saGFP system, the 11 B-sheets of GFP are split into two fragments. One comprises the
first 10 B-sheets (saGFPi.10), and the other comprises the 11" B-sheet (saGFP;;). These two
parts of the GFP cannot produce a fluorescence signal independently. However, when localized
to the same cellular sub-compartment, the two GFP fragments will reassemble, resulting in

fluorescence signal emission. With regard to the analysis of subcellular localization, the saGFP
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system has advantages due to the small size of the GFPi; fragment, which decreases
interference with translocation, membrane insertion, or folding of proteins. It, therefore, often
results in more reliable localization of tagged proteins than a full GFP-or YFP-tag. Also, in the
case of dual localized proteins, it can separately visualize both localizations. Consequently,
CML36 was fused C-terminally to saGFP1, referred to as “CML36-saGFP11” and co-infiltrated
in N. benthamiana leaves with the complementary saGFPi.1o fused to a marker protein with
known cellular localization. After three days, the leaves were analyzed by confocal laser
scanning microscopy.

Initially, the correct targeting of the marker proteins was confirmed in control experiments
(Figure 22). For cytosolic localization, the marker protein CPK17a24, the mutated form of a
membrane-associated calcium-dependent protein kinase, was used (Figure 22) (Harmon, et al.,
2001; Li, et al., 2008; Asano, et al., 2010; Kiselev, et al., 2012). The G2A mutation abolishes
myristylation of the protein, thus resulting in a cytosolic localization. The small subunit of the
Ribulose-1,5-bisphosphate carboxylase-oxygenase (ssuRuBisCo) was utilized as a marker for
the stroma of the chloroplast (Figure 22) (Jang, et al., 1999). The 2-Oxoglutaratdehydrogenase
El (OGD) and MIA40 were used as a marker for mitochondria matrix and intermembrane
space, respectively (Mesecke, et al., 2005; Riemer, et al., 2009; Nemeria, et al., 2014; Denton,
et al., 2016). Co-expression of each marker fused to both saGFPi.10 and saGFP; in tobacco
leaves resulted in a visible GFP signal that resembles that of a mitochondrial protein (Figure
22), indicating the functionality of these constructs and that they are suitable for determining
the localization of CML36. At this resolution, MIA40 and OGD appear similar (there is no

discernible difference between the intermembrane space and the matrix).
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CPK1 7(;2 A-SaGFP;.10+CPK17G2a-saGFP1; SSllRuBiSCO-SaGFPI _10+ssuRuBisCo-saGFP;;

MIA40-saGFP1 -10+tMIA40-saGFP;; OGD-saGFP1 .10+tOGD-saGFP;

Figure 22. Functionality of the marker proteins. Co-expression of CPK17624-saGFP1.10+ CPK17624-saGFP11,
ssuRuBisCo-saGFPi.10+ ssuRuBisCo-saGFP11, MIA40-saGFP1.10t MIA40-saGFP11, OGD-saGFP1.10+OGD-
saGFP11 in N. benthamiana leaves. CPK17c2a: marker for the cytosol, ssuRuBisCo: marker for Chloroplast,
MIA40: marker for the mitochondria intermembrane space and the OGD: marker of the matrix of the
mitochondria. The images show the GFP signals in green and the chloroplasts autofluorescence in red. As
expected for ssuRubisCo an overlap of both signals could be observed. The images show an overlay of YFP-
chlorophyll autofluorescence as well as transmitting light.

For CML36, a co-expression of CML36-saGFP;; and the mitochondrial markers OGD-saGFP;.
10 or MIA40-saGFP1.10 showed no GFP signals in tobacco leaves (Figure 23), indicating that
CML36 is not localized in the mitochondria and thus abolished the predicted mitochondrial

localization suggested by bioinformatics analysis.
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GFP Chlorophyll overlay

Figure 23. Subcellular analysis of CML36 localization using mitochondrial markers in NV.benthamiana
leaves. Co-expression of OGD-saGFPi.10+CML36-saGFP11 (upper panel) and the MIA40-saGFPi-10
+CML36-saGFP11 (Lower panel). No GFP signal was detected, indicating a lack of mitochondrial
localization for the CML36.

When CML36-saGFP11 was co-expressed with the cytosol marker CPK 17624 fused to saGFP;.
10, a strong and diffused GFP signal appeared throughout the cell, which did not overlap with
the chlorophyll signals (Figure 24). This result indicates that at least major parts of the
expressed CML36 are located in the cytosol and support the result obtained with the full-length
YFP (Figure 21).
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Chlorophyll overlay

Figure 24. Subcellular localization of CML36 using cytosolic marker in N. benthamiana leaves. Co-
expression of CPK17624-saGFP1.10 and CML36-saGFP11. GFP signal appearing throughout the cell indicated a
cytosolic localization for CML36.

The co-expression of CML36-saGFP11 with the chloroplast marker ssuRuBisCo fused to
saGFPi.10 resulted in GFP signals that aligned perfectly with the red chlorophyll
autofluorescence (Figure 25, overlay). This provides a strong indication for the localization

of CML36 in the chloroplast.

Chlorophyll overlay

GFP

Figure 25. Subcellular localization of CML36 using chloroplastic marker in N. benthamiana leaves. Co-
expression of ssu-RuBisCo-GFPi.10 and CML36-GFP11. GFP signal overlapping with the red chlorophyll
autofluorescence throughout the cell (marked with blue arrows) indicated a chloroplastic localization for CML36.
Overlay: the overlay of GFP, chlorophyll as well as transmitting light images.

Taken together, these results confirmed the dual localization of CM136 in the cytosol and the
chloroplast. To further support this dual localization, a competition experiment was carried out.
In this study, infiltration of tobacco leaves was performed using a combination of three

constructs: CML36-saGFP11, CPK17G2a-saGFP1.10, and ssuRuBisCo-saGFPi.19. Analysis of
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the leaves using a confocal microscope showed the GFP as diffuse signals in the cytosol as
well as spots overlapping with the red chlorophyll signals (Figure 26). This further supports
the dual localization of CML36 in the cytosol and chloroplast.

Chlorophyll overlay

Figure 26. Subcellular localization of CML36 using the cytosolic and the chloroplastic markers
simultaneously in N. benthamiana leaves. Using the CML36-saGFP11, CPK1762a-saGFP1-10 and ssuRuBisCo-
saGFP1.10 constructs. Positive GFP signal emitted from both cytosol in a diffused manner and the spot-like
chloroplastic signals (marked with yellow arrows) indicate a dual localization for CML36.
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5 Discussion

5.1 Identifying the protein complex of CAS and characterizing the CAS protein

In Chlamydomonas reinhardtii, an ortholog of CAS was detected to physically interact with a
supercomplex composed of (PSI-LHCI)-(PSII-LHCII)-CYTb6/f in addition to FNR and the
thylakoid protein PGR5-likel (PGRL1) (Iwai, et al., 2010; Petroutsos, et al., 2009). This
supercomplex is a component of the cyclic electron flow (CEF) which represents an alternative
electron transfer pathway around PSI that contributes to the generation of the proton gradient
across the thylakoid membrane and ATP synthesis without the accumulation of NADPH. CEF
is crucial for a proper balance of NADPH and ATP in the thylakoid to protect the
photosynthetic apparatus from photodamages (Munekage, et al., 2002; Takahashi & Milward,
2009; Suorsa, et al., 2012; Huang, et al., 2018). CAS is suggested to have a central role in the
fine-tuning of photosynthesis in Chlamydomonas by affecting the CEF in a Ca?"-depending
manner (Yamori & Shikanai, 2016; Terashima, et al., 2012). A supercomplex containing all
these complexes has not previously been described in A. thaliana. In the present study, the
MS/MS analysis of BN-gels performed with isolated chloroplasts showed that CAS in A.
thaliana plants co-migrate on the gel with the thylakoid membrane complexes such as PSI,
PSII, and CYTh6/f complex. It seems as if these complexes are building at least three different
supercomplexes at the level of bands A, B, and D, for which CAS is essential, since in its
absence in the chloroplast of the casko mutant, the corresponding bands could not be detected
(Figure 5, bands A, B, and D). With these results, it could be shown that CAS in A. thaliana,
like its ortholog in Chlamydomonas, might be part of a supercomplex. However, while in
Chlamydomonas, only one supercomplex could be identified, in 4. thaliana, CAS seems to be
involved in at least three supercomplexes with some differences in the protein composition
(Figure 5). The main differences between bands A, B, and D, were in the case of FNR1 and 2,
which were detected only in supercomplexes B and D but not in A. Also, LHC proteins showed
a differential distribution within the 4. thaliana supercomplexes: Supercomplex A contains
(PSI-LHCA), (PSII-LHCB), CYTh6/f, and ATP-synthase, as well as the protein PGRLI1. In
supercomplex B, PSI-LHCA proteins, as well as PSII, CYTb6/f, ATP-synthase, and the
proteins PGRL1 and FNR1/FNR2 were present, while in supercomplex D, PSI, (PSII-LHCB),
CYTb6/f, ATP-synthase, and the proteins PGRL1 and FNR1/FNR2 were present. In A.
thaliana, the supercomplexes also contain subunits of ATP-synthase, which were not described

for Chlamydomonas. In A. thaliana, all three supercomplexes contain PGRS5-like A (PGRL1),
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which has already been described as a component of the CEF machinery in both 4. thaliana as
well as and C. reinhardtii (DalCorso, et al., 2008; Petroutsos, et al., 2009). Thus, it might be
that the supercomplexes identified in this study are involved in A. thaliana's CEF process,
which is still largely unknown. The difference in the molecular weight of the three
supercomplexes might be due to the differential distribution of the LHCs or due to additional
components not detected in this analysis. These results indicate a potential role of CAS in the
CEF reaction.

Additionally, these results agree with the conserved entropy network model and a co-

expression network constructed based on the STRING database (https://string-db.org/). After

constructing a network based on the sequenced proteins from MS/MS (Figure 6), CAS could
be placed close to the proteins FNR1/FNR2, which are known to facilitate the last step of
electron transfer from ferredoxin to NADPH, catalyzing the final step of electron flow thereby
facilitating carbon fixation, along with PETC (PGR1), a subunit of the CYTb6/f complex,
proposed to be involved in the CEF (Nikkanen, et al., 2018; Yamamoto & Shikanai, 2019).
The results indicated that CAS is also associated with several other significant proteins,
including LHCA3 and PSAf, both of which are components of light-harvesting complexes and
PSI, respectively (Figure 6). Taken together, the results obtained with MS/MS sequencing and
in-silico predictions in A.thaliana also tallies with the observations made in Chlamydomonas
where CAS was shown to be a component involved in CEF along with other approved proteins
involved in this process like FNR, PETC (PGR1) and PGRL1 (Terashima, et al., 2012; Leister
& Shikanai, 2013).

Regulation of CEF may involve distinct mechanisms since green algae and plants, for example,
use different plastoquinone reductases (Iwai, et al., 2010; Desplats, et al., 2009). It has been
demonstrated that CEF in Chlamydomonas is regulated by stromal redox status, caused by an
imbalance in the supply and demand of NADPH concerning ATP (Takahashi, et al., 2013;
Lucker & Kramer, 2013). Higher plants, on the other hand, resist simplistic models that assume
that a single redox carrier acts as a regulator (Livingston, et al., 2010). Despite this, a
hypothetical model has been proposed where H>O» production can regulate the activation of
the CEF in the chloroplast of higher plants (Casano, et al., 2001; Strand, et al., 2015).

Besides the potential role of CAS and its supercomplexes in the CEF reaction, it seems that
they are not essential for the growth and photosynthesis reactions in A. thaliana since the casko
mutant showed no alterations in the phenotype and PSII yield activity when compared to the
WT under normal growth conditions (Figures 7B and C). In a previous study, CAS RNAIi

antisense lines showed to exhibit earlier bolting compared to WT (Han, et al., 2003). Those,
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however, do not conclude a phenotype for the casko lines, at least not under normal light
conditions, which could be the result of CAS knockdown and not necessarily CAS dependent.
However, the phenotype differences regarding the stomata aperture with the casko showing a
larger stomata aperture than the WT (Figure 7D) match the results of previous studies
(Nomura, et al., 2008; Weinl, et al., 2008). This indicates that CAS indeed plays a role in the
regulation of stomatal closure. However, even under drought stress, no alteration in the
phenotype could be observed, which was unexpected since the WT leaves showed 30% less
stomata aperture than the casko mutant (Figures 7D and E).

The casko mutant has been previously shown to exhibit impaired de-excitation kinetics in the
presence of excess light (Cutolo, et al., 2019). However, the effect of the lack of CAS protein
on PSII activity had not been mentioned. Thus, to determine whether there is an association
between the CAS and PSII, a comparison was made between the PSII yield in WT and casko
plants (Figures 7D and E). Under control and salt conditions, the PSII performance was
affected similarly between both plant lines. By contrast, when the plants were exposed to H>O»,
the PSII performance decreased in the WT, while in the casko, it stayed unaffected (Figures
7D and E), indicating that plants might cope better with the H>O» stress in the absence of CAS.
This in turn, suggests that CAS might be a component of the machinery involved in response
to H,0,. Previously a crosstalk has been shown between CAS-mediated Ca®* transients and
hydrogen peroxide (H>O) production at the level of thylakoid membranes in mediating
stomatal closure, suggesting that CAS is involved in both processes (Wang, et al., 2016).

One of the first events recorded in plants upon exposure to H»O; is the increase of [Ca’'],
indicating the involvement of the Ca?" signaling pathway in the cellular response to H2Ox.
Whether CAS as a Ca’" binding protein is involved in this process has been investigated by
measurements of changes in [Ca®'] in a casko mutant compared to WT upon exposure to H,O.
For the Ca?>" measurements, 4. thaliana lines expressing apoaequorin in the cytosol, stroma,
and thylakoid lumen, were used. In plants, the AEQ bioluminescence marker system is a
powerful tool that can be used to detect Ca®" transients in response to biotic and abiotic stresses
(Knight, et al., 1991; Jiang, et al., 2013). Changes in the [Ca®'] showed stimulus-specific
spatial-temporal parameters, such as shape, frequency, amplitude, and duration, called “Ca®*
signatures” which define the specificity of the Ca®* signaling in response to stimuli.

Under the application of exogenous H>O,, the cytosol produced a completely different Ca?*
signature compared to the stroma and the thylakoid lumen (Figure 11). The [Ca?]cy: response
to H2O, appeared in the form of double peaks with quite similar dynamic patterns in both WT

and casko mutants (Figure 11A). This result corresponds to previous studies in 4. thaliana
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(Rentel & Knight, 2004), which showed that the two [Ca*]cyt peaks are independent of each
other, with the first peak being generated by the shoot and the second peak generated by the
root, indicating that shoot and root tissues use separate H>O; signal transduction/perception
mechanisms (Rentel & Knight, 2004). In this study, the second peak is significantly higher in
the WT compared to the casko (Figure 11A). This suggested that CAS might be implicated in
the Ca?" response to H2Oz in the roots of A. thaliana. The two [Ca?"] spikes obtained from the
cytosol were significantly inhibited by La*" and EGTA in WT as well as in casko (Figure 12).
LaCl; has been widely used as a blocker of plasma membrane Ca?' channels to inhibit
Ca”" influx from the apoplast into the cytosol (Tracy, et al., 2008). Additionally, (EGTA) is
well-known to chelate Ca?" in the cell wall, thus preventing it from entering the cytosol via the
plasma membrane (Knight, et al., 1996). The significant inhibition of the two [Ca*"]cy: spikes
suggested that the [Ca®'] increases in the cytosol caused by H,O, treatment came from external
Ca®" stores in both WT and casko plants.

In the case of the chloroplastic lines (the stroma and the thylakoid lumen), the Ca?" signals are
generally weaker as in thy cytosol, especially in the stroma, and showed completely different
Ca®" signatures. The results obtained in this study were consistent with those previously
reported in WT plants (Sello, et al., 2018), in which the prolonged organellar Ca?* response
observed in the chloroplastic lines induced by 10 mM H>O, did not dissipate within the 10 min.
In the thylakoid lumen, the [Ca®'] increases showed quite similar dynamics in both lines with
only one peak, which was much higher in WT than in casko (Figure 11E). Such patterns were
observed in previous studies showing the necessity of the CAS protein for the chloroplast Ca?*
responses to elicitors, the light-dark transition (Nomura, et al., 2012), and heat stress (Lenzoni
& Knight, 2019). It was indicated from the results that in the thylakoid lumen, the immediate
sensing of the HoO> was dependent on the presence of the CAS protein. However, the prolonged
response was not CAS-dependent. The Ca®* responses were significantly inhibited by La** and
EGTA (Figure 14), indicating that the [Ca®'] increases in the thylakoid lumen caused by H,O;
application originated from external Ca*'stores of both WT and casko plant lines.

In the stroma, the Ca®" signatures were completely different between WT and casko lines,
indicating the involvement of different Ca’* signaling components in both lines. One of these
components could be CAS protein itself which is absent in the casko mutant. On the other
hand, the stroma presented the lowest response to H-O> compared to the other two organelles.
In plants, the removal of H>O»> is carried out by multiple enzymes in two distinct mechanisms:
1. Haem peroxidase and 2. The thiol-based peroxidase. In the chloroplast, the ascorbate

peroxidase (APX), a peroxidase available in the haem reaction, and the yeast thiol peroxidase
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(TPXs) remove H,O; via ferredoxin using NADPH and photosynthetic electron transport
(Smirnoff & Arnaud, 2019). The presence of the mentioned peroxidase in the stroma might
explain the stroma's low sensitivity and unstable response to oxidative stress in this study.
Calcium influx in plant cells is also necessary for signaling mediated by the rapid and transient
increase in cellular sub-compartment [Ca®'], referred to as the Ca?* signal. Physiological and
gene expression responses are transduced by this signal from internal and external stimuli
(Edel, et al., 2017). Since Ca®" ions serve as key signals within cells, their concentration within
the cell is tightly controlled. One mechanism by which Ca®*-binding proteins limit free Ca?*
ions is buffering (Pangrsic”, et al., 2015). A cell contains a variety of proteins, including
calcium channels, transporters, and pumps that, in conjunction with calcium buffers, provide
structured intracellular Ca?" signals (Schwaller, 2010). A Ca?" buffer can be a Ca’*-binding
protein that modulates both the temporal and spatial aspects of intracellular Ca®" signal
transients. Many of these buffers can also be used as Ca?" sensors in addition to their proven
Ca?" buffer functions (Schwaller, 2010).

So far, Ca’>'-binding proteins acting as buffers in chloroplasts have not been identified.
However, chloroplasts may contain organellar Ca?>" buffering mechanisms that may play an
essential role in creating heterogeneity in local Ca®>* concentrations (Navazio, et al., 2020). The
chloroplast must maintain a low level of H>O, as high levels of H>O, can damage several
macromolecular targets, including Calvin-Benson cycle enzymes regulated by the thioredoxin
and are found within the stroma (Michelet, et al., 2013). Hence, another reason for the
insensitivity of the stroma to oxidative stress observed in this study may be due to the CAS
protein's role as a Ca?" buffering protein within the chloroplast.

In the WT, the [Ca?"] increases in the stroma showed two peaks. The first peak appeared almost
immediately upon injection of H>O», followed by a second and higher peak after 30 seconds of
the injection (Figure 11C). These dynamics were quite similar to those observed in the cytosol,
with a little delay compared to the cytosol, suggesting that the Ca?" signals in the stroma
induced by H>O> might originate from the cytosol. However, the treatment with LaClz and
EGTA inhibited only the second peak in the stroma (Figure 13), while in the cytosol, both
peaks were inhibited. These results indicated that the Ca?" signals induced by H,O; in the
stroma might be both cytosol-independent (the first peak) and cytosol-dependent (the second
peak). Since the inhibition did not affect the first peak, it can be suggested that the source of
the [Ca?'] increase here is not the apoplast but other internal Ca®" stores, most likely the
thylakoid lumen. In the stroma of the casko mutant, the first cytosol-independent peak is

present, but not the second peak (Figure 11C). These results suggest that CAS is essential for
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generating cytosol dependent Ca?* signals induced by H>O treatment but not for those induced
independently of the cytosol. In order to determine the effects of the absence of cytosol
dependent Ca?" signals on chloroplast functions and plant development, further studies are
needed.

Next, the generation of [Ca®'] transients within the cytosol, stroma, and thylakoids under
osmotic conditions induced by salinity (ionic) (Figure 15) or mannitol (non-ionic) (Figure
19), was studied. In the cytosol, the [Ca**]cy: response to NaCl appeared in the form of a single
peak with similar dynamic patterns in both WT and casko mutants (Figure 15). The Ca?*
responses were significantly inhibited by La** and EGTA (Figure 16), indicating that the
[Ca®'] increases in the cytosol caused by NaCl application originated from external Ca?*stores
of in both plant lines. Chloroplastic lines (stroma and thylakoid lumen) exhibit weaker Ca*
signals when subjected to NaCl stress. The difference in the amount of transient [Ca®*] between
the cytosol and the stroma under salt stress matched the results of a previous study (Nomura,
et al., 2012). The same study showed that both the cytosol and the stroma generate many
secondary spikes, which were also observed in our study (Figures 15A and C). Although there
is no true explanation for such secondary spikes, a previous study performed in barley
(Hordeum vulgare) suggested that these inferior spikes might be induced by other factors such
as H,O; (Li, et al., 2008). In A4. thaliana, it has been speculated that these secondary Ca®* spikes
might result from the response of different cell populations among root tissues as well as from
the oscillatory nature of NaCl-induced changes in single cells (Kiegle, et al., 2000; Tracy, et
al., 2008).

In the case of the stroma, the Ca?" signatures were completely different between WT and casko
lines, indicating the involvement of different Ca®* signaling components in both lines. There
were two peaks of [Ca?'] increases in the stroma in the WT; the first peak appeared
immediately after injection of NaCl, then a second, lower peak appeared after 20 seconds of
injection (Figure 15). By contrast, in the casko plants, only the first peak could be detected,
indicating that CAS might mediate the generation of the second peak in the stroma. Under
NaCl stress, EGTA and La’" significantly inhibited Ca?" responses in both lines (Figure 17).
In the thylakoid lumen, the [Ca®'] increases showed quite similar dynamics in both lines with
only one peak, which is much higher in WT than in casko under NaCl stress (Figure 15). In
all cellular sub-compartments, EGTA and La** significantly inhibited Ca®* responses to NaCl,
indicating the extracellular origin of Ca?" in both WT and casko plants. However, the inhibition
in none of the cases was 100%, demonstrating that [Ca?'] increases in response to NaCl are

generated from internal Ca®" stores.
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Similar to NaCl, both plants showed a rapid initial [Ca®*] increase in response to mannitol;
however, a greater response was observed in WT cytosol in comparison to casko cytosol, and
the cytosol as a whole responded more strongly than other sub-compartments (Figure 19). In
contrast to NaCl, the stroma in both WT and casko plants showed only one [Ca?"] peak.
Under NaCl and mannitol stress in both the WT and the casko samples, the order of the
appearance of the transient [Ca’’] in the three cellular sub-compartments was similar.
Regardless of the type of osmotic stress, calcium levels dropped to approximately the resting
level after 50 to 60 seconds, indicating no prolonged organellar Ca>* response (Figures 15 and
19). It has previously been described that the activation of thylakoid lumen Ca®* signal may be
crucial for rapidly restoring low basal stromal concentrations of calcium after a Ca®* signal
transient that traverses into the organelle from the cytosol without prolonging the transient in
the organelle using a back flux (Sello, et al., 2018).

By using MS/MS analysis, this study has been able to gain a better understanding of the
supercomplexes in which CAS might be involved and its role in the CEF in 4. thaliana.
Meanwhile, PSII yield results, along with Ca?* measurements, suggested that CAS may be a
component of the H,O, mediated response mechanism in the chloroplast. However, these

claims should be confirmed by further detailed studies that will need to be conducted.

5.2 Sub-cellular localization of CML36

In order to decode Ca?" signals, Ca?*-binding proteins (CBPs) are required. Upon binding of
Ca?', CBPs activate (or deactivate) downstream target proteins, which then induce the
stimulus-appropriate cellular response. This work analyzed the localization of CML36, one of
the 50 CMLs in A. thaliana. CML36 has four EF-hand motifs and contains an N-terminal
extension absent in canonical CaMs (Figure 20). Bioinformatical analyses predict this N-
terminal extension to be a targeting signal for the mitochondria. Nevertheless, saGFP analysis
results obtained in this work showed that CML36 is dual localized in the cytosol and the
chloroplast and not targeted to the mitochondria (Figure 23).

The cytosolic localization was clearly observable when CML36 was fused to the full-length
YFP tag (Figure 21). Similar results had been obtained previously when GFP-fusions of
CML36 was expressed in A. thaliana leaf protoplasts (Dell'Aglio, et al., 2016). This
localization is also in good accordance with the findings of Astegno and co-workers, which

revealed the interaction of CML36 with ACAS, a Ca?’-ATPase localized on the plasma
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membrane (Astegno, et al., 2017). However, the YFP signal of CML36-YFP in our study also
showed an overlap in some areas with the chlorophyll fluorescence (Figure 21), suggesting a
possible second localization of CML36 in the chloroplast. This localization could be confirmed
using the saGFP system to co-express CML36-saGFP1; with a chloroplast marker ssuRuBisCo-
saGFPi.10 (Figure 25). The dual targeting of the CML36 was supported when CML36 was
simultaneously co-expressed with CPK 17624 and ssuRuBisCo, and the GFP signal could be
detected in both the cytosol and the chloroplasts (Figure 26). A similar dual-targeting feature
was previously shown for another CML in 4. thaliana, CML30, which targeted both the cytosol
and mitochondria (Chigri, et al., 2012).

In the chloroplast, CaM regulation has been connected to the translocation of nuclear-encoded
proteins into the organelle (Chigri, et al., 2005; Chigri, et al., 2006), a vesicle transport system
inside chloroplasts (Westphal, et al., 2001; Westphal, et al., 2003), and phosphorylation of
thylakoid membrane proteins (Jarrett, et al., 1982; Li, et al., 1998).

Moreover, several CaM-binding proteins in the chloroplasts were identified. One of the well-
studied CaM-binding proteins localized in the chloroplast is the Tic32 (Chigri, et al., 2006).
Additionally, four potential CaM-binding proteins were identified as a result of screening for
potential CaM-binding proteins in A. thaliana (Reddy, et al., 2002). These proteins include
PsaN, a component of photosystem I, AAA-ATPase encoded by At3g56990, ACA1, and
Cpnl0. CpnlO0, together with the chaperonin Cpn60, seems to be involved in the assembly of
the RuBisCo, the critical enzyme in photosynthetic CO»-fixation (Yang & Poovaiah, 2000).
Several plant members of the ATPases associated with different cellular activities (AAA)
protein families have been described previously. Although some of these proteins, such as the
AAA-ATPase encoded by At3g56990 (CIP111) and the AAA+-ATPase AFGL1 (Buaboocha,
et al., 2001; Bussemer, et al., 2009), have been established as CaM binding proteins located in
the chloroplast, many questions still remain about their specific function. ACA1 is a Ca**-
ATPase localized in the envelope of the chloroplast and is suggested to have a function as a
Ca?'-transporter (Huang, et al., 1993). Despite the increasing evidence that CaM-type proteins
are associated with some chloroplast functions, in neither case was the CaM involved clearly
identified. Therefore, our results present for the first-time confirmation of the existence of a
CML within the chloroplasts. So far, the target of CML36 in chloroplasts has not been
identified. Thus, further studies are required to determine whether CML36 interacts with one
of the above-mentioned potential CaM-targets or is involved in one of the processes regulated

by CaM in the chloroplasts. In addition, the dual localization of CML36 might provide a means
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to regulate specific functions in both cellular compartments, cytosol, and chloroplast, in a

concerted manner via incorporation into the Ca®* signaling network of the cell.
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Summary

Plants, as immobile organisms, cannot escape the environmental biotic and abiotic cues they
are faced with. To deal with the stress, plants have evolved different pathways that enable them
to recognize the stimuli and initiate various downstream processes, which result in cellular
responses, leading to plant survival. The Ca?'- signaling has been recognized for several
decades as one of the key mechanisms used by plants to respond to stimuli. Recently,
chloroplasts have been considered as more than just a source of energy in plants, but as an
essential signaling hub as well. Several Ca®" binding proteins have been identified in the
chloroplasts and have been considered as potential key players in the chloroplast Ca?* signaling
pathway. One of these proteins is the calcium sensing protein (CAS), that is still poorly
characterized in plants.

In the present work, it has been shown that CAS is an essential component of at least three
different supercomplexes containing PSI, PSII, LHCs, CYTb6/f, ATPsynthase in addition to
FNR and PGRLI in the chloroplast of A. thaliana. Such CAS-supercomplex was identified in
the chloroplast of Chlamydomonas reinhardtii, and the interaction of CAS with PGRLI, a
component of alternative cyclic electron flow (CEF), leads to the assumption that CAS might
play a function in CEF. Despite this potential function, the lack of CAS appears to have no
effect either on the phenotype of the plants or on the photosynthesis activity under normal
growth conditions. However, the application of exogenous H>O- did not affect the PSII activity
in the t-DNA inserted CAS line (casko) compared to WT plants. This difference could be due
to differences observed between WT and casko plants in the dynamics of the [Ca?"] changes
induced by H>O: in the stroma and thylakoids. Changes in the [Ca?"] were measured using the
Ca”" indicator aequorin targeted to the cytosol, stroma, and thylakoid lumen of WT and casko
A. thaliana lines. By contrast, for other stresses such as salt and mannitol, the differences in
[Ca®'] dynamics between both lines were mostly observed in the cytosol. All these results
indicated that CAS is involved in the Ca®* signaling in both the cytosol and in the chloroplast
in a stimulus-dependent manner.

Additionally, using transiently transfected tobacco leaves and isolated protoplasts, this thesis
focused on finding the localization of CML36, one of fifty CML proteins present in A. thaliana.
Using the self-assembly GFP (saGFP) method, a dual localization of the cytosol and the
chloroplast was proposed for the CML36.
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Zusammenfassung

Als sessile Organismen kdnnen Pflanzen den biotischen und abiotischen Umweltreizen, denen
sie ausgesetzt sind, nicht entkommen. Um mit dem Stress fertig zu werden, haben Pflanzen
verschiedene Wege entwickelt, die es ihnen ermoglichen, die Reize zu erkennen und
verschiedene nachgeschaltete Prozesse in Gang zu setzen, die zu zelluldren Reaktionen flihren
um das Uberleben der Pflanze zu sichern. Die Ca?'-Signaliibertragung ist seit mehreren
Jahrzehnten als einer der wichtigsten Mechanismen bekannt, mit denen Pflanzen auf Stimuli
reagieren. In jiingster Zeit werden die Chloroplasten nicht nur als Energiequelle in Pflanzen
betrachtet, sondern auch als ein wichtiger Knotenpunkt fiir die Signaliibertragung. In den
Chloroplasten wurden mehrere Ca®*-bindende Proteine als potenzielle Hauptakteure im Ca?" -
Signalweg der Chloroplasten indentifiziert. Eines dieser Proteine ist das Calcium Sensing
Protein (CAS), das in Pflanzen bisher wenig charakterisiert ist.

In der vorliegenden Arbeit wurde gezeigt, dass CAS ein wesentlicher Bestandteil von
mindestens drei verschiedenen Superkomplexen ist, die PSI, PSII, LHCs, CYTb6/,
ATPsynthase sowie FNR und PGRL1 im Chloroplasten von A. thaliana. Ein solcher CAS-
Superkomplex wurde bereits im Chloroplasten von Chlamydomonas reinhardtii beschrieben,
und es wurde gezeigt, dass er am zyklischen Elektronenfluss (CEF) beteiligt ist, was zu der
Vermutung fiihrte, dass CAS auch eine Rolle im CEF der Chloroplasten von A. thaliana spielen
konnte. Trotz dieser potenziellen Funktion scheint das Fehlen von CAS weder auf den
Phanotyp der Pflanzen noch auf die Photosyntheseaktivitit unter normalen
Wachstumsbedingungen Auswirkungen zu haben. Die PSII-Aktivitdt in den casko-Pflanzen
wurde im Vergleich zu WT-Pflanzen allerdings nicht nicht durch eine exogene H»O»
Anwendung beeinflusst. Dieser Unterschied konnte auf die zwischen WT- und casko-Pflanzen
beobachteten Unterschiede in der Dynamik der durch H>O; induzierten [Ca?*]-Verinderungen
im Stroma und in den Thylakoiden zuriickzufiihren sein. Die [Ca’*]-Verdnderungen wurden
mit dem Ca?*-Indikator Aequorin im Cytosol, Stroma und Thylakoidlumen der WT- und
casko- A. thaliana -Linien gemessen. Im Gegensatz dazu wurden bei anderen Stressfaktoren
wie Salz und Mannitol die Unterschiede in der [Ca®']-Dynamik zwischen beiden Linien
hauptsichlich im Zytosol beobachtet. All diese Ergebnisse deuten darauf hin, dass CAS sowohl
im Zytosol als auch im Chloroplasten in einer stimulusabhingigen Weise an der Ca?'-

Signaliibertragung beteiligt ist.
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Zusammenfassung

Dariiber hinaus wurde in dieser Arbeit mit transient transfizierten Tabakblattern und isolierten
Protoplasten die Lokalisierung von CML36, einem der fiinfzig CML-Proteine in A. thaliana,
untersucht. Eine Self-Assembly-GFP-Analyse (saGFP) deutet dabei auf eine duale
Lokalisierung von CML36 im Zytosol im Chloroplasten.
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Table 19. List of ATG numbers of the proteins exported from the MS/MS analysis. The proteins are
divided into PSI (light green), PSII (dark green), CYTh6/f (orange), LHC (pink), ATP synthesis (light blue), and

PGR (red) groups.

AT5G23060.1

CAS calcium sensing receptor

AT1G31330.1
AT1G03130.1
AT1G30380.1
AT1G52230.1
AT1G55670.1
AT2G20260.1
AT2G46820.2
AT3G16140.1
AT4G12800.1
AT4G28750.1
ATCG00340.1
ATCG00350.1
ATCG00630.1
ATCG01060.1

PSAF photosystem I subunit F

PSAD-2, PSAD-1 photosystem I subunit D-1, D2
PSAK photosystem I subunit K

PSAH2, PSAH-2, PSI-H photosystem I subunit H2
PSAG photosystem I subunit G

PSAE-2 photosystem I subunit E-2

PSAP, PSI-P photosystem I P subunit

PSAH-1 photosystem I subunit

PSAL photosystem I subunit 1

PSAE-1 Photosystem I reaction centre subunit IV / PsaE protein
PSAB Photosystem I, PsaA/PsaB protein

PSAA Photosystem I, PsaA/PsaB protein

PSAJ

PSAC iron-sulfur cluster bindin

AT4G03280.2
ATCG00540.1
ATCG00600.1
ATCG00720.1

AT1G15820.1
AT1G29930.1
AT1G61520.2
AT2G05070.1
AT3G08940.2

PETC photosynthetic electron transfer C
PETA photosynthetic electron transfer A
PETG

PETB photosynthetic electron transfer B

ATCGO00730.1 | PETD ihotosinthetic electron transfer D

LHCB6, CP24 light harvesting complex photosystem II subunit 6
LHCBI1.3 chlorophyll A/B binding protein

LHCA3 photosystem I light harvesting complex gene 3

LHCB?2 photosystem II light harvesting complex gene

LHCBA4.2 light harvesting complex photosystem II
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AT2G07698.1
AT4G04640.1
AT4G32260.1
AT5G08690.1
ATCG00120.1
ATCGO00130.2
ATCG00140.1
ATCG00470.1
ATCG00480.1

ATP synthase subunit (ATP alpha)

ATP synthase subunit (ATP gammal)

ATP synthase subunit (ATPG)

ATP synthase subunit (ATP beta)

ATP synthase subunit (ATP alpha)

ATP synthase subunit (ATPF)

ATPH ATP synthase subunit C family protein
ATP synthase subunit (ATP epsilon)

Beta subunit of ATP synthase

ATMGO1190.E | ATP Sﬁthase subunit 1
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