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Abstract 

Conserved microbial signatures are perceived via plasma membrane localized pattern 

recognition receptors (PRRs). In Arabidopsis, perception of the fungal cell wall component 

chitin requires the LysM receptor-like kinase CERK1. CERK1 is post-translationally modified 

to release a soluble ectodomain derivative into the apoplast. The ectodomain fragment is 

likely to be generated by a proteolytic mechanism called ectodomain shedding. Ectodomain 

shedding is well documented in animals, where it fulfils diverse regulatory functions on a 

range of different proteins. In plants, ectodomain shedding has so far only been reported for 

CERK1 and the function of CERK1 ectodomain shedding is unknown. Some evidence for a 

role in cell death control comes from cerk1-4, a CERK1 mutant that lacks the soluble 

ectodomain fragment and is characterized by enhanced cell death upon pathogen attack and 

in senescence. 

The first part of the present study focused on the analysis of CERK1 ectodomain shedding 

and its function in the development of the cerk1-4 phenotype. Arabidopsis accessions were 

found to vary regarding the abundance of the shed CERK1 ectodomain. The presence of 

prolines within the extracellular stalk of CERK1 positively correlated with ectodomain 

abundance. CERK1 variants lacking specific proline residues showed reduced ectodomain 

abundance, but did not suppress the development of the cerk1-4 phenotype. Point mutations 

targeting possible protease recognition motifs or variations in extracellular stalk length did not 

abolish CERK1 ectodomain shedding. Similarly, replacement of the CERK1 transmembrane 

domain and extracellular stalk with corresponding regions from the flagellin receptor FLS2 

had little impact on ectodomain shedding. In mass spectrometry analyses of cell culture 

supernatants and apoplastic wash fluids, peptides corresponding to extracellular domains of 

numerous RLKs were identified. The peptides probably derived from ectodomain which were 

proteolytically released into the apoplast. These results indicate that ectodomain shedding 

might be a common post-translational modification in plants. 

The second part of this study focused on the identification of signal transduction components 

which are essential for development of the cerk1-4 phenotype. A novel mutant fully 

suppressing the cerk1-4 phenotype was isolated from a genetic screen. The underlying 

mutation was mapped to the extra-large G-protein 2 (XLG2), which has recently been 

proposed to act as a G-protein α-subunit.  In the suppressor mutant, a highly conserved 

glutamic acid was substituted by lysine in the N-terminal part of XLG2. Complementation 

studies showed that XLG2 fusions with an N-terminal fluorescence protein tag are functional, 



 

II 

while C-terminal fusions are not. Confocal microscopy of stably transformed Arabidopsis 

plants expressing Venus-XLG2 revealed localization to the cell periphery. A subpopulation of 

Venus-XLG2 accumulates in the nucleus upon diverse stimuli such as water and PAMP 

infiltration, wounding or pathogen attack. XLG2 has recently been shown to physically 

interact with canonical heterotrimeric G-protein βγ-dimers. Also, G-protein β- and γ-subunits 

were shown to be required for full development of the cerk1-4 phenotype. Interestingly, in the 

G-protein β-subunit mutant agb1, a subpopulation of Venus-XLG2 was localized to the 

nucleus already in untreated cells. These results suggest that XLG2 subcellular localization 

is modulated by interaction with G-protein βγ-subunits, which in turn affects its action on 

downstream targets.   
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Zusammenfassung 

Konservierte mikrobielle Strukturen werden von Plasmamembran lokalisierten Rezeptoren 

erkannt. In Arabidopsis erfordert die Wahrnehmung der Pilzzellwand-Komponente Chitin die 

LysM Rezeptor-ähnliche Kinase CERK1. CERK1 wird post-translational modifiziert was die 

Freisetzung seiner Ektodomäne in den Apoplasten zur Folge hat. Die Freisetzung der 

Ektodomäne erfolgt wahrscheinlich durch so genanntes Ektodomänen-Shedding. 

Ektodomänen-Shedding ist ein in Tieren gut dokumentierter Mechanismus, wo es diverse 

regulatorische Funktionen für eine Reihe von verschiedenen Proteinen erfüllt. In Pflanzen 

wurde Ektodomänen-Shedding bisher nur für CERK1 beschrieben, wobei die Funktion 

unbekannt ist. Anzeichen für eine Rolle der CERK1 Ektodomäne in Zelltodkontrolle kommen 

von cerk1-4, einer CERK1 Mutante der das lösliche Ektodomänen Fragment fehlt. 

Der erste Teil der vorliegenden Arbeit konzentrierte sich auf die Analyse von CERK1 

Ektodomänen-Shedding und dessen Funktion in der Entwicklung des cerk1-4 Phänotyps. 

Die Abundanz der löslichen CERK1 Ektodomäne zwischen Arabidopsis Ökotypen variiert. 

Die Anwesenheit von Prolinen innerhalb des so genannten extrazellulären Stiels von CERK1 

konnte positiv mit der Abundanz der Ektodomäne korreliert werden. CERK1 Varianten denen 

spezifische Proline fehlten zeigten reduzierte Ektodomänen Abundanz, konnten die 

Entwicklung des cerk1-4 Phänotyps jedoch nicht unterdrücken. Punktmutationen möglicher 

Protease-Erkennungsmotive oder Längenveriationen des extrazellulären Stiels konnten das 

Ektodomänen-Shedding nicht supprimieren. In ähnlicher Weise hatten der Austausch der 

CERK1 Transmembran-Domäne und des extrazellulären Stiels mit korrespondierenden 

Regionen des Flagellin-Rezeptors FLS2 nur geringe Auswirkungen auf das Ektodomänen-

Shedding von CERK1. Bei der massenspektrometrischen Analyse von Zellkulturen und 

apoplastischen Waschflüssigkeiten konnten Peptide identifiziert werden, die mit der 

extrazellulären Domäne zahlreicher Rezeptor-ähnlicher Kinasen korrespondierten. Die 

Peptide stammen wahrscheinlich von Ektodänen, die proteolytisch in den Apoplasten 

entlassen wurden. Diese Ergebnisse deuten an, dass Ektodomänen-Shedding eine 

verbreitete post-translationale Modifikation in Pflanzen sein könnte. 

Der zweite Teil der Arbeit konzentrierte sich auf die Identifizierung von 

Signalübertragungskomponenten, die für die Entwicklung des cerk1-4 Phänotyps erforderlich 

sind. Eine neue Mutante, die den cerk1-4 Phänotypen vollständig unterdrückt wurde aus 

einem genetischen Screen isoliert. Die zugrunde liegende Mutation wurde in dem extra 

großen G-Protein 2 (XLG2) lokalisiert, das vor kurzem als G-Protein α-Untereinheit 

vorgeschlagen wurde. In der Suppressor-Mutante wurde eine hoch konservierte 

Glutaminsäure durch Lysin in dem N-terminalen Teil von XLG2 ersetzt. 
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Komplementationsstudien zeigten, dass XLG2 Fusionen mit einem N-terminalen 

Fluoreszenz Protein-Tag funktionell sind, wohingegen C-terminale Fusionen es nicht sind. 

Konfokale Mikroskopie von stabil mit Venus-XLG2 transformierten Arabidopsis Pflanzen 

zeigten Lokalisierung an der Zellperipherie. Eine Subpopulation von Venus-XLG2 

akkumuliert im Zellkern auf diverse Reize wie Wasser und PAMP Infiltration, Verletzung oder 

Pathogenbefall. Für XLG2 wurde vor kurzem die physische Interaktion mit kanonischen 

heterotrimeren G-Protein-βγ Dimeren nachgewiesen. Auch β und γ G-Proteinuntereinheiten 

wurden als erforderlich für die vollständige Entwicklung des cerk1-4 Phänotyps gezeigt. 

Interessanterweise war in der G-Protein β Mutante agb1 eine Subpopulation von Venus-

XLG2 bereits in unbehandelten Zellen im Zellkern lokalisiert. Diese Ergebnisse legen nahe, 

dass die subzelluläre Lokalisierung von XLG2 durch Wechselwirkung mit G-Protein βγ-

Untereinheiten moduliert wird, was wiederum seine Wirkung auf nachgeschaltete Ziele 

betrifft. 
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1. Introduction 

Plants are in a constant battle against a variety of abiotic and biotic stresses. As sessile 

organisms, they cannot simply evade unfavorable conditions, but have to respond to the 

continuously changing environmental cues they are confronted with. In contrast to animals, 

plants do not possess mobile immune cells which are activated upon pathogen attack. 

Instead, they have developed a multi-layered innate immune system. Every plant cell is 

equipped with a set of receptor and defense proteins to detect pathogens and initiate 

defense responses (Dodds & Rathjen, 2010). This system is highly effective with disease 

being the exception and not the rule (Jones & Dangl, 2006). 

The first layer of defense responses is initiated upon perception of conserved pathogen-

associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs) on the cell 

surface (Zipfel, 2014). PAMPs are molecules that are conserved among a whole class of 

pathogens and often derived from structural or motility components, like the cell wall or 

flagella (Newman et al., 2013). The activation of PRRs leads to the induction of a wide range 

of signaling and defense responses which result in PAMP-triggered immunity (PTI). These 

defense responses together with preformed barriers are sufficient to stop the progression of 

a broad spectrum of non-adapted pathogens. This process is also known as non-host 

resistance (Nürnberger & Lipka, 2005). Adapted pathogens developed specialized effector 

proteins which are able to suppress PTI leading to effector triggered susceptibility (ETS) 

(Jones & Dangl, 2006). Plants in turn developed mechanisms to recognize these effectors, 

thereby mounting a second layer of defense, which is called effector triggered immunity (ETI) 

(Jones & Dangl, 2006). 

1.1 The plant innate immune system 

Once a pathogen arrives on the plant surface, it is confronted with a variety of preformed 

obstacles, like the cell wall, anti-microbial substances and a waxy cuticle (Nürnberger & 

Lipka, 2005). Pathogens which are able to overcome these barriers are then challenged by 

an efficient two-layered immune system (Dodds & Rathjen, 2010). Perception of microbial 

signatures on the cell surface by pattern recognition receptors (PRRs) activates the first layer 

called PAMP-triggered immunity (PTI, Figure 1, step 1). Microbial signatures, also referred to 

as pathogen associated molecular pattern (PAMPs) are molecules which are highly 

conserved among a class of pathogens and are absent from the host. To date, many PAMPs 
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of different classes of pathogens and their cognate receptors have been identified. Well 

studied examples in Arabidopsis thaliana include the perception of the bacterial PAMPs 

flagellin and elongation factor thermo unstable (EF-Tu) by the PRRs FLAGELLIN SENSING 

2 (FLS2) and EF-Tu receptor (EFR), respectively (Gómez-Gómez & Boller, 2000; Zipfel et 

al., 2006). The perception of chitin derived from fungal cell walls by the CHITIN ELICITOR 

RECEPTOR KINASE 1 (CERK1) is another well established example of PAMP perception 

(Miya et al., 2007). Plants also possess PRRs to perceive self-molecules, which are released 

from damaged plant structures (Boller & Felix, 2009). These molecules are referred to as  

 

 

 
Figure 1. The plant immune system. Pathogen associated molecular patterns (PAMPs) are perceived by 

pattern recognition receptors at the cell surface. Signaling initiated by pattern recognition receptors leads to the 

onset of PAMP-triggered immunity (PTI) (1). Pathogens developed effector molecules (2) of which some are 

delivered into the cell to block PTI responses (3), leading to effector triggered susceptibility (ETS). Plants 

developed Resistance proteins (R-proteins) to cope with pathogen effector molecules. R-proteins either detect 

effectors by direct interaction with the effector molecules (4a) or sense the activity of effectors on other host 

proteins. This can be achieved by monitoring the integrity of a decoy protein, which resembles an effector target 

(4b) or by guarding the integrity of an effector target protein (4c). Perception of effector activity by an R-protein 

leads to the induction of effector triggered immunity (ETI) (5). Image from Dangl et al. (2013). 
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damage-associated molecular patterns (DAMPs). Characteristic PAMP (and DAMP) 

responses involve generation of reactive oxygen species (ROS), activation of mitogen 

activated protein (MAP) kinase cascades and induction of defense related genes (Dodds & 

Rathjen, 2010). The mechanisms of PTI are sufficient to establish resistance against most 

pathogens and, together with pre-formed physical barriers and toxins, are the basis of non-

host resistance (Nürnberger & Lipka, 2005). 

In order to establish a compatible interaction with the host plant, adapted pathogens 

developed effector molecules to prevent or inhibit PTI initiation (Jones & Dangl, 2006). 

Fungal pathogens and oomycetes secrete effector proteins into the apoplast (not shown) or 

deliver them into the host cell by a not yet identified mechanism (Lo Presti et al., 2015), while 

bacterial pathogens use a type III secretion system (TTSS) to transport effector proteins into 

the host cell (Figure 1, step 2) (Hueck, 1998; Lo Presti et al., 2015). Effector proteins can 

suppress PTI responses or prevent recognition of the pathogen by the host, resulting in 

effector-triggered susceptibility (ETS) (Figure 1, step 3). To detect effector protein activity 

and halt further pathogen ingress, plants have developed intracellular Resistance (R) 

proteins. Most R-proteins are NB-LRR proteins and contain a nucleotide-binding site (NB) 

and a leucine-rich repeat (LRR) domain. They may recognize the activity of intracellular 

effectors either directly or indirectly (Figure 1, step 4) (Spoel & Dong, 2012). Direct 

recognition occurs via binding of an effector to an R-protein, but is a rather uncommon 

mechanism. Indirect recognition is explained by the guard model, where R-proteins monitor 

the integrity of effector target proteins (van der Hoorn & Kamoun, 2008). Detection of target 

protein modifications, like phosphorylation or degradation, leads to the activation of the R-

protein, resulting in effector triggered immunity (ETI) within the host plant (Axtell & 

Staskawicz, 2003; Liu et al., 2011) (Figure 1, step 5). ETI is a strong defense response which 

typically results in a hypersensitive response leading to cell death of the infected tissue 

(Spoel & Dong, 2012). 

1.1.1 Pattern recognition receptors perceive conserved microbial structures 

Recognition of conserved microbial structures (PAMPs) is mediated by PRRs and takes 

place at the cell surface. PRRs are membrane localized proteins and contain extracellular 

ligand-binding domains. There are two kinds of PRRs: Receptor-like kinases (RLKs) contain 

a transmembrane domain and an intracellular kinase domain (Trdá et al., 2015). Receptor-

like proteins (RLPs) lack an intracellular kinase domain and are often linked to the 

extracellular leaflet of the plasma membrane via glycosylphosphatidylinositol (GPI) anchors 

(Zipfel, 2014). 
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Perception of peptide-based PAMPs like bacterial flagellin or EF-Tu is mediated by PRRs 

containing leucine-rich repeats (LRRs) within their extracellular domain (Chinchilla et al., 

2006; Zipfel et al., 2006). Carbohydrate PAMPs that contain N-acetylglucosamine moieties, 

such as fungal chitin or bacterial peptidoglycan, are perceived by lysin motif (LysM) 

containing receptors (Kaku et al., 2006; Kaku & Shibuya, 2011; Miya et al., 2007; Willmann 

et al., 2011).  

Plant PRRs are often organized in multiprotein complexes, which contain components in 

addition to the PRR, such as co-receptors and receptor-like cytoplasmic kinases (RLCKs) to 

ensure proper and specific signaling (Macho & Zipfel, 2014). 

1.1.1.1 Peptide ligands are perceived by LRR-proteins 

LRR receptor-like kinases (LRR-RLKs) are the largest group of RLKs in Arabidopsis (Shiu & 

Bleecker, 2001). Several of them have been identified as receptors of peptide ligands 

involved in growth, development or defence. One of the most prominent members of this 

group is FLAGELLIN-SENSITIVE 2 (FLS2) which was the first PRR identified in Arabidopsis 

(Chinchilla et al., 2006; Gómez-Gómez & Boller, 2000; Zipfel et al., 2004). FLS2 harbors 28 

extracellular leucine-rich repeats (LRRs) which can bind a conserved 22 amino-acid epitope 

(flg22) of flagellin, the building block of bacterial flagella (Chinchilla et al., 2006). Flagellin 

perception by FLS2 is an essential part of defense against bacterial pathogens, as fls2 

mutants are severely impaired in resistance against avirulent and virulent Pseudomonas 

syringae pv. tomato strains (Zipfel et al., 2004). Orthologs of AtFLS2 can be found in 

genomes of many higher plants, such as tomato (Robatzek et al., 2007), Nicotiana 

benthamiana (Hann & Rathjen, 2007) and rice (Takai et al., 2008). 

Another well studied member of the group of LRR-RLKs is the Arabidopsis ELONGATION 

FACTOR-TU RECEPTOR (EFR). The extracellular domain of EFR containing 21 LRR motifs 

binds an 18 amino acid N-terminal peptide (elf18) of the bacterial elongation factor Tu (EF-

Tu) (Kunze et al., 2004; Zipfel et al., 2006). Similar to FLS2, EFR is a crucial part of the 

defense system against bacterial pathogens, as efr plants are more susceptible to 

Agrobacterium transformation (Zipfel et al., 2006). Upon ligand binding, both FLS2 and EFR1 

form a complex with the BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) which was 

shown to act as a co-receptor for a variety of LRR-RLKs and LRR-RLPs (Chinchilla et al., 

2007; Heese et al., 2007; Liebrand et al., 2014; Roux et al., 2011; Schulze et al., 2010). 

BAK1, also known as SOMATIC EMBRYOGENIC RECEPTOR KINASE 3 (SERK3), is a 

LRR-RLK and was discovered as a positive regulator of Brassinosteroid signaling (Li et al., 

2002). Heterodimerization of FLS2 or EFR with BAK1 followed by transphosphorylation 
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events is a prerequisite for proper defense signaling and bak1 mutant plants exhibit severely 

reduced defense responses to flg22 and elf18 treatment (Chinchilla et al., 2007; Roux et al., 

2011; Schwessinger et al., 2011). FLS2 and EFR do not only associate with BAK1, but also 

with receptor-like cytoplasmic kinases (RLCKs). RLCKs possess kinase domains similar to 

RLKs, but lack extracellular and transmembrane domains (Shiu & Bleecker, 2001). Upon 

flg22 or elf18 perception, the RLCK BOTRYTIS-INDUCED KINASE1 (BIK1) is 

phosphorylated by BAK1 and subsequently phosphorylates BAK1 and FLS2 (Lu et al., 2010).  

BIK1 also mediates flg22- and elf18- triggered ROS production by phosphorylating the 

NADPH oxidase RHOBD (Kadota et al., 2014; Lu et al., 2010; Zhang et al., 2010). Apart from 

PAMP perception and signaling, BAK1 and the closely related RLK BKK1 were also shown 

to be negative regulators of cell death. Upon inoculation with different pathogens, bak1 

plants exhibit enhanced cell death (Kemmerling et al., 2007). Double mutant bak1 bkk1 

plants show an even more severe phenotype and do not survive seedling stage (He et al., 

2007). 

1.1.1.2 LysM-proteins mediate perception of GlcNAc-containing 

oligosaccharides 

Lysin motif (LysM) containing proteins can be found in almost all living organisms (Buist et 

al., 2008). The lysin motif was discovered in bacteriophage lysozymes that degrade bacterial 

cell walls during the lytic cycle (Garvey et al., 1986). In plants, LysM domain containing 

receptor-like kinases (LysM-RLKs) and receptor-like proteins (LysM-RLPs) mediate the 

perception of N-acetyl-D-glucosamine (GlcNAc) containing carbohydrate molecules such as 

chitin and peptidglycan, as well as Nod- and Myc-factors. They play important roles in 

establishment of symbiosis and defense (Antolín-Llovera et al., 2012). The following part will 

focus on the roles of LysM-proteins in defense responses. 

1.1.1.2.1 Chitin perception 

Chitin is one of the main constituents of the fungal cell wall and the second most abundant 

naturally occurring biopolymer after cellulose. It is a polymer consisting of β-1-4 linked 

monomers of N-Acetyl-D-glucosamine (GlcNAc) (Muzzarelli, 1977). Plant-derived chitinases 

are able to degrade the fungal cell wall, thereby releasing chitin fragments (chito-

oligosaccharides) which can serve as a PAMP and be perceived by plants (Eckardt, 2008). 

Chitin perception and signaling has been the subject of extensive research in rice and 

Arabidopsis (Gust et al., 2012). In rice, two LysM motif containing proteins have been found 
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to be indispensable for chitin signaling (Kaku et al., 2006; Shimizu et al., 2010). The LysM-

RLP CHITIN ELICITOR-BINDING PROTEIN (OsCEBiP) consists of three extracellular LysM 

domains, a transmembrane domain and was the first identified PRR to have chitin binding 

ability (Hayafune et al., 2014; Kaku et al., 2006). As OsCEBiP lacks an intracellular domain, 

it requires interaction with additional proteins for proper signal transduction. The LysM-RLK 

CHITIN ELICTITOR RECEPTOR-LIKE KINASE (OsCERK1) was found to form a 

heteromeric complex with OsCERK1 upon chitin perception (Shimizu et al., 2010). As 

OsCERK1 has no chitin binding ability, it seems to be functionally important for signal 

transduction via its intracellular kinase domain (Shinya et al., 2012). Knockout analyses 

confirmed that both, OsCEBIP and OsCERK1 are essential factors of rice chitin signaling 

and pathogen resistance. Chitin-induced generation of reactive oxygen species and 

transcriptional reprogramming are markedly impaired in oscebip and completely abolished in 

oscerk1 mutants. Furthermore, both mutants showed reduced resistance against the rice 

blast fungus Magnaporthe oryzae (Kouzai et al., 2014b; Kouzai et al., 2014a). 

The ectodomains of OsCEBIP and OsCERK1 are believed to form a sandwich-like tetrameric 

receptor complex for chitin perception and signaling (Hayafune et al., 2014; Shimizu et al., 

2010). In this model, two OsCEBIP proteins bind opposing N-acetyl moieties of a chitin 

oligosaccharide, forming a homodimer, thereby inducing the dimerization of closely 

associated OsCERK1 (Figure 2a) (Hayafune et al., 2014).  

In addition to OsCEBIP, the two LysM-RLPs LYP4 and LYP6 were found to contribute to 

chitin perception in rice (Liu et al., 2012a). They were reported to heterodimerize with 

OsCERK1 upon chitin binding and induce defense responses (Ao et al., 2014). In agreement 

with that, knock-down of either LYP4 or LYP6 resulted in impaired chitin-induced defense 

gene expression and ROS production and enhanced susceptibility against bacterial and 

fungal pathogens (Liu et al., 2012a). Interestingly, LYM2, the Arabidopsis homolog of 

OsCEBiP, has also chitin binding ability, but is not involved in canonical chitin signaling 

(Shinya et al., 2012; Wan et al., 2012). However, it was shown to regulate changes in 

plasmodesmata flux upon chitin treatment (Faulkner et al., 2013; Shinya et al., 2012; Wan et 

al., 2012).  

In Arabidopsis, CHITIN ELECITOR RECEPTOR-LIKE KINASE (AtCERK1/AtLysM-

RLK1/AtLYK1), an ortholog of OsCERK1, was identified as an essential component of chitin 

signaling (Kaku et al., 2006; Miya et al., 2007). CERK1 T-DNA knockout mutants such as 

cerk1-2, are completely insensitive to chitin (Miya et al., 2007; Wan et al., 2008). Upon chitin 

treatment, cerk1-2 plants do not generate reactive oxygen species, activate MAP kinase 

cascades or show induction of chitin responsive genes. In contrast to OsCERK1, direct chitin 

binding activity was shown for CERK1, pointing to possible differences between the chitin 
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Figure 2. Chitin perception in plants. a) Chitin perception in rice. Homodimers of OsCEBIP bind chitin and 

recruit OsCERK1 to form a heteromeric complex. b) Model of chitin perception in Arabidopsis through AtCERK1 

only. Upon chitin binding, AtCERK1 homodimerizes and is thereby activated. c) Model of chitin perception through 

a receptor complex. Chitin binding of AtLYK5 homodimers recruits AtCERK1 to form an active receptor complex. 

Image from Shinya et al. (2015). 

 

perception systems of Arabidopsis and rice (Iizasa et al., 2010; Liu et al., 2012b; Petutschnig 

et al., 2010). Chitin binding of CERK1 is mediated via its extracellular domain and 

transmitted into the cell via its intracellular kinase domain. Similar to rice OsCEBiP 

(Hayafune et al., 2014), CERK1 forms homodimers through binding of chitooligosaccharides 

(Figure 2b) (Hayafune et al., 2014; Liu et al., 2012b). Homodimerization is a crucial step in 

receptor activation and leads to phosphorylation events at the intracellular juxtamembrane 

and kinase domains (Liu et al., 2012b; Petutschnig et al., 2010). Chitin-induced CERK1 

phosphorylation is required for downstream signaling and results in an electrophoretic 

mobility shift of CERK1, which can be detected in immunoblot experiments (Petutschnig et 

al., 2010). CERK1 kinase activity is crucial for both receptor phosphorylation and  defense 

processes, as kinase dead (cerk1-LOF) variants of CERK1 are unable to complement cerk1-

2 knockout mutants (Petutschnig et al., 2010).  
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Arabidopsis contains four more LysM-RLKs in addition to CERK1. Of these, the LysM-RLK 

LYK4 was shown to play a minor role in chitin perception, as lyk4 mutant plants show 

reduced expression of chitin responsive genes and a moderately reduced calcium influx after 

chitin treatment (Wan et al., 2012). As LYK4 appears to be an inactive kinase, it might act as 

a co-receptor and depend on CERK1 for signal transduction. The LysM-RLK LYK5 was also 

shown to be involved in chitin signaling, as chitin treatment leads to CERK1 dependent LYK5 

endocytosis and phospyhorylation (Erwig et al., unpublished). Furthermore, LYK5 was shown 

to be phosphorylated by CERK1 in vivo and in vitro. The current model for chitin perception 

in Arabidopsis considers CERK1 as an ‘all-in-one’ receptor, which is the main protein 

responsible for direct chitin binding, signal transduction and activation of downstream 

signaling responses (Iizasa et al., 2010; Liu et al., 2012b; Miya et al., 2007; Petutschnig et 

al., 2010; Wan et al., 2012). Recent results however, call this model into question and 

propose the LysM-RLK LYK5 to be the main chitin receptor in Arabidopsis forming a complex 

with CERK1 (Figure 2c) (Cao et al., 2014). This new model is based on results revealing a 

higher chitin binding affinity for LYK5 than CERK1 and complete chitin insensitivity for lyk5-2 

mutants. These results however, are contradictory to previous results, assigning a higher 

chitin binding affinity to CERK1 and wild type-like chitin signaling for lyk5-1 mutants (Cao et 

al., 2014; Liu et al., 2012b; Wan et al., 2012). Due to these contradicting results the 

contribution of different LysM-RLKs to chitin perception and signaling is not yet clear and it is 

still a matter of debate whether there is a “main” chitin receptor in Arabidopsis. 

Similar to FLS2 and EFR, the receptor-like cytoplasmic kinase BIK1 was also shown to 

interact with CERK1 and to be involved in ROS generation after chitin treatment (Zhang et 

al., 2010). The related RLCK PBL27 mediates downstream responses like MAP kinase 

activation and induction of defense related genes. The importance of PBL27 for pathogen 

resistance is further corroborated by enhanced susceptibility of pbl27 mutant plants to 

bacterial and fungal pathogens (Shinya et al., 2014). Furthermore, the RLCK CLR1 was 

shown to be phosphorylated by CERK1 in vivo and vitro and to be involved in chitin induced 

ROS production, MAPK activation and induction of defense genes (Ziegler, 2015). 

1.1.1.2.2 Peptidoglycan perception 

The cell wall of gram-negative and gram-positive bacteria contains peptidoglycan (PGN), a 

polymer of N-acetyl-D-glucosamine (GlcNAc) and N-acteylmuramic acid (MurNAc) that is 

crosslinked with peptide chains (Lovering et al., 2012). PGN represents a classical PAMP 

and PRRs involved in PGN perception have been described in plants (Gust, 2015). The 

LysM-RLPs OsLYP4 and OsLYP6, homologs of OsCEBIP, were shown to be critical 
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components for PGN perception in rice (Liu et al., 2012a). Similar to the rice chitin receptor 

OsCEBIP, OsLYP4 and OsLYP6 lack an intracellular kinase domain and depend on 

OsCERK1 for signal transduction (Ao et al., 2014). The importance of OsLYP4 and OsLYP6 

in PGN signaling is supported by knockdown and overexpression analyses. Knockdown of 

OsLYP4 and OsLYP6 led to enhanced susceptibility to bacterial pathogens, while the 

overexpression of both proteins resulted in enhanced resistance (Liu et al., 2012a). 

The Arabidopsis thaliana genome harbors three LysM-RLPs (LYM1-3). While LYM2 binds 

chitin (Petutschnig et al., 2010; Shinya et al., 2012), LYM1 and LYM3 were shown to 

physically bind to PGN (Willmann et al., 2011). lym1 and lym3 mutants showed enhanced 

susceptibility to bacterial pathogens and altered defense gene expression upon PGN 

treatment (Willmann et al., 2011). Interestingly, cerk1 mutant plants were similarly altered in 

PGN perception. As LYM1 and LYM3 lack an intracellular kinase domain, complex formation 

of LYM1, LYM3 and CERK1 for proper PGN signaling was proposed (Willmann et al., 2011). 

CERK1 is a target of the bacterial effector AvrPtoB, which mediates its degradation 

(Gimenez-Ibanez et al., 2009). This provides further evidence for a role of CERK1 in 

perception of PGN and possibly other bacterial PAMPs.  

1.1.2 Heterotrimeric G-proteins act as molecular switches 

In order to adapt to constantly changing environmental conditions, eukaryotic cells need to 

transduce extracellular stimuli into intracellular signals through receptor proteins. In animals, 

G-protein coupled receptors (GPCRs) are an important class of receptors. These seven-

transmembrane (7TM) containing proteins harbor an extracellular ligand binding site and are 

in complex with heterotrimeric G-proteins at the intracellular site of the plasma membrane 

(Urano & Jones, 2014). Heterotrimeric G-proteins consist of a Gα-subunit, which can bind 

and hydrolyze GTP, as well as a Gβ- and Gγ- subunit which form an obligate dimer. In 

animals, GPCRs act as guanine nucleotide exchange factors (GEFs) after ligand binding and 

promote GDP dissociation and GTP binding on Gα (Figure 3a). The activated Gα-subunit 

dissociates from the Gβγ-dimer. Gα-subunit and Gβγ-dimer can now act as independent 

signaling units and regulate the activity of downstream targets (Urano et al., 2013). The 

GTPase activity of Gα terminates signaling by hydrolyzing GTP to GDP. This leads to the re-

association of Gα with the Gβγ-dimer, thereby returning the complex to its assembled and 

inactive state (Ross & Wilkie, 2000). GTP hydrolysis can be promoted by a group of GTPase 

activating proteins (GAPs) termed regulators of G-protein signaling (RGSs). Animals possess 

large numbers of GPCRs. The human genome, for example, encodes for over 800 GCPRs 

(Jones & Assmann, 2004). In plants however, the  
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Figure 3. Cycle of heterotrimeric G-protein activation in animals and in Arabidopsis. a) G-protein activation 

in animals. Ligand binding leads to G-protein coupled receptor (GPCR) activation and nucleotide exchange at the 

Gα-subunit. The GTP-bound Gα-subunit dissociates from the Gβγ-dimer, which can now independently interact 

with downstream targets (effectors). GTP hydrolysis at the Gα-subunit is promoted by regulators of G-protein 

signaling (RGS) leading to inactivation and reformation of the heterotrimeric complex. b) G-protein activation in 

Arabidopsis. Spontaneous release of GDP and binding of GTP leads to activation of the Gα-subunit. The low 

intrinsic GTPase activity of the Gα-subunit is enhanced by RGS, resulting in an inactive and assembled 

heterotrimeric complex. Ligand binding of RGS leads to its endocytosis, thereby preventing Gα inactivation. Gα 

and Gβγ can now interact with downstream targets. Image from Urano et al. (2013). 

 

situation is different. A number of proteins have been proposed as GPCRs, but whether 

GPCRs really exist in plants is still under debate (Urano et al., 2013). In vitro analyses and 

structural studies suggest that the Arabidopsis Gα-subunit AtGPA1 does not need a GPCR 

for activation. It spontaneously releases GDP and binds GTP in vitro (Johnston et al., 2007; 

Urano et al., 2012a). The rate of GTP hydrolysis in AtGPA1 is slower than the rate of 

nucleotide exchange, resulting in a permanently GTP-bound state. This has led to a model of 

G-protein signaling in plants, where the G-proteins are active by default and regulated by 

deactivation through GAPs that enhance the intrinsic GTPase acitivity of α-subunits (Figure 

3b). To date, only one GAP targeting AtGPA1 has been identified. AtRGS1 is a membrane 

localized protein with a 7TM and an RGS domain (Chen et al., 2003) and has therefore been 

proposed to act as a hybrid G-protein coupled receptor GAP. AtRGS1 acts in sugar sensing 

and based on genetic evidence, glucose has been put forward as its ligand. AtRGS1-

mediated GTP hydrolysis leads to the formation of the inactive Gαβγ heterotrimer (Figure 

3b). Ligand binding of AtRGS1 triggers its phosphorylation and subsequent endocytosis, 

physically decoupling it from AtGPA1 (Urano et al., 2012b). AtGPA1 and the Gβγ-dimer are 

now able to relay signals to downstream targets (Figure 3b) (Urano et al., 2013). The 

Arabidopsis genome encodes one Gα-subunit (GPA1), one Gβ-subunit (AGB1) and three 

Gγ-subunits (AGG1-3) (Jones & Assmann, 2004; Thung et al., 2012). AGG1 and AGG2 are 
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highly similar, while AGG3 is a much larger protein and shares little sequence homology with 

the other two Gγ-subunits (Chakravorty et al., 2011). 

Knockout mutants of Arabidopsis thaliana heterotrimeric G-proteins have been subject of 

intensive research and have revealed many processes in which G-proteins play important 

roles including defense against fungal and bacterial pathogens, cell death, hormone 

signaling, oxidative stress, as well as seedling and root development (Chen et al., 2006; Joo 

et al., 2005; Liu et al., 2013a; Nitta et al., 2015; Trusov et al., 2006).   

Since Arabidopsis contains only one AtRGS1-like protein, it is not clear how heterotrimeric 

G-proteins are regulated in these pathways and how specificity is achieved. AtRGS1 might 

associate with RLKs, since AtRGS1 interacts with some RLKs in yeast (Klopffleisch et al., 

2011). RLK mediated phosporylation of AtRGS1 might trigger endocytosis, thereby activating 

G-protein signaling (Urano et al., 2013). However, cereals lack RGS1-like proteins, so 

alternative mechanisms for regulation of heterotrimeric G-proteins must be present in at least 

some plants (Urano et al., 2012a). 

1.1.2.1 The role of heterotrimeric G-proteins in plant immunity and cell death 

Heterotrimeric G-proteins are involved in nearly all aspects of life. Research on plant G-

proteins however, has mainly focused on their roles in immunity and functions for most G-

proteins herein have been described (Liu et al., 2013a; Llorente et al., 2005; Trusov et al., 

2006; Trusov et al., 2007). Furthermore, G-proteins have been found to be important 

regulators of cell death signaling in plants (Liu et al., 2013a). The following section will focus 

on the roles that G-proteins play in these two pathways. 

GPA1 and AGB1 were shown to be regulators of resistance against fungal pathogens. gpa1 

mutant plants exhibited enhanced resistance, while agb1 plants were more susceptible to the 

necrotrophic fungal pathogens Plectosphaerella cucumerina (Llorente et al., 2005), Fusarium 

oxysporum (Trusov et al., 2006) and Alternaria brassicola (Trusov et al., 2006). Studies 

about the role of GPA1 and AGB1 in resistance against bacterial pathogens are 

contradictory. Trusov and colleagues (2006) reported that resistance against Pseudomonas 

syringae pv. tomato DC3000 is independent of heterotrimeric G-proteins. Torres et al. (2013) 

however, found agb1 mutant plants to be more susceptible to Pseudomonas syringae pv. 

tomato DC3000, while resistance against this pathogen is unaffected in gpa1 plants. The 

situation is further complicated by reports that gpa1 and  agb1 as well as gpa1 agb1 double 

mutants showed similarly impaired resistance against virulent and avirulent  

Pseudomonas syringae pv. maculicola and pv. tabaci strains (Lee et al., 2013a). 

Several studies have reported partly redundant functions of the Gγ-subunits AGG1 and 
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AGG2 in disease resistance (Lee et al., 2013a; Liu et al., 2013a). Arabidopsis plants lacking 

either AGG1 or AGG2 showed wild type-like resistance when inoculated with virulent or 

avirulent Pseudomonas syringae strains, while double knockout agg1 agg2 plants were more 

susceptible (Lee et al., 2013a). But not all defense responses are redundantly mediated by 

AGG1 and AGG2. Resistance against the necrotrophic fungal pathogen Fusarium 

oxysporum was impaired in agg1 single and agg1 agg2 double mutants, while agg2 plants 

exhibited wild type-like resistance (Trusov et al., 2007). To date, no defense related role has 

been postulated for AGG3. 

AGB1, AGG1 and AGG2 have been found to be involved in PAMP triggered defense 

responses, while GPA1 seems not to play a role in these pathways (Liu et al., 2013a). ROS 

production was reduced in agb1 single and agg1 agg2 double mutants upon flg22, elf18 and 

chitin treatment. Interestingly, ROS production in agg1 plants was only reduced after elf18 

treatment and wild type-like for flg22, elf18 and chitin treatment in agg2 plants, pointing to 

partly redundant functions of AGG1 and AGG2 in PAMP responses. Furthermore, AGB1, 

AGG1 and AGG2 were required for activation of the MAPK4, but dispensable for MAPK3 and 

6 activation (Liu et al., 2013a).  

Heterotrimeric G-proteins were also reported to play a role in cell death regulation (Liu et al., 

2013a). Knockout mutants of the BAK1 interacting kinase BIR1 (bir1-1) are characterized by 

constitutive activation of defense responses which result in cell death and stunted growth 

(Gao et al., 2009). This phenotype could be suppressed by agb1 single and agg1 agg2 

double knockout mutants, but not by gpa1, agg1 or agg2 single mutants (Liu et al., 2013a). A 

mutant of the LRR-RLK SUPPRESSOR OF BIR1-1 (SOBIR1) was found to suppress the cell 

death phenotype of bir1-1 and act as a positive regulator of cell death (Gao et al., 2009). 

Overexpression of SOBIR1 resulted in a cell death phenotype similar to bir1-1 (Gao et al., 

2009), which could be suppressed by agb1 knockout, indicating that they act in the same 

pathway (Liu et al., 2013a).  

Given the fact that heterotrimeric G-proteins are involved in PAMP-triggered responses and 

cell death suggest that RLKs like FLS2, EFR, CERK1 and SOBIR1 might act upstream of G-

proteins. Heterotrimeric G-proteins might act as converging point for these RLKs activating a 

common signaling pathway leading to the induction of PTI or cell death. 

1.1.2.2 Arabidopsis Extra-large G-Proteins (XLGs) are alternative Gα 

subunits 

In addition to the canonical Gα-subunit GPA1, the Arabidopsis genome encodes for so called 

extra-large G-proteins (XLGs), which are nearly twice the size of conventional Gα-subunits 
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(Ding et al., 2008; Lee & Assmann, 1999). The first extra-large G-protein was identified in 

1999 and was named XLG1 (Lee & Assmann, 1999). Further research led to the discovery of 

two additional Arabidopsis XLGs (XLG2 and 3) (Ding et al., 2008).  

Extra large G-proteins contain a C-terminal domain which is homologous to GPA1 and 

mammalian Gαs as well as an N-terminal domain of unkown function (Ding et al., 2008; Lee 

& Assmann, 1999). In comparison to GPA1, the Gα domains of XLGs lack several conserved 

amino acids which are involved in GTP binding and hydrolysis (Temple & Jones, 2007). 

Nevertheless, GTPase activity was confirmed for all Arabidopsis extra-large G-proteins in 

vitro (Heo et al., 2012). In contrast to AtGPA1 and other canonical Gαs which need Mg2+ as a 

cofactor, GTPase activity of XLG proteins depends on the presence of Ca2+ (Heo et al., 

2012). The N-terminal part of XLGs harbours a cysteine-rich region with four perfect CxxC 

motifs which is followed by a region that is highly conserved among all extra large G-proteins 

(Ding et al., 2008; Lee & Assmann, 1999). The regularly spaced cysteines have been 

speculated to form a DNA binding domain, since they resemble elements found in DNA 

binding zinc finger domains (Ding et al., 2008). Overall, the region containing the CxxC 

motifs does not match any known zinc-finger-like patterns and their function remains 

unknown.  

Localization studies concerning extra-large G-proteins are contradictory. Ding et al. (2008) 

reported localization of GFP-XLG1/2/3 fusion proteins in nuclei when heterologously 

expressed in Vicia faba leaves. Due to the predicted nuclear localization signals in each of 

the XLG proteins, this was not unexpected. However, Maruta et al. (2015) reported GFP-

XLG1 to be localized at the plasma membrane, and GFP-XLG2 and GFP-XLG3 to be 

localized to both, the plasma membrane and the nucleus when stably overexpressed in 

Arabidopsis or transiently in N. benthamiana. As the XLG-GFP fusion constructs in both 

these studies were overexpressed under control of the strong 35S promoter, Chakravorty et 

al. (2015) sought to investigate XLG localization using the weaker UBIQUITIN10 promoter for 

‘enhanced temporal resolution’. These localization studies were performed via transient 

expression in N. benthamiana and essentially confirmed the results of Maruta et al. (2015). 

Nevertheless, the reported XLG localization patterns might be the result of mild to strong 

overexpression and/or transient heterologous expression and may therefore not necessarily 

display the localization of the endogenous XLG proteins. A nuclear localization signal (NLS) 

was predicted in the N-terminal part of all three XLGs. Their functionality was confirmed by 

fusion of the N-terminal part of each XLG to GFP and heterologues expression in Vicia faba 

(Ding et al., 2008). However, re-evaluation of nuclear localization signals of XLGs confirmed 

a classical NLS only for XLG3, while XLG2 harbors a non-canonical NLS. The functionality of 

the XLG2 NLS was confirmed by fusion to XLG1, which changed its localization pattern from 
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primarily extra-nuclear to mainly nuclear (Chakravorty et al., 2015). No NLS could be 

identified for XLG1 in this study, which is expected according to localization studies. XLG3 

contains an additional, non-canonical NES, whose functionality was confirmed by mutational 

analysis (Chakravorty et al., 2015).  

XLG knockout mutant analyses revealed functions of XLG proteins in root development, 

hormone signaling, pathogen resistance and cell death (Ding et al., 2008; Maruta et al., 

2015; Pandey et al., 2008; Zhu et al., 2009) of which the latter two will be the focus of the 

following part. All three XLGs act as negative regulators of root growth, as indicated by xlg 

triple mutant seedlings grown in darkness. XLG3 has additional functions in the regulation of 

root-waving and root-skewing (Pandey et al., 2008). xlg triple mutants were further found to 

be hypersensitive to osmotic stress and abscisic acid (Ding et al., 2008). 

XLG2 was found to be involved in resistance against bacterial pathogens (Maruta et al., 

2015; Zhu et al., 2009). Inoculation of xlg2 plants with virulent and avirulent Pseudomonas 

syringae pv. tomato strains led to enhanced bacterial growth in comparison to Col-0 wild type 

plants (Zhu et al., 2009). The analysis of double (xlg2 xlg3) and triple (xlg1 xlg2 xlg3) 

mutants revealed no additive effect in susceptibility, indicating that XLG1 and XLG3 do not 

participate in resistance against Pseudomonas syringae (Maruta et al., 2015). Transcription 

of XLG2 and XLG3 is induced upon Pseudomonas infection, even though only XLG2 

contributes to resistance (Zhu et al., 2009). XLG2 and XLG3 were shown to exhibit functions 

in resistance against fungal pathogens. Inoculation of xlg2 mutants with the incompatible 

biotrophic pathogen Erysiphe pisi led to enhanced cell penetration in comparison to wild type 

plants (Humphry et al., 2010). Resistance against the hemibiotrophic fungal pathogen 

Fusarium oxysporum is impaired in xlg2 and xlg3 single and even more impaired in xlg2 xlg3 

double mutants, indicating that XLG2 and XLG3 have redundant functions in resistance 

against this pathogen (Maruta et al., 2015). Similar to experiments with Pseudomonas, xlg2 

mutants showed enhanced susceptibility to the necrotrophic pathogen Alternaria brassicola 

but there was no additive effect regarding Alternaria susceptibility in xlg2 xlg3 double or xlg 

triple mutants (Maruta et al., 2015). Interestingly, agb1 mutants were similarly impaired in 

resistance against P. syringae, F. oxysporum and A. brassicola as xlg2 single and/or xlg2 

xlg3 double mutants, indicating that they are involved in the same defense signalling 

pathway. Another hint for XLG2 and AGB1 acting in the same signalling pathways came from 

experiments showing that the bir1-1 cell death phenotype not only depends on AGB1, but 

also on XLG2 (Liu et al., 2013a; Maruta et al., 2015).  

For a long time it was thought that there are only 3 possible heterotrimeric complexes in 

Arabidopsis consisting of GPA1/AGB1 and one of the three Gγ-subunits AGG1-3. Interaction 

of XLGs with AGB1/AGG was deemed unlikely because of considerable sequence 
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divergence between extra-large G-proteins and conventional Gα-subunits, particularly in 

regions thought to mediate GPA1-AGB1 interaction (Temple & Jones, 2007). This view was 

supported by the fact that in contrast to GPA1 (Klopffleisch et al., 2011), XLG2 did not 

interact with AGB1 in yeast (Zhu et al., 2009). 

The situation changed recently, when XLGs were reported to bind Gβγ-dimers in yeast and 

upon transient transformation of Arabidopsis protoplasts or Nicotiana benthamiana leaves 

(Chakravorty et al., 2015; Maruta et al., 2015). XLG proteins were shown to interact with 

AGB1 in yeast, when one of the AGG proteins was also expressed. Interaction in plants 

occurs at the plasma membrane and also depends on the presence of at least one of the Gγ-

subunits (Chakravorty et al., 2015; Maruta et al., 2015). One possible explanation is that the 

Gγ-subunits are required for stabilization of AGB1. This is consistent with recent results 

showing that AGB1 abundance is decreased in agg1 agg2 double mutants and barely 

detectable in agg1 agg2 agg3 triple mutants (Wolfenstetter et al., 2015). Alternatively, XLG 

proteins could directly bind the Gγ-subunits. However, contradicting results were reported 

about the direct interaction of XLGs with the Gγ-subunits in absence of AGB1. Maruta et al. 

(2015) could detect XLG2 interaction with each Gγ-subunit in agb1 protoplasts in bimolecular 

fluorescence experiments. These results could not be confirmed by Chakravorty et al. 

(2015), who could detect XLG – AGG1/2/3 interaction only in the presence of AGB1. It 

therefore remains unclear, if direct interaction between XLGs and Gγ-subunits alone is 

possible. Also, the interaction specificity between the three XLG proteins and the three 

possible Gβγ-dimers is not yet entirely clear. While Maruta et al. (2015) reported that XLG2 

equally interacted with all Gβγ-dimers, Chakravorty et al. (2015) found that XLG1 and XLG2 

preferentially interact with Gβγ-dimers containing either AGG1 or AGG2, whereas XLG3 

bound strongly to all three possible Gβγ-dimers (AGB1 + AGG1/2/3). In this study, GPA1 

interacted preferentially with Gβγ-dimers containing AGG3.  

Taken together, these recent findings (Chakravorty et al., 2015; Maruta et al., 2015) 

confirmed XLG proteins as components of heterotrimeric G-protein complexes, expanding 

the Gα family in Arabidopsis from one to four members: GPA1, XLG1, XLG2 and XLG3. This 

increases the number of potential heterotrimeric G-protein complexes from three to twelve. 

The involvement of extra-large G-proteins and their possible direct interaction with Gγ-

subunits is an uncommon theme in G-protein signaling and clearly distinguishes plant 

heterotrimeric G-protein signalling from its animal counterpart. 
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1.2 Ectodomain shedding and related proteolytic processes in 

metazoans 

The proteolytic cleavage of transmembrane proteins to release the extracellular domain is 

referred to as ectodomain shedding (Figure 4) (Arribas & Borroto, 2002). In animals, it acts 

as a regulatory mechanism in a wide range of proteins, such as growth factors, cytokines, 

cell adhesion molecules and receptors (Hayashida et al., 2010). Ectodomain shedding leads 

to the release of a soluble ectodomain into the extracellular space which may then act as a 

signaling module in paracrine signaling (Blobel, 2005). Cells can also use ectodomain 

shedding as a regulatory mechanism to control the abundance or function of proteins on the 

cellular surface and it may also be a prerequisite for further proteolytic processing steps. 

Basal ectodomain shedding takes place in unstimulated cells, but it can also be induced by 

different stimuli such as protein kinase C activating chemicals or ligand binding (Hayashida 

et al., 2010). 

For most vertebrate proteins, proteolytic processing of the extracellular domain depends on 

the catalytic activity of metalloproteases belonging either to the A Desintegrin and 

Metalloproteinase (ADAM) or Matrix Metalloproteinases (MMPs) family (Hayashida et al., 

2010). In addition to the catalytic metalloprotease domain, MMPs and ADAMs share an 

N-terminal pro-domain, which is cleaved off to activate the protein. ADAMs contain additional 

disintegrin and EGF-like domains (Khokha et al., 2013). Members of the ADAM and MMP 

family are either soluble or membrane bound by transmembrane domains (MMPs + ADAMs) 

or GPI anchors (MMPs). Despite their involvement in distinct cellular processes, many 

different proteins may be cleaved by the same sheddase and many sheddases may be 

involved in the cleavage of one substrate (Hayashida et al., 2010). The activity of a sheddase 

on a certain substrate is thought to also depend on spatio-temporal expression of protease 

and substrate and on the presence of activators (Chow & Fernandez-Patron, 2007). 

Proteolytic cleavage of the extracellular domain is often followed by cleavage within the 

transmembrane domain (Figure 4). This mechanism is referred to as regulated 

intramembrane proteolysis (RIP) and is a common mechanism to release the intracellular 

domain, which can serve as signaling molecule or is subject to degradation (Lichtenthaler et 

al., 2011). Intramembrane proteolysis is carried out by intramembrane-cleaving proteases 

(iCLIPs), which are either aspartyl proteases (presenilin, signal peptide peptidase and related 

proteases), metallo proteases (Membrane-bound transcription factor site-2 protease) or 

serine proteases (Rhomboids) (Kopan & Ilagan, 2004; Lal & Caplan, 2011). The protease 

type most frequently reported to perform RIP after ectodomain shedding is presenilin, which 

interacts with additional proteins to form the γ-secretase complex. Ectodomain shedding is a 
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prerequisite for intramembrane cleavage by most iCLIPs. Rhomboid proteases are an 

exception to this rule, since they are able to cleave substrates containing long ectodomains 

(Freeman, 2009). 

 

 

 
Figure 4. Ectodomain shedding and RIP of integral membrane proteins. An integral transmembrane protein 

is cleaved in close vicinity to the plasma membrane. The cleaved ectodomain is released into the extracellular 

space and can act as signaling module. The remaining membrane bound fragment is then subject to iCLIP 

mediated cleavage (for example by γ-secretease). This leads to release of the intracellular domain (ICD) which 

can now function as a cytosolic or nuclear effector. Image from herrlichlab.org (modified). 

1.2.1 Well studied examples of ectodomain shedding in metazoans 

Many different signaling pathways in animals are regulated via proteolytic processing of 

extracellular domains. Tight regulation of this process is of great importance and 

dysregulation often results in disease (Saftig & Reiss, 2011). The Notch signaling pathway is 

a well-documented pathway which is regulated by ectodomain shedding. Notch receptors are 

a family of transmembrane proteins and are important regulators of cell to cell 

communication (Kopan & Ilagan, 2009). Notch is conserved in metazoans with homologs in 

Drosophila, Caenorhabditis and mammals (Chillakuri et al., 2012; Kopan & Ilagan, 2009). 

Notch receptors are constitutively cleaved in the trans-Golgi resulting in an N-terminal ligand 

binding part and a C-terminal transmembrane domain containing part (Guruharsha et al., 

2012). Noncovalent heterodimerization of both parts constitutes the mature receptor. Notch 

receptors are activated upon binding of DSL (Delta/Serrate/LAG-2) ligands on opposing cell 

surfaces (Chillakuri et al., 2012). Ligand binding leads to structural changes, rendering the 

Notch ectodomain accessible for proteolytic cleavage by either ADAM10 or ADAM17/TACE 

(Bozkulak & Weinmaster, 2009). Subsequent to ectodomain shedding, the transmembrane 

domain of Notch is cleaved by the γ-secretase complex to release the intracellular domain, 
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which translocates into the nucleus, where it can interact with transcription factors 

(Guruharsha et al., 2012). Amino acid substitutions and insertions resulting in reduced 

heterodimer stability or ligand-independent ectodomain shedding lead to inappropriate 

activation of the Notch receptor and are frequently associated with leukemia (Aster et al., 

2008). 

The amyloid precursor protein (APP) is a type I transmembrane protein which has drawn 

much attention because of its involvement in the development and progression of 

Alzheimer’s disease and can be found in mammalian and non-mammalian cells (Dawkins & 

Small, 2014). Intriguingly, the molecular function of APP is still elusive, but it has been 

proposed as a regulator of growth and maturation of many cells in the nervous system 

(Dawkins & Small, 2014). The amyloid plaques associated with Alzheimer’s disease are 

caused by production and accumulation of a proteolytic cleavage product of APP (Murphy & 

LeVine, 2010). Post-translational processing of APP can occur in two different ways (Haass 

et al., 2012). The enzymes involved in the so-called anti-amyloidogenic pathway are similar 

to those of Notch ectodomain shedding. APP is first cleaved by ADAM10, which leads to the 

release of the extracellular APPsα fragment (Figure 5A) (Postina et al., 2004). The remaining 

membrane bound part of APP is then cleaved by the γ-secretase complex, leading to 

generation of the p3 peptide.  

The second possible processing mechanism is the amyloidogenic pathway, which involves 

proteolytic cleavage of APP near the transmembrane domain by the aspartic protease beta-

secretase 1 (BACE1). This leads to the release of a large part of the APP ectodomain 

(APPsβ, Figure 5B) (Seubert et al., 1993). A second cleavage  of the remaining membrane-

bound fragment of APP mediated by the γ-secretase complex results in generation of Aβ 

(Haass et al., 1993). The Aβ peptide accumulates and aggregates in the brain, forming senile 

plaques, which is characteristic for Alzheimers disease (Selkoe, 2001).  

The anti-amyloidogenic and the amyloidogenic pathways are in competition with each other. 

Postina et al. (2004) showed that overexpression of ADAM10 leads to enhanced generation 

of the APPsα fragment and reduced the formation of Aβ. A C-terminal intracellular fragment 

(ICD) is released in both pathways, which is believed to engage in nuclear signaling thereby 

inducing its own expression to restore full length APP (Rotz et al., 2004). L-selectin is a cell-

adhesion molecule that is expressed on most leukocytes. It consists of a large extracellular 

domain and a small cytoplasmic tail (Smalley & Ley, 2005). L-selectin is involved in adhesion 

of leukocytes to the endothelium, the initial step of leukocyte recruitment to sites of 
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Figure 5. Proteolytic processing of amyloid precursor protein. A) In the anti-amyloidogenic pathway, APP is 

cleaved by ADAM10 (α-secretase) close to the transmembrane domain to release the extracellular APPsα 

fragment. Subsequent cleavage of the remaining truncated C-terminal fragment (αAPP CTF) by a γ-secretase 

releases an extracellular peptide (p3) and the intracellular domain (AICD). B) In the amyloidogenic pathway, 

cleavage by BACE (β-secretase) releases the extracellular fragment APPsβ. BACE cleavage occurs closer to the 

N-terminus in comparison to ADAM10 cleavage. The remaining C-terminal fragment (βAPP CTF) is subsequently 

cleaved to release the neurotoxic Aβ peptide and the intracellular domain (AICD). Image from Haass et al. (2012). 

 

inflammation (Raffler et al., 2005). The ectodomain of L-selectin is cleaved by 

ADAM17/TACE and other sheddases (Walcheck et al., 2003), which is important for 

directional migration of monocytes to sites of inflammation (Rzeniewicz et al., 2015).  

An example for ectodomain shedding by MMPs is E-cadherin, a transmembrane glycoprotein 

that mediates cell to cell adhesion in a calcium dependent manner (van Roy & Berx, 2008). 

The ectodomain of E-cadherin consists of 5 cadherin domain repeats which mediate 

interactions between cadherin molecules on adjacent cells (David & Rajasekaran, 2012). 

Cleavage of the extracellular part of E-cadherin by a number of different metalloproteinases 

releases the soluble ectodomain (sE-cad) into the extracellular space. One function of sE-

cad is the disruption of cell-to-cell contacts, probably by interacting with unshed E-cadherin 

molecules (Noe et al., 2001). sE-cad further acts as a paracrine/autocrine signaling molecule 

and was shown to activate receptor-like tyrosine kinases (David & Rajasekaran, 2012). 
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1.2.2 Ectodomain shedding of metazoan receptor kinases and their ligands 

Receptor kinases are single-span transmembrane proteins with an extracellular ligand 

binding domain, and an intracellular kinase domain (Ganten et al., 2006). They share a 

common mechanism of activation, which involves ligand binding, receptor oligomerization 

and subsequent transphosphorylation events at the intracellular kinase domains (Ganten et 

al., 2006; Schlessinger, 2000). Based on the amino acids they phosphorylate, receptor 

kinases can be grouped into receptor serine/threonine kinases (RSKs) and receptor tyrosine 

kinases (RTKs). The human genome encodes 12 RSKs which serve as receptors for 

members of the transforming growth factor beta (TGF-β) superfamily of secreted peptides 

and are involved in many processes of metazoan life such as embryogenesis, tissue fibroses 

and cancer (Ganten et al., 2006; Josso & Di Clemente, 1997). RTKs are a large gene family 

in humans with 58 members that fall into 20 families. Most of the ligands, which are 

perceived by RTKs are polypeptides including insulin, epidermal growth factor (EGF) and 

platelet-derived growth factor (PDGF) (Schlessinger, 2000). RTKs play key roles in 

metabolism, growth, differentiation and motility (Hubbard & Miller, 2007; Schlessinger, 2000). 

An important regulatory step of receptor kinase mediated signaling is the availability of the 

ligand to the receptor. Ligands of RSKs are secreted, while many ligands of RTKs are 

synthesized as transmembrane ligand precursors (Singh & Harris, 2005; Weiss & Attisano, 

2013). Ectodomain shedding of the precursor protein leads to release of the active ligand 

which can then participate in juxtacrine/paracrine signaling and activate RTKs. A particularly 

well-substantiated example is heparin-binding  EGF-like growth factor (HB-EGF) which plays 

a role in cell proliferation and migration (Faull et al., 2001; Piepkorn et al., 1998). HB-EGF 

can be cleaved by members of the ADAMs family of proteases to release its N-terminal 

domain which can then bind to epidermal growth factor receptors (EGFRs) (Singh et al., 

2004). Both, mice expressing an uncleavable or a soluble form of HB-EGF suffered from 

heart problems indicating that regulated shedding is essential for normal development and 

health (Yamazaki et al., 2003). 

The release of the extracellular domain of the EGF-like growth factor spitz in Drosophila is an 

example for rhomboid-mediated ectodomain shedding. Spitz is synthesized as an inactive 

transmembrane bound precursor (Rutledge et al., 1992). Proteolytic cleavage within the 

transmembrane domain by Rhomboid-1 releases the extracellular domain of spitz (Urban et 

al., 2001) which is then suggested to engage in paracrine signaling to activate EGFR 

signaling. 

Not only ligands, but also receptor kinases themselves are subject to proteolytic cleavage of 

their extracellular domain. The transforming growth factor beta receptor type I (TβRI) is a 
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RSK and part of the receptor complex that perceives transforming growth factor beta (TGF-β) 

ligands (Feng & Derynck, 2005). TβRI is subject to ADAM17/TACE-mediated proteolytic 

cleavage of its ectodomain, which is thought to downregulate its presence on the cellular 

surface (Liu et al., 2009). Downstream responses mediated by TβRI include growth inhibition 

(Siegel & Massagué, 2003). Enhanced ectodomain shedding of TβRI might therefore be a 

strategy of cancer cells to inhibit tumor suppression (Liu et al., 2009; Siegel & Massagué, 

2003). 

Ectodomain shedding is a fairly common process in RTKs. Out of the 20 RTK-subfamilies, 10 

contain members for which ectodomain shedding has been reported. In the majority of these 

cases, ectodomain shedding is mediated by ADAM17/TACE or ADAM10 and often followed 

by intramembrane cleavage by γ-secretase (Chen & Hung, 2015). The released intracellular 

domains are usually short lived (Carpenter & Liao, 2009), but can be stabilized by post-

translational modifications or interaction with other proteins such as chaperones. This way 

they may be transported into various intracellular compartments. Most commonly 

translocation occurs into the nucleus, where RTK intracellular domains may interact with 

transcriptional regulators (Chen & Hung, 2015). 

Ectodomain shedding has been characterized well in the epidermal growth factor receptor 

(EGFR) sub-family of RTKs. In humans, the EGFR group consists of four members (erbB1-

erbB4). Ligand binding induces homo- or heterodimerization of erbBs, which are then able to 

activate signaling cascades within the cell, leading to cell proliferation, differentiation and 

migration (Higashiyama et al., 2011). 

The erbB4 receptor occurs in two isoforms which are generated by alternative splicing and 

differ in their juxtamembrane amino acid composition (Elenius et al., 1997). Only the Jm-a 

isoform harbors the ADAM17/TACE cleavage site (Cheng et al, 2003) and is therefore 

subject to ectodomain shedding. erbB4 ectodomain shedding is constitutive, but can also be 

induced by ligand binding (Rio, 2000; Zhou & Carpenter, 2000). After ectodomain shedding, 

γ-secretase cleavage releases the erbB4 intracellular domain (ICD), which then translocates 

to the nucleus (Ni et al., 2001). High levels of erbB4 ectodomain can be found in breast 

cancer cells (Hollmén et al., 2009). Tumor growth can be stopped by inhibition of erbB4 

ectodomain shedding underlining the importance of a tight regulation of this process 

(Hollmén et al., 2012). 

erbB2 (Her2/neu2) is the only EGFR family receptor for which no direct ligand has been 

described so far. The erbB2 ectodomain was shown to be shed into the extracellular space  

by ADAM10 (Liu et al., 2006). Overexpression of erbB2 in breast cancer cells leads to 

frequent cleavage of the extracellular domain. This also generates a C-terminal fragment 

with constitutive, ligand-independent kinase activity (Gajria & Chandarlapaty, 2011). This 
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constitutive activation of growth factor signaling pathways by erbB2 serves as an oncognic 

driver in breast cancer.  

Investigations of the erbB2 cleavage site led to the discovery of a signature motif within the 

extracellular juxtamembrane domain (Yuan et al., 2003). A five to seven amino acid stretch 

flanked by either a proline or a glycine (P/G-X5-7-P/G) was found to be conserved from 

human to chicken EGFRs and was therefore proposed as a common cleavage motif for the 

EGFR family. 

There are also examples of RTK ectodomain shedding by MMPs. EphB2 belongs to the RTK 

subfamily of erythropoietin-producing hepatoma (Eph) receptors. Ephs are activated by 

binding membrane bound ligands (ephrins) on adjacent cells. Thereby, they regulate 

adhesion between neuronal cells which is critical for the development of the nervous system 

(Kullander & Klein, 2002). EphB2 was reported to undergo ectodomain shedding driven by 

MMP-2 and MMP-9 upon ligand binding, which triggers repulsion between neurons (Lin et 

al., 2008). Similar to ectodomain shedding by ADAMs, proteolytic cleavage of the EphB 

extracellular domain by MMPs is a prerequisite for intramembrane cleavage by the γ-

secretase complex to release the intracellular domain (ICD) (Litterst et al., 2007). 

1.2.3 Ectodomain shedding of plant receptor-like kinases 

Plant receptor-like kinases (RLKs) are transmembrane proteins composed of an extracellular 

domain and an intracellular kinase domain and thus have a domain organization similar to 

animal RSKs and RTKs (Shiu & Bleecker, 2001). They are involved in a plethora of 

developmental and stress responses including hormone signaling, defense and symbiosis 

(Tax & Kemmerling, 2012). Despite the importance of ectodomain shedding for regulation of 

many animal RTKs, there are hardly any studies on this topic concerning plant RLKs. In 

recent years however, reports emerged indicating that ectodomain shedding or related 

processes might also be important regulatory mechanisms of receptor kinases in the plant 

kingdom. 

A process that is similar to, but distinct from ectodomain shedding regulates the function of 

Lotus japonicus SYMBIOSIS RECEPTOR-LIKE KINASE (SYMRK). SYMRK is involved in 

the early stages of symbiosis establishment between plants and rhizobia or mycorrhizal fungi 

(Stracke et al., 2002). The ectodomain of SYMRK contains three LRRs and an N-terminal 

malectin-like domain (MLD). Recently, it was shown that the MLD of SYMRK is proteolitically 

released in absence of symbiotic stimulation (Antolín-Llovera et al., 2014). Cleavage occured 

at a GDPC motif that connects the MLD domain with the LRR domain (Antolín-Llovera et al., 

2014) and can be found in many MLD-LRR-RLKs (Hok et al., 2011). Mutation of this motif 
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abolished the release of the MLD domain (Antolín-Llovera et al., 2014). The release of the 

MLD domain is of striking physiological importance, as plants expressing SYMRK constructs 

unable to release MLD were severely impaired in the establishment of symbiotic interactions. 

Conversely, deletion of the entire SYMRK extracellular domain led to a massive induction of 

infection threads which points to important regulatory functions of the SYMRK ectodomain 

(Antolín-Llovera et al., 2014). This was confirmed by the finding that proteolytic cleavage of 

the SYMRK extracellular domain seemed to be a prerequisite for complex formation of 

SYMRK with Nod factor receptor 5 (NFR5) (Antolín-Llovera et al., 2014). 

Evidence for proteolytic processing of plant RLKs also came from Xanthomonas resistance 

21 (XA21), a rice LRR-RLK mediating resistance to the Gram-negative bacterium 

Xanthomonas oryzae pv. oryzae (Xoo) (Song et al., 1995). A sulfated, 17-amino acid peptide 

(AxYS22) derived from the Ax21 protein of Xanthomonas was initially reported to induce 

XA21 mediated defense responses (Lee et al., 2009). These studies however were later 

retracted and a new ligand candidate was presented (Lee et al., 2013b; Pruitt et al., 2015). 

The newly proposed ligand, RaxX, is a Xanthomonas protein of unknown function. A 

21-amino acid tyrosine-sulfated peptide derived from RaxX (RaxX21-sY) is sufficient to 

trigger Xa21-mediated defence responses in rice (Pruitt et al., 2015). Immunoblot analyses of 

transgenic rice plants expressing a labeled version of XA21 with a myc-tag inserted into the 

extracellular domain, revealed the presence of an XA21 N-terminal cleavage product. This 

cleavage product was found in microsomal protein fractions and accumulated together with 

full length XA21 protein after infection with the Xoo strain PXO99Az (Park et al., 2010; Xu et 

al., 2006) or treatment with the now controversial ligand AxYS22 (Lee et al., 2009). 

Interestingly, the intracellular juxtamembrane domain of XA21 harbors a P/G-X5-7-P/G motif 

similar to extracellular juxtamembrane domain of EGFRs. This signature was proposed as a 

cleavage site in XA21 and auto-phosphorylation of residues within this motif was positively 

correlated with protein stability and resistance (Xu et al., 2006). Park & Ronald (2012) 

showed that XA21 accumulation upon Xoo or AxYS22 treatment is also associated with the 

release of a C-terminal fragment. The authors demonstrated the presence of XA21-GFP at 

the plasma membrane and in the endoplasmatic reticulum in unstimulated protoplasts. Upon 

AxYS22 treatment, the C-terminal XA21-GFP fragment translocated to the nucleus. The 

nuclear translocation of the XA21-GFP C-terminus was shown to be critical for 

XA21-mediated immunity. However, since the role of AxYS22 as a XA21 ligand is 

questionable, the significance of this report (Park & Ronald, 2012) is not clear.  

Another hint for the existence of ectodomain shedding in plants comes from BRI1. BRI1 is an 

LRR-receptor-like kinase and the Arabidopsis brassinosteroid receptor (Wang et al., 2001). 

Immunoblots on plant extracts using an N-terminal BRI1 antibody revealed the presence of 
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an N-terminal fragment in addition to the full-length receptor (Wang et al., 2001). Since the 

BRI1 gene consists of only one exon, this fragment is likely generated by proteolytic 

cleavage. The presence of a soluble, N-terminal BRI1 fragment was confirmed in our 

laboratory (Elena Petutschnig, unpublished data). 

Ectodomain shedding similar to animal receptor kinases was reported for CERK1 

(Petutschnig et al., 2014). In addition to full-length CERK1, an N-terminal fragment can be 

detected in immunoblots using an N-terminal CERK1 antibody. This fragment lacks the 

CERK1 transmembrane domain, as it can be found in soluble fractions of microsomal 

preparations and in apoplastic wash fluids. Therefore, it represents the free CERK1 

ectodomain. The abundance of the CERK1 ectodomain fragment increases in older plants 

and after inoculation with the non-adapted pathogen Blumeria graminis f. sp. hordei (Bgh) 

(Petutschnig et al., 2014).  

A CERK1 mutant (cerk1-4) lacking the N-terminal cleavage product was identified 

(Petutschnig et al., 2014). cerk1-4 plants harbor a leucine to phenylalanine (L->F) exchange 

within the second LysM domain of CERK1. These plants exhibit normal chitin signaling but 

are characterized by an enhanced salicylic acid-dependent cell death phenotype upon 

inoculation with Bgh. This phenotype is independent of CERK1 kinase activity and does not 

require the intracellular domain of CERK1. CERK1-GFP and cerk1-4-GFP fusion proteins 

revealed the presence of a C-terminal fragment in both cases. This suggests that the 

ectodomain fragment is missing in cerk1-4 plants because of the instability of the released 

cerk1-4 ectodomain, rather than shedding deficiency of the full length cerk1-4 protein. 

However, the mechanism of CERK1 ectodomain shedding and its role in cell death 

regulation remain unclear (Petutschnig et al., 2014). 

The proteases acting on plant RLKs are currently not known. While ADAMs, one of the main 

actors in ectodomain shedding in vertebrates, do not exist in the plant kingdom (Seals & 

Courtneidge, 2003) there are five homologs of the vertebrate family of MMPs in Arabidopsis 

thaliana (At1-MMP – At5-MMP) (Maidment et al., 1999; Seals & Courtneidge, 2003). All five 

At-MMPs were shown to have protease activity in vitro and (with the exception of At5-MMP) 

showed similar cleavage site specificity to human MMPs (Marino et al., 2014).  

Of these five MMPs, only At2-MMP was functionally characterized in plants. At2-MMP 

knockout mutants showed early senescence, smaller growth and early flowering (Golldack et 

al., 2002). A tomato MMP was recently reptorted to mediate resistance against fungal as well 

as bacterial pathogens (Li et al., 2015).  

Rhomboids are another family of proteases which are engaged in animal ectodomain 

shedding and can be found in plants. 13 rhomboid homologs can be found in Arabidopsis 

(Koonin et al., 2003), but studies on plant rhomboids are scarce. Rhomboid activity and 
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specificity were demonstrated in vitro for heterologously expressed AtRBL2 (Kanaoka et al., 

2005).  Also, the subcellular localization has been investigated for several Arabidopsis RBLs 

and ranges from golgi apparatus to chloroplasts and mitochondria (Kmiec-Wisniewska et al., 

2008). However, the information on the function of RBLs in Arabidopsis is very limited. 

Mutants of AtRBL8 were reported to show defects in floral development, but no substrates 

were identified (Adam, 2013; Thompson et al., 2012). The examples about proteolytic 

processing and ectodomain shedding of plant RLKs presented in this section might just be 

the beginning of many more studies to come. Results from this study (compare section 3.1.7) 

suggest that ectodomain shedding may be a common process in plant RLKs. Future work 

may elucidate the function of RLK ectodomain shedding and the proteases involved in it. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Plant materials 

2.1.1.1 Arabidopsis thaliana 

Arabidopsis accessions, mutant and transgenic lines used in this work are listed in Table 1, 

Table 2 and Table 3. 

 

Table 1. Arabidopsis accessions used in this study. 

Accession Abbr. Source / NASC Stock number 

Columbia-0 Col-0 J. Dangl, University of North Carolina, USA. 

Columbia-3 Col-3 N908 

Argentat Ag-0 N901 

Barcelona-Tibidabo Bar-1 N77689 

Bensheim Be-0 N964 

Landsberg erecta Ler-0 N77020 

Lipowiec Lip-0 N1336 

Mühlen Mh-1 N1368 

Moscow Ms-0 N905 

N  N14 N22492 

N N6 N22484 

N N7 N22485 

Nossen No-0 N77128 

Oberursel Ob-0 N1418 

Pitztal Pi-0 N1454 

Poppelsdorf Po-0 N1470 

Richmond Ri-0 N1492 

Rschew Rsch-4 N1494 

Slavice Sav-0 N1514 

Shakdara Shakdara N929 

Sorbo Sorbo N931 

Spandau Sp-0 N1530 
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Table 1 (continued). 

San Feliu Sf-0 N1510 

Stobowal Stw-0 N1538 

Wilna Wil-2 N1596 

Wietze Wt-5 N1612 

 

 

Table 2. Mutant Arabidopsis lines used in this study. 

Genotype / 

Name 

AGI locus 

identifier 
Accession 

T-DNA / 

mutagen 
Reference / source 

Col-3 gl1 AT3G27920 Col-3 EMS Volker Lipka 

cerk1-2 AT3G21630  Col-0 T-DNA insertion Miya et al. (2007)  

cerk1-4 AT3G21630 Col-3 gl1 EMS Petutschnig et al. (2014) 

fah1 fah2 AT2G34770 

AT4G20870 

Col-0 T-DNA König et al. (2012) 

fah1 fah2 loh1 AT2G34770 

AT4G20870 

AT3G25540 

Col-0 T-DNA Prof. Dr. Ivo Feussner 

fah1 fah2 loh2 AT2G34770 

AT4G20870 

AT3G19260 

Col-0 T-DNA Prof. Dr. Ivo Feussner 

fah1 fah2 loh3 AT2G34770 

AT4G20870 

AT1G13580 

Col-0 T-DNA Prof. Dr. Ivo Feussner 

pad4-1 AT3G52430 Col-0 EMS Glazebrook et al. (1996) 

sid2-2 AT1G74710 Col-0 EMS Dewdney et al. (2000) 

agb1-2 AT4G34460 Col-0 T-DNA insertion Ullah et al. (2003) 

nole1-1 AT3G21630 

AT4G34390 

Col-3 gl1 EMS Marnie Stolze 

nole1-2  AT3G21630 

AT4G34390 

Col-3 gl1 EMS This work 

nole2/7 unknown Col-3 gl1 EMS This work 

nole3/4 unknown Col-3 gl1 EMS This work 

nole3/8 unknown Col-3 gl1 EMS This work 
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Table 3. Transgenic Arabidopsis lines used in this study. 

Background Construct Resistance Reference 

cerk1-2 pGreenII0229-PREP-

pCERK1::CERK1 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 cvg1 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1-4 cvg1 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 cvg2 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 cvg3 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 clx 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 Del1 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 Del2 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 cerk1 fls2tm 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 fls2tmex1 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 fls2tmex2 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 fls2tmex3 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 -ks 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 ks->aa 

Basta This work 

cerk1-2 pGreenII0229-PREP-

pCERK1::cerk1 -ks 

Basta This work 

nole1-2 cerk1-4 pGreenII0229-PREP-

pXLG2::XLG2 

Basta This work 

Col-3 gl1, nole1-2 

cerk1-4 

pGWB604-pXLG2::XLG2-GFP Basta This work 

Col-3 gl1 pGWB604-pXLG2::xlg2 

E293K-GFP 

Basta This work 

Col-0, cerk1-2, 

Col-3 gl1, cerk1-4 

pGreenII0229-PREP -

pXLG2::Venus-XLG2 

Basta This work 
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2.1.1.1 Nicotiana benthamiana 

N. benthamiana seeds were originally provided by T. Romeis (Biochemistry of Plants, 

Institute of Biology, Freie Universität Berlin). N. benthamiana plants were used for transient 

expression mediated by Agrobacterium tumefaciens. 

2.1.2 Pathogens 

2.1.2.1 Fungal pathogens 

2.1.2.1.1 Powdery mildews 

The non-adapted filamentous powdery mildew Blumeria graminis f.sp. hordei (Lipka et al., 

2005) was used for inoculation experiments of Arabidopsis plants. 

2.1.3 Bacterial strains used for cloning and transformation 

2.1.3.1 Escherichia coli 

Chemically competent E. coli TOP10 (F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 deoR recA1 araD139 Δ(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG) cells 

(Thermo Scientific™, Waltham, USA) were used for cloning and transformation. 

2.1.3.2 Agrobacterium tumefaciens 

Electro-competent Agrobacterium tumefaciens GV3101 were used in this study containing 

resistance against rifampicin and gentamycin (Koncz & Schell, 1986). Agrobacteria 

contained the additional helper plamsmid pSoup conferring tetracycline resistance (Hellens 

et al., 2000). 

2.1.4 Yeast strains used for cloning and transformation 

For transformation and cloning by drag and drop the Saccharomyces cerevisae strain  S288c 

BY4741 (MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0) (Brachmann et al., 1998) was used. 
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2.1.5 Vectors used in this study 

Table 4 lists the vectors used or generated in this study. 

 

Table 4. Vectors used in this study. 

Name Description Resistance Reference 

pGreenII0229PREP- 

pCERK1::CERK1 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 cvg1 

Synthesized by 

GeneWiz (South 

Plainfield) and 

subcloned into 

pGreenII0229-

PREP  

Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1-4 

cvg1 

Synthesized by 

GeneWiz (South 

Plainfield) and 

subcloned into 

pGreenII0229PREP 

Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 cvg2 

Synthesized by 

GeneWiz (South 

Plainfield) and 

subcloned into 

pGreenII0229PREP 

Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 cvg3 

Synthesized by 

GeneWiz (South 

Plainfield) and 

subcloned into 

pGreenII0229PREP 

Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 clx 

Synthesized by 

GeneWiz (South 

Plainfield) and 

subcloned into 

pGreenII0229PREP 

Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 Del1 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 Del2 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 

cerk1 fls2tm 

 

 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 
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Table 4 (continued).    

pGreenII0229PREP- 

pCERK1::cerk1 

fls2tmex1 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 

fls2tmex2 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 

fls2tmex3 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 -ks 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 ks-

>aa 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pCERK1::cerk1 -ks 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229PREP- 

pXLG2::XLG2 

 Bacterial resistance: Kan 

Plant resistance: Basta 

Elena 

Petutschnig 

(unpublished) 

pENTRTM/D-TOPO®   Kan InivitrogenTM 

pGWB604; no 

promoter, C-sGFP  

 Bacterial resistance: Spc 

Plant resistance: Basta 

Nakamura et al. 

(2010) 

pGWB604+ 

pXLG2::XLG2-GFP 

 Bacterial resistance: Spc 

Plant resistance: Basta 

This work 

pGWB604- 

pXLG2::xlg2 E293K-

GFP 

 Bacterial resistance: Spc 

Plant resistance: Basta 

This work 

pGreenII0229PREP 

- 

pXLG2::Venus-

XLG2 

 Bacterial resistance: Kan 

Plant resistance: Basta 

This work 

pGreenII0229-JE -  

pLYK5::LYK5-mKate 

 Bacterial resistance: Kan 

Plant resistance: Basta 

Jan Erwig 

pHG34 + p35S-

mCherry 

 Bacterial resistance: Amp 

Plant resistance: Basta 

Hassan 

Ghareeb 

pHG77p-H2B-

TagRFP-T-TQ2-

LTI6b 

 Bacterial resistance: Kan 

Plant resistance: Hyg 

 

Hassan 

Ghareeb 

pGreenII-0229  Bacterial resistance: Kan 

Plant resistance: Basta 

Hellens et al. 

(2000) 

pRS426  Bacterial resistance: Amp 

Yeast marker: Uracil 

Christianson et 

al. (1992) 
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2.1.6 Oligonucleotides 

Oligonucleotides used in this study are given in Table 5. 

 

Table 5. Primer used in this study. 

Name Sequence 5’ -> 3’ Description 

Primer used for cloning 

CM1 GTAACGCCAGGGTTTTCCCAGTCACGACAA

GCTTCAAAATGAAGCTAAAGATTTCTCTAATC 

Forward primer for 

amplification of CERK1 with 

additional HindIII restriction 

site and pRS426 overhang 

CM2 ACCAACACCATCTTGTTTACTTG Reverse primer for amplifying 

CERK1 without 

transmembrane domain 

CM3 TTCAAATCAAGTAAACAAGATGGTGTTGGTG

TCATCCTGATTATTCTTGGATCAGCCGC 

Forward primer for 

amplification of FLS2 

transmembrane domain with 

overhang homologues to 

CERK1 

CM4 CTTCGACTTATTCTTCCGGTAAGCATAATATA

GAATCAGAACAAGAAGCAGGACAAGAAG 

Reverse primer for 

amplification of FLS2 

transmembrane domain with  

overhang homologues to 

CERK1 

CM5 TATTATGCTTACCGGAAGAATAAGTCG Forward primer for amplifying 

CERK1 without 

transmembrane domain 

CM7 CTATACCAGCAATAACTCCAGCACCAACACC

TCCAGGCACATAAACGATTCCATTCCCGG 

Reverse primer for 

amplification of CERK1 for 

deletion of 16 amino acids 

CM8 GGTGTTGGTGCTGGAGTTATTGCTGGTATAG Forward primer for 

amplification of CERK1 for 

deletion of 16 amino acids 

CM9 GCGGATAACAATTTCACACAGGAAACAGCTG

GATCCCCCGGGCTGCAGGAATTCTAC 

Reverse primer for 

amplification of CERK1 with 

additional SmaI restriction 

site and pRS426 overhang 

CM12 AACTCCAGCACCAACTGATTTGAATGGTGGA

AATGCACC 

Reverse primer for deletion of 

5 amino acids within the 

CERK1 extracellular stalk 

CM13 

 

 

CCACCATTCAAATCAGTTGGTGCTGGAGTTA

TTGCTGGT 

 

Forward primer for deletion of 

5 amino acids within the 

CERK1 extracellular stalk 
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Table 5 (continued). 

CM33 GATCCAAATGGTGCATTTCCACCATTCAAAA

TCAACGCCTCTGATCTAATGGGAAAC 

Forward primer for 

amplification of FLS2 

extracellular stalk with 

overhang homologues to 

CERK1 

CM34 TTTGAATGGTGGAAATGCACC Reverse Primer for 

amplification of CERK1 

ectodomain for FLS2 fusion 

CM35 GATCCAAATGGTGCATTTCCACCATTCAAAA

GCCACTTCTCGAAGAGAACCAGAGTC 

Forward primer for 

amplification of FLS2 

extracellular stalk and 

transmembrane domain with 

overhang homologues to 

CERK1 

CM36 AGGCACATAAACGATTCCATTCCCGG Reverse Primer for 

amplification of CERK1 

ectodomain for FLS2 fusion 

CM37 AACTCCGGGAATGGAATCGTTTATGTGCCTA

TCAACGCCTCTGATCTAATGGGAAAC 

Forward primer for 

amplification of FLS2 

extracellular stalk and 

transmembrane domain with 

overhang homologues to 

CERK1 

CM55 TGGTGCATTTCCACCATTCGCAGCAAGTAAA

CAAGATGGTGTTG 

Forward primer for 

replacement of CERK1 KS 

with AA 

CM56 CAACACCATCTTGTTTACTTGCTGCGAATGG

TGGAAATGCACCA 

Reverse primer for 

replacement of CERK1 KS 

with AA 

CM57 GAATGGTGGAAATGCACCATTTGG Reverse primer for CERK1 

KS deletion  

CM58 AGAGATCCAAATGGTGCATTTCCACCATTCA

GTAAACAAGATGGTGTTGGTGCTGGAGTTAT

TG 

Forward primer for CERK1 

KS deletion 

CM82 GTAACGCCAGGGTTTTCCCAGTCACGACGG

GCGCGCCCCTGGAGGAGCATAGTGTGATTA

TTTACGAGAGTG 

Forward primer for 

amplification of the XLG2 

promoter with additional 

pRS426 homology and AscI 

site 

CM83 GCGGATAACAATTTCACACAGGAAACAGCG

GATCCTCAAGAGGACGAGCTGGCCTCTATG

CTAGTAG 

Reverse primer for 

amplification of XLG2 with 

additional pRS426 homology 

and BamHI site 
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Table 5 (continued). 

CM92 GGTGAACAGCTCCTCGCCCTTGCTCACCAT

CTTCTTACCCAATCAAGCACACATACAAACC

C 

Reverse primer for 

amplification of XLG2 

promoter with overhang 

homologues to Venus 

CM93 AGGTAATAACTTTCTTATAACTGCAGCCATC

GCTCCAGCGCCCTTGTACAGCTCGTCCATG

CCGAGAGTGATCCC 

Reverse primer for 

amplification of Venus with 

homology to XLG2 with 

additional YAGA linker 

CM94 ATGGCTGCAGTTATAAGAAAGTTATTACCTTT

C 

Forward primer for XLG2 

amplification 

JE23 ATGGTGAGCAAGGGCGAGGAGC Forward primer for Venus 

amplification 

EP209 ACTGCAGGCGCGCCTGGAGGAGCATAGTGT

GATTATTTAC 

 

Forward primer for 

generation of genomic XLG2 

construct for 

complementation containing 

AscI site 

EP210 TGAGCTGGATCCTCAAGAGGACGAGCTGGC

CTCTATG 

Reverse primer for 

generation of genomic XLG2 

construct for 

complementation containing 

BamHI site 

EP314 caccTGGAGGAGCATAGTGTGATTATTTAC Forward primer for 

generation of XLG2-GFP and 

XLG2 E293K-GFP with cacc 

gateway site 

EP315 AGAGGACGAGCTGGCCTCTATGC Reverse primer for 

generation of XLG2-GFP and 

xlg2 E293K-GFP without 

XLG2 stop codon 

Primer used for sequencing 

35S 

GC359 

CTATAAGAACCCTAATTCCCTTATCTG 35S terminator reverse 

CM73 GATTCTGAACTTCGACAAGTCATGAATCTC Forward dCAPS primer 

introducing containing a 

partly XhoI restriction site for 

genotyping xlg2 E293K 

CM75 GTAGTTAAAAATCCTTCAAATTC AGB1 sequencing 

CM76 CAATAAGACCAAACCTATATGTTG AGB1 sequencing 

CM77 GTTCAGGTGATCAAACTTGTATCTTATGGG AGB1 sequencing 

CM78 CTTGCTCGGATTTGAAAACCACTACC AGB1 sequencing 

CM74 CCAATAGTGTCCGGGTTTTAGCTTCTTGG Reverse dCPAPs primer for 

genotyping xlg2 E293K 



Materials and Methods 

35 
 

Table 5 (continued). 

EP164 GACTGGTGATTTTTGCGGACTC 35S terminator reverse 

CM81 CATGAATGTATCTTCACACTAC XLG2 sequencing 

EP219 CCTAACCCGCGTTGACGGCAAG XLG2 sequencing 

EP221 CCGGGAAATAACCAAGCCAGAG XLG2 sequencing 

EP233 AACTGGCAGAGAGAACACAGC XLG2 sequencing 

MS226 GGCGCTTGAGCATTCTTGAACAC XLG2 sequencing 

JH15 CCGGTAAGCATAATATACGATA CERK1 sequencing 

MS122 TCGAAACAGTTCTTGGCGGAAC CERK1 sequencing 

MS148 TGGACCTACCTTTCACAGCATTTC PAD4 sequencing 

MS149 ACGGACGTGATGGCATACAAAC  PAD4 sequencing 

MS150 CCACCATTTGGAATATGTCATTG PAD4 sequencing 

MS151 ACGCCACTTGTGTCATCGTTAGAG PAD4 sequencing 

MS152 CACCGAGGAACATCAGAGGTACG PAD4 sequencing 

MS153 ACATGAGAAACTCTTTGCACATTG PAD4 sequencing 

MS154 GCTACATCAGTCCCCTATTTATATC SID2 sequencing 

MS155 CCTTGCCTTTACAACAAATTGG SID2 sequencing 

MS156 TAGTGTGGCCATGCTAAG SID2 sequencing 

MS157 AAGACCTACCGTGTTTCC SID2 sequencing 

MS158 TGGCTAGCACAGTTACAG SID2 sequencing 

MS159 AGGTCCCGCATACATTCCTCTATC SID2 sequencing 

MS160 ATTGGCTGCTCTGCATCCAAC SID2 sequencing 

MS161 AAAGGCCCAAGCATTCTACGG SID2 sequencing 

MS164 GTCTCCAATAGCCAAAGAGTC EDS1 sequencing 

MS165 GCAAGAACATGAGGCAAAG EDS1 sequencing 

MS166 AATGGAGCCGGTTCTTTGTG EDS1 sequencing 

MS167 GCTCAACTAATCTGCGGTATCG EDS1 sequencing 

MS168 CGAGGTGCTTGGTTTAATG EDS1 sequencing 

MS169 TAGTGCTCCGTTTGGTTAG EDS1 sequencing 

UL154 TCTTCTTCCCCACAGAGCAACGACG CERK1 sequencing 

UL166 TTCCAGGCACATAAACGATTCC CERK1 sequencing 

UL167 TTACGTATCCGCTTCGTCCTGAAG CERK1 sequencing 

Primer used for semi-quantitative RT-PCR 

EP13 AGACTCATACACTCTGGTGGGCCTT PR1 fw 

EP14 CGTCCTTTATGTACGTGTGTATGCA PR1 rev 

EP15 TAATCATCATGGCTAAGTTTGCTTC PDF1.2 fw 

EP16 GCATGTCATAAAGTTACTCATAGAGTG PDF1.2 rev 

Act fw TGCGACAATGGAACTGGAATG Actin fw 

Act rev GGATAGCATGTGGAAGTGCATAC Actin rev 
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2.1.7 Enzymes 

2.1.7.1 Restriction endonucleases 

Restriction endonucleases were obtained from New England BioLabs (Frankfurt/Main, 

Germany) or Thermo Scientific™ (Life Technologies GmbH, Darmstadt, Germany) and were 

used according to the manufacturer’s manual. 

2.1.7.2 Nucleic acid modifying enzymes 

Homemade Taq polymerase was used for colony and genotyping PCRs. For cloning, iProof 

High-Fidelity DNA Polymerase (BioRad, München, Germany) was used. 

2.1.8 Chemicals 

Chemicals were obtained from Bio-Rad (Munich, Germany), Difco (Heidelberg, Germany), 

Duchefa (Haarlem, Netherlands), Thermo Scientific
TM

 (Waltham, USA), GE Healthcare 

(Munich, Germany), Macherey Nagel (Düren, Germany), Merck (Darmstadt, Germany), New 

England BioLabs (NEB) (Frankfurt/Main, Germany), Roche (Mannheim, Germany), Roth 

(Karlsruhe, Germany), Serva (Heidelberg, Germany), Sigma-Aldrich (Deisenhofen, 

Germany) or VWRTM (Darmstadt, Germany). 

2.1.8.1 Antibiotics 

The following antibiotic stock solutions were used. Stock solutions were filter sterilized and 

stored at -20 °C. For the final working concentration, stocks were used at a dilution of 

1:1000. 

 

Ampicillin 100 mg/ml in ddH2O 

Gentamycin 15 mg/ml in ddH2O 

Phosphinothricin 25 mg/ml in ddH2O 

Rifampicin  20 mg/ml in methanol 

Spectinomycin 100 mg/ml in ddH2O 

Tetracyclin 5 mg/ml in ethanol  
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2.1.8.2 Media 

Media were sterilized by autoclaving at 121 °C for 20 minutes. Antibiotics were added after 

media were cooled down. The following media were used in this work: 

 

½ Murashige and Skoog (MS) medium  

MS powder: 2.2  g/l 

Sucrose: 0.5 % 

The pH was adjusted to pH 5.7 with KOH. For ½ MS plates, 4.5 g/l plant agar were added. 

Phosphinothricin (25 µg/µl) was added for selection of transgenic plants expressing 

phosphinothricin acetyltransferase (PAT) conferring BASTA resistance.  

 

Lysogeny broth (LB) medium: 

Peptone: 10 g/l 

Yeast extract:   5 g/l 

NaCl: 10 g/l 

For LB agar plates, 1.5 % (w/v) bacterial grade agar was added before autoclaving. 

 

Yeast extract-peptone dextrose (YPD) medium: 

Yeast extract: 10 g/l 

Peptone:   20 g/l 

Glucose 20 g/l 

For YPD agar plates, 1.5 % (w/v) bacterial grad agar was added before autoclaving. 

 

Synthetic complete (SC) medium (-Uracil, +Glucose): 

Yeast nitrogen base (YNB)  

w/o amino acids:  13.4 g/l (2x) 

Amino acid drop-out mix (-Ura): 4.0 g/l (2x) 

Adjust to ph 5.6 with NaOH   

Agar: 40.0 g/l (2x) 

 

Glucose: 

 

40.0 

 

g/l (2x) 

Glucose was prepared and autoclaved separately from the remaining components. After 

autoclaving, the glucose solution and the medium prepared with the other components were 

mixed in a 1:1 ratio before pouring plates.  
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2.1.8.3 Buffers and solutions 

Buffers and solutions used in this work are listed in Table 6. Ultra-pure water was used for 

the preparation of all buffers and solutions. Sterilization was either carried out by autoclaving 

at 121 °C for 20 minutes or by filter-sterilization. 

 

Table 6. Buffers used in this study. 

Buffer for bacterial infiltration 

Agrobacterium 

Infiltration medium 

MgCl2 

Acetosyringone 

10 mM 

150 µM 

PCR and gel electrophoresis 

TAE (50x) Tris base 

Glacial acetic acid 

EDTA (0.5 M; pH 8.0) 

242 g/l 

51.1 ml/l 

100 ml/l 

Homemade Taq buffer 

(10x) 

Tris 

KCl 

MgCl2 

Triton X-100 

Adjust to pH 9.0 

100 mM 

500 mM 

15 mM 

1 % 

 

TE buffer Tris-HCl, ph 8.0 

EDTA 

2 M 

1 mM 

DNA loading dye (6x)  

 

Sucrose 

EDTA (0.5M) 

Bromophenol blue 

Add ddH2O to 10 mL 

4 g 

2 ml 

25 mg 

 

Extraction of genomic DNA 

Extraction buffer Tris-HCl, pH 7.5 

NaCl 

EDTA 

SDS 

0.2 M 

1.25 M 

25 mM 

0.5 % 

Plasmid preparation (alkaline lysis) 

P1 buffer Tris-HCl, pH 8.0  

EDTA, pH 8.0 

RNase A (DNase free) 

Storage at 4 % after RNase A addition 

50 mM 

10 mM 

100 µg/µl 

 

P2 buffer NaOH 

SDS 

200 mM 

1 % 

P3 buffer KOAc 

Acetic acid 

 

 

 

 

3 M 

2 M 
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Table 6 (continued). 

Buffers for preparation of chemically competent E.coli cells 

CCMB80 buffer KOAc pH 7.0 

CaCl2  

MnCl2 

MgCl2 

Glycerol 

Adjust to pH 6.4 

Filter sterilze before use 

10 mM 

80 mM 

20 mM 

10 mM 

10% (v/v) 

 

 

Buffers for cloning by homologous recombination in yeast 

Li-PEG buffer Lithium acetate 

Tris-HCl, pH 8.0 

EDTA, pH 8.0 

PEG 4000 

Autoclave before use 

100 mM 

10 mM 

1 mM 

50 % (w/v) 

 

SORB buffer Lithium acetate 

Tris-HCl, pH 8.0 

EDTA, pH 8.0 

Sorbitol 

Autoclave before use 

100 mM 

10 mM 

1 mM 

1 M 

 

Solutions for mass spectrometry analysis 

 Ammonium bicarbonate (ABC) 100 mM 

 Iodoacetamide (IAA) 500 mM 

 D-1,4-dithiothreitol 100 mM 

ABC/DTT solution mix 1 vol DTT with 4 vol of ABC  

 NaCl 625 mM 

 Tris-HCl pH 8.0 100 mM 

 Ammonium formate (AF) pH 10 20 mM 

Trypsin stock solution 

 

Trypsin 

HCl (MS grade, Promega, Madison, USA) 

100 ng/µl  

10 mM 

Protein extraction, SDS PAGE and Immunoblotting 

CERK1 extraction buffer Sucrose 

HEPES-KOH, pH 7.5 

Glycerol 

Na4P2O7 

Na2MoO4 

NaF 

EDTA 

DTT 

Triton X-100 

Add PIC (1:100) prior to use 

 

 

 

250 mM 

100 mM 

5 % (v/v) 

50 mM 

1 mM 

25 mM 

10 mM 

1 mM 

0.5 % (v/v) 
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Table 6 (continued).   

Protease inhibitor 

cocktail (PIC, 100x) 

4-(2-aminoethyl)benzenesulfonyl fluoride 

hydrochloride (AEBSF)  

Bestatin hydrochloride  

Pepstatin A  

Leupeptin hemisulfate  

E-64 (trans-epoxysuccinyl-L-leucylamido-

(4-guanidino)butane)  

Phenanthroline (1, 10-phenanthroline 

monohydrate)  

DMSO 

1 g 

 

5 mg 

10 mg 

100 mg 

10 mg 

 

10 g 

 

Ad 2 ml 

SDS sample 

Buffer (4x) 

Tris-HCl, pH 6.8 

DTT 

SDS 

Glycerol 

Bromophenol blue 

200 mM 

400 mM 

8 % 

40 % 

0.1 % 

Stacking gel Tris-HCl, pH 6.8 

SDS 

acrylamide/bis-acrylamide, 37.5:1  

125 mM 

0.1 % 

5 % 

Resolving gel  

(8 %) 

Tris-HCl, pH 8.8 

SDS 

acrylamide/bis-acryladmide, 37.5:1 

375 mM 

0.1 % 

8 % 

Resolving gel  

(10 %) 

Tris-HCl, pH 8.8 

SDS 

acrylamide/bis-acryladmide, 37.5:1 

375 mM 

0.1 % 

10 % 

Stacking gel  

buffer 

Tris-HCl, pH 6.8 

SDS 

150 mM 

0.12 % 

Resolving gel  

buffer (8 %) 

Tris-HCl, pH 8.8 

SDS 

525 mM 

0.14 % 

Resolving gel  

buffer (10 %) 

Tris-HCl, pH 8.8 

SDS 

575 mM 

0.15 % 

Mixtures for frequent use in SDS-PAGE and Immunoblotting 

Stacking gel  

buffer 

Tris-HCl, ph 6.8 

10 % SDS 

H2O 

125 mM 

3.06 ml 

208.36 ml 

Resolving gel  

buffer (8 %) 

1 M Tris, pH 8.8 

10 % SDS 

H2O 

130.9 ml 

3.46 ml 

115.64 ml 

Resolving gel  

buffer (10 %) 

1 M Tris, pH 8.8 

10 % SDS 

H2O 

 

 

 

143.6 ml 

3.79 ml 

102.53 ml 
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Table 6 (continued).   

Stacking gel 

(per gel) 

Stacking gel buffer 

30% acrylamide/bis-acrylamide, 37.5:1  

TEMED 

10% APS 

4.08 ml 

0.83 ml 

0.025 ml 

0.0025 ml 

Resolving gel (8 %) 

(per gel) 

Resolving gel buffer (8 %) 

30% acrylamide/bis-acrylamide, 37.5:1  

TEMED 

10% APS 

7.2 ml 

2.7 ml 

0.1 ml 

0.006 ml 

Resolving gel 10 % 

(per gel) 

Resolving gel buffer (10 %) 

30 % acrylamide/bis-acrylamide, 37.5:1  

TEMED 

10 % APS 

 

 

6.6 ml 

3.3 ml 

0.1 ml 

0.004 ml 

 

 

SDS running  

Buffer (10x) 

Tris 

Glycine 

SDS 

30.28 g/l 

144.13 g/l 

10 g/l 

Transfer buffer 

(20x) 

Tris 

Boric acid 

Adjust pH to 8.3 

1 M 

1 M 

 

TBS-T (20x) NaCl 

Tris-HCl, pH 8.0 

Tween-20 

3 M 

200 mM 

1 % 

Alkaline phosphatase 

(AP) buffer 

Tris, pH 9.5 

NaCl 

MgCl2 

100 mM 

100 mM 

50 mM 

Staining solution for 

PVDF membranes 

Methanol 

Acetic acid 

Coomassie R250 

45 % (v/v) 

10 % (v/v) 

0.05 % (w/v) 

Destaining solution for 

PVDF membranes 

Methanol 

Acetic acid 

Add H2O 

45 % (v/v) 

10 % (v/v) 

 

Buffer stocks were diluted to 1x with ddH2O before use 

2.1.8.4 Antibodies 

The following table lists the antibodies used in this work. Antibodies were aliquoted and 

stored at -80 °C. Aliquots in use were stored at 4 °C. Secondary antibodies are conjugated to 

alkaline phosphatase (AP). 
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Table 7. Antibodies used in this study. 

Antibody Source Dilution Reference 

α-CERK1 Rabbit, polyclonal 1:3000 Eurogentec Deutschland 

GmbH,Köln, Germany 

α-GFP Rat, monoclonal 1:3000 Chromotek GmbH, Planegg-

Martiensried, Germany 

α-FLS2 Rabbit, polyclonal 1:10000 Agrisera, Vännäs, Sweden 

α-BRI1 Rabbit, polyclonal 1:5000 Agrisera, Vännäs, Sweden 

α-Rabbit 

(AP conjugated) 

Goat, polyclonal 1:5000 Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany 

α-Rat 

(AP conjugated) 

Rabbit, polyclonal 1:5000 Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany 

 

2.2 Methods 

2.2.1 Plant methods  

2.2.1.1 Plant cultivation 

Seeds were frozen (-20 °C, 2-3 days) to eliminate potential pest contaminations before they 

were sown. The seeds were placed directly on damp soil (Frühstorfer Erde, Type T25, Str1, 

Archut) which was steam-sterilized before it was filled into plant pots. To promote 

germination, the pots were covered with a transparent lid and transferred to growth 

chambers (Johnson Controls, Milwaukee, WI, USA) with short day (SD) conditions (8 h light, 

22 °C, 140 mol m-2 sec-1, 65 % rel. humidity). After germination, lids were removed. To 

induce flowering, plants were transferred to long day (LD) conditions (16 h light, 22 °C, 140-

160 μmol m-2 sec-1, 65 % rel. humidity). 

Nicotiana benthamiana seeds were treated as described for Arabidopsis. However,  

Nicotiana seeds were immediately placed under LD conditions (16 h light, 26 °C, 200 μmol 

m-2 sec-1, 65 % rel. humidity) to ensure rapid growth. 

For in-vitro cultivation of plants, Arabidopsis seeds were placed in reaction tubes and 

washed with 70 % ethanol three times in a sterile hood. During these washing steps, 

reactions tubes were inverted several times to ensure proper washing of the seeds. Ethanol 

was removed between each washing step. After that, a final washing step with 96 % ethanol 

was performed. Tubes were put on a tube rack to allow sinking of the seeds. Ethanol was 
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removed and seeds were put on a Whatman® paper placed in a petri dish to allow 

evaporation of the ethanol.  

2.2.1.2 Crossing of Arabidopsis thaliana plants 

For crossing of Arabidopsis plants, carpels of closed buds were uncovered by removing all 

other parts of the flowers using magnifying glasses and fine tweezers. Stamina of the donor 

line (male parent) were collected and used to pollinate the stigmas of the receptor line 

(female parent). Crossings were performed both ways, with each of the parental lines being 

acceptor and donor to exclude effects of the respective parental genotypes.  

2.2.1.3 Stable transformation of Arabidopsis thaliana (floral dip) 

The generation of stably transformed Arabidopsis plants was performed by the ‘floral dip’ 

method (Clough & Bent, 1998). To induce flowering, Arabidopsis plants were transferred 

from SD to LD conditions. To induce the growth of additional shoots, the first developed 

apical meristem was removed. Transformed Agrobacterium tumefaciens strains were grown 

(28 °C) in 5 ml LB containing the appropriate antibiotics overnight. This culture was used to 

inoculate 300 ml LB containing appropriate antibiotics which were incubated at 28 °C with 

shaking for 1-2 days until the culture reached an OD600 > 1.6. Agrobacterium cells were 

pelleted (4000 xg, 20 min, RT) and resuspended in 300 ml 5 % glucose containing 0.05 % 

Silwet-77. Plants were then dipped into the Agrobacteria solution until the inflorescence was 

completely submerged. This was repeated 2 - 3 times. Plants were then transferred to a 

plastic bag to ensure high humidity and were kept in the laboratory over night. The next day, 

the plastic bag was removed and plants were transferred back to the growth chamber (LD 

conditions). 

2.2.1.4 Transient transformation of Nicotiana benthamiana 

Transformed Agrobacterium tumefaciens strains were used to inoculated 5 ml LB containing 

the appropriate antibiotics and were grown at 28 °C overnight. Cells were pelleted (4000 xg, 

20 min, RT) and resuspended in 1 ml infiltration buffer. OD600 was measured and cultures 

were diluted to an OD600 of 0.4. Cultures were left on the bench for several hours before use. 

4 week old Nicotiana benthamiana plants were watered several hours before use and placed 

on the bench covered by a lid to increase humidity. A 1 ml needle-less syringe was used to 

infiltrate whole leaves and infiltrated areas were marked. Plants were transferred back to the 
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growth chamber (LD conditions). After 2 – 3 days, samples for protein extraction were taken 

or leaves were analyzed by confocal laser scanning microscopy. 

2.2.1.5 Selection of transgenic Arabidopsis plants on soil 

Surface-sterilized T1 seeds were sown densely on damp soil and covered with a plastic lid. 

After germination, seedlings were sprayed with a 1:1000 diluted herbicide BASTA® (200 g/l 

glufosinate [phosphinothricin ammonium] solution, Bayer CropScience AG, Monheim, 

Germany) every two days for a total of three times. The surviving and therefore transformed 

plants were transferred into single pots. 

2.2.1.6 In-vitro selection of transgenic Arabidopsis plants   

To select or analyse the segregation pattern of transgenic Arabidopsis plants, ethanol 

sterilized seeds were spread sparsely on ½ MS plates containing 25 µg/ml phosphinothricin. 

Plants were grown under SD conditions until a clear difference between resistant and non-

resistant plants became visible. Resistant plants were transferred onto soil for further 

propagation. 

2.2.1.7 Chitin treatment of Arabidopsis plants 

For investigation of the chitin-induced band-shift of CERK1, 2-6 Arabidopsis leaves were 

collected and divided into two 15 ml falcons, one half for mock treatment and the other half 

for chitin treatment. The leaves were fully covered with water. 10 mg Polymeric chitin (shrimp 

shell chitin) were transferred to a 1 ml reaction tube. 100 µl H2O were added and the mixture 

was ground until no chitin chunks were visible anymore. 900 µl H2O were added to reach a 

final stock concentration of 10 mg/ml. Chitin was then added to one half of the samples to a 

final concentration of 100 µg/ml. The falcons were then placed in a desiccator and a vacuum 

was applied for 5 minutes. Vacuum was released leading to leaf infiltration. Leaves were 

incubated for 12 minutes and then blotted on paper tissue for drying. The leaves were 

transferred to 1.5 ml reaction tubes, frozen in liquid nitrogen and stored at -80 °C.  

2.2.1.8 Cultivation and inoculation of Blumeria graminis f.sp. hordei 

Cultivation of the obligate biotrophic ascomycete Blumeria graminis f.sp. hordei (Bgh) was 

performed on barley plants (Hordeum vulgare cv. Golden Promise) under short day 
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conditions (16 h light, 22 °C, 140-160 μmol m-2 sec-1, 65 % rel. humidity) in a growth cabinet 

(CLF Plant Climatics, Wertingen, Germany). 6 day old barley plants were inoculated with 

Bgh spores formed on older infected barley plants. After one week, they were ready to be 

used for inoculation of Arabidopsis plants. For phenotype investigation of cerk1-4 and cerk1-

4 suppressor lines, 5 – 6 week old plants were placed in an inoculation tower and were 

inoculated evenly by shaking the infected barley plants over the tower. For macroscopical 

analysis, plants were photographed 7 days after infection. 

2.2.2 Biochemical methods 

2.2.2.1 Protein extraction 

2.2.2.1.1 Standard preparation of total protein extracts 

 

50 – 100 mg plant material were harvested in a 1.5 ml reaction tube and frozen in liquid 

nitrogen. A spatula of quartz sand and 300 µl CERK1 extraction buffer were added. A drill 

equipped with a glass pistel (IKA-Werke GmbH & Co. KG, Staufen, Germany) fitting 1.5 ml 

tubes was used to grind the plant material thoroughly. Afterwards, additional 700 µl of 

CERK1 extraction buffer were added and samples were centrifuged to sediment cell debris 

(15 min, 17000 xg, 4 °C). The supernatants were transferred to new reaction tubes and kept 

on ice. Protein concentrations were measured by the Bradford method (2.2.2.4) and were 

adjusted to the concentration of the lowest sample using CERK1 extraction buffer. For 

immunoblotting, equalized samples were mixed with 4x SDS loading dye and stored at -20°C 

until use. 

2.2.2.1.2 Preparation of total protein extracts with SDS 

To extract proteins that are not sufficiently soluble in CERK1 extraction buffer and/or prevent 

any degradation processes during extraction, proteins were extracted with 2x SDS loading 

dye. This method excludes determination of protein concentrations. Therefore, a defined 

amount of thoroughly ground plant material was transferred to a reaction tube. 200 µl 2x SDS 

buffer were added per 100 mg plant material. A spatula of quartz sand was added and 

samples were ground with a glass pistil. Samples were centrifuged (10 min, 17000 xg, RT) 

and supernatants were transferred to new reaction tubes and stored at -20 °C until use in 

immunoblots. 
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2.2.2.2 Chitin pull-down 

Chitin pull-downs were performed to enrich chitin-binding proteins from protein extracts. 

Therefore, chitin magnetic beads (NEB, Frankfurt/Main, Germany) were washed three times 

and finally resuspended in ultra-pure H2O. 20 µl chitin beads were added to protein extracts 

containing 1 – 1.5 mg total protein. Samples were then incubated on a wheel for 45 minutes 

at 4 °C. Reaction tubes were then transferred to a magnet rack to pellet chitin magnetic 

beads. The supernatants were discarded and the beads were washed with 1 ml ice-cold 

TBS-T. This step was repeated twice. A last washing step was performed using ice-cold 

ultra-pure water. Samples were centrifuged (1 min, 10000 xg, 4 °C) to collect residual water 

at the bottom of the reaction tubes. The reaction tubes were transferred to a magnet rack 

and water was removed using a pipette. 20 µl 1.5x SDS sample buffer were added and 

samples were centrifuged to mix beads with SDS buffer. Samples were then stores at -20 °C. 

2.2.2.3 Microsomal preparation 

As a first step, a protein extract was prepared with CERK1 extraction buffer without Triton X-

100. For small scale preparations, the extraction was performed with a glass pistil as 

described in Chapter 2.2.2.1.1. For larger scale microsomal preparations, the plant material 

was ground to a fine powder with mortar, pestle and quartz sand under liquid nitrogen. Then 

the CERK1 extraction buffer lacking Triton X-100 was added at 2-3 ml per g plant material. 

Sedimentation of cell debris was performed at 2000g at 4 °C for 5 minutes. 60 µl of 

supernatant were taken as total protein extract and mixed with 4x SDS buffer. The remaining 

supernatant was transferred to ultracentrifugation tubes (Eppendorf, Hamburg, Germany) 

and centrifuged at 100000 xg in a Sorvall ultracentrifuge (Thermo Scientific™, Waltham, 

USA) for 1 hour at 4 °C. The supernatant was collected. Soluble proteins can be found in this 

fraction. The remaining pellet was washed with CERK1 extraction buffer without Triton-X 100 

and was centrifuged again (1 h, 100000 xg, 4 °C). The final pellet was resuspended with 

CERK1 extraction buffer containing Triton-X 100 to dissolve membrane bound proteins 

(microsomal fraction). The microsomal fraction was transferred to new 1.5 ml reaction tubes. 

The protein concentration of microsomal and soluble fractions was determined by the 

Bradford method. The fractions were then either used for chitin pull downs or mixed with 4x 

SDS loading dye and stored at -20 °C until further use. 
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2.2.2.4 Determination of protein concentration by the Bradford method 

In order to determine the protein concentration of extracts, a method based on (Bradford, 

1976)) was used. A calibration curve using determined concentrations of bovine serum 

albinum (BSA) was generated. For this, 0 µl, 3 µl, 7 µl, 10 µl and 15 µl of a 1 mg/ml BSA 

solution was pipetted into cuvettes. 1 ml Bradford solution (Roti®-Quant, Roth, Karlsruhe, 

Germany) (diluted 1:5 with H2O) was added and incubated for 5 minutes at room 

temperature. Absorbance at 595 nm was measured using a WPA Biowave II photometer 

(Biochrom, Berlin, Germany). The absorption was plotted against the protein concentration to 

generate the calibration curve. Samples (typically 3 µl) were pipetted in duplicate into 

cuvettes, 1 ml Bradford solution was added and after 5 min of incubation, absorption was 

measured at 595 nm. The calibration curve was used to calculate the protein concentrations 

of each sample. 

2.2.2.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins were separated according to their molecular mass by SDS-PAGE. The Mini-

PROTEAN 3 system (BioRad, Munich, Germany) was used for casting of discontinuous gels. 

The system was assembled according to manufacturer’s instructions. Resolving gels 

containing 8 % or 10 % acryl amide were poured between two glass plates spaced 1.5 mm 

apart and overlaid with isopropanol to remove air bubbles. After polymerization, isopropanol 

was removed and the stacking gel was poured on top of the resolving gel and a comb for 

formation of samples pockets was inserted. After the gels were completely polymerized, they 

were either used directly or wrapped in damp paper tissue and stored in plastic bags at 4 °C. 

Gels were placed in a PROTEAN 3 vertical gel chamber which was filled with 1x SDS 

running buffer. The comb was removed and gel pockets were rinsed with running buffer. 

Samples were mixed with SDS sample buffer and boiled at 95 °C for 3 minutes. Samples 

were then loaded in the sample pockets. PageRulerTM Prestained Protein Ladder Plus 

(Thermo Scientific™, Waltham, USA) was used as size standard. SDS PAGE was then 

performed at 30 mA until the desired separation was achieved. Gels were then used for 

immunoblot analysis (2.2.2.6). 

2.2.2.6 Immunoblotting 

For the transfer of proteins from a SDS-polyacrylamide gel to a PVDF membrane, the Mini 

Trans-Blot® system (BioRad, Munich, Germany) or Trans-Blot® system (BioRad, Munich, 



Materials and Methods 

48 
 

Germany) was used, depending on the number of gels to be blotted. The glass plates 

containing the SDS-gel were disassembled and the stacking gel was removed. Next, 

sponges and Whatman paper were thoroughly soaked in blotting buffer and a “sandwich” 

was assembled on the the cathode side of the blotting cassette. First, a sponge was placed 

on the cassette, followed by layers of Whatman® paper. The resolving gel was then placed 

on the Whatman® paper and a methanol-activated PVDF membrane was arranged on top of 

the gel. After adding another Whatman® paper and sponge, air bubbles were removed by 

rolling with a 50 ml tube. Then the blotting cassette was closed and  placed into the blotting 

tank (BioRad, Munich, Germany) which was then filled to the  

top with 1x blotting buffer. Blotting was carried out at 75 V for 2 hours. The blotting cassettes 

were disassembled and PVDF membranes were incubated in 1x TBS-T containing 3 % milk 

powder for 1 hour to block unspecific binding sites. After blocking, membranes were 

incubated with primary antibody solution (primary antibody diluted in 1x TBS-T containing 3 

% milk powder) and were incubated over night at 4 °C with shaking. The next day, 

membranes were washed 5 times for at least 10 minutes with 1x TBS-T containing 3 % milk 

powder. Membranes were then incubated with secondary antibody (secondary antibody 

diluted in 1x TBS-T containing 3 % milk powder) solution for 2 hours at room temperature. 

Membranes were washed 5 times for at least 10 minutes with 1x TBS-T. Afterwards, 

membranes were incubated for 10 minutes in AP buffer. Membranes were then incubated 

with Immun-Star™ AP substrate (BioRad, Munich, Germany) for 5 minutes and then placed 

in a plastic bag, which was subsequently transferred to an exposure cassette. The 

membranes were then exposed to an X-ray Screen Film Blue Sensitive (CEA, Hamburg, 

Germany) to detected chemiluminescence. 

To enhance signal intensity and reduce background signals of GFP-immunoblots, the 

SuperSignalTM Western Blot Enhancer (Thermo Scientific™, Westham, USA) was used 

according to manufacturer’s instructions. 

2.2.2.7 Coomassie staining of PVDF membranes 

For visualization of total protein content, PVDF membranes were stained with Coomassie 

Brilliant Blue. Membranes were placed in a plastic box and incubated with staining solution 

until they were fully stained. Staining solution was decanted and membranes were rinsed 

with water. To remove background staining membranes were incubated with destaining 

solution until only stained protein bands remained. The staining solution was removed, 

membranes were rinsed with water and placed on a paper tissue under a fume hood to dry. 
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2.2.2.8 Mass spectrometry analysis 

Mass spectrometry analysis (Sample preparation and LC-ESI-MS analysis) were performed 

by Dr. Andrzej Majcherczyk (Georg-August University of Göttingen) according to the 

following protocol (provided by Dr. Andrzej Majcherczyk). Data analysis was performed by 

Christopher Meusel. 

 

Sample preparation 

Samples from Arabidopsis cell culture supernatants and Arabidopsis apoplastic wash fluids 

in 15 ml Falcon-tubes were frozen at -80 °C and freeze-dried for about 5 days at -30 °C. Dry 

samples were re-dissolved in 80 µl ABC/DTT, centrifuged at 2000 rpm for 3 minutes and 75 

µl liquid was transferred to a new 1.5 ml reaction tube. 75 µl of TFE were added to extract 

proteins and precipitate polysaccharides. Samples were shaken for 15 minutes, sonicated for 

5 minutes, shaken for 15 minutes again and incubated for 30 minutes at 60 °C. After 

centrifugation for 10 minutes (16000 xg), 100 µl supernatant were carefully collected into a 

new 1.5 ml LoBind tube (Eppendorf, Hamburg, Germany) Proteins were alkylated with IAA (5 

µl IAA stock solution) in dark for 30 minutes and thereafter diluted with 50 µl water. 

Protein purification was performed by chloroform/methanol precipitation according to Wessel 

and Fluegge (1984). Protein precipitates were suspended in 50 µl Tris-HCl pH 8.0 by careful 

sonication for about 3 minutes and 5 µl trypsin stock solution were added to each sample 

(protein to trypsin ratio was about 1:100). Protein digestion was performed overnight at 37 °C 

in a water bath. 

Thereafter, the digestion was stopped by addition of 20 µl of 20 mM AF (pH 10) and samples 

were vortexed and centrifuged for 20 minutes at 16000 xg. 60 µl of peptide solutions were 

immediately purified by StageTips (Rappsilber et al., 2007) prepared from 3 layers of 3M-

C18 filter (3M, Minnesota, USA). Purification was performed with 20 mM AF pH 10 and 

peptides eluted with 60 % acetonitrile (Ultima LC-MS grade, Fisher Scientific, Schwerte, 

Germany) in 20 mM AF buffer. After drying for 10 minutes in vacuum, concentrated peptides 

were stored at -20 °C or immediately dissolved in 2 % acetonitrile in water with 0.1 % formic 

acid (all solvents were Ultima LC-MS quality) and analyzed by LC-ESI-MS. Peptide 

concentration was measured by Micro-BCA (Thermo Scientific™, Waltham, USA) method 

using BSA-digest as calibration standard. 

 

LC-ESI-MS analysis 

Peptides were analyzed by trap & elute mode (Eksigent 420, Sciex, Framingham, USA) 

using 2.5 cm (Ø 100 µm) pre-column packed with 5 µm Reprosil-Pur C18-AQ (Dr. Maisch 

GmbH, Ammerbuch, Germany) and 30 cm (Ø 50 µm) analytical column packed with 3 µm 
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Reprosil-Gold C18. Peptide samples (5µl corresponding to 0.1 - 0.2 µg) were separated in a 

gradient mode at 260 nl/minute solvent flow. Solvent A consisted of 100% water with 0.1% 

formic acid and solvent B of 100% acetonitrile with 0.1% formic acid. Peptide elution from the 

analytical column was performed in a gradient of solvent B: initially 5%, 100 minutes to 35 %, 

20 minutes to 50 % and 2 minutes to 95 %. 

Mass spectrometry system consisted of Hybrid Quadrupole-TOF LC/MS/MS Mass 

Spectrometer TripleTOF 5600+ (Sciex, Framingham, USA), nano-spray source Nanospray III 

(Sciex, Framingham, USA) and Analyst 1.7 software (Sciex, Framingham, USA). MS spectra 

in a positive mode were detected in a range of 300 to 2000 Da and 30 most intensive ions 

with charge 2+ to 5+ were fragmented in a MS/MS mode. Analysis of MS spectra and protein 

identification was performed by ProteinPilot 5.0 (Sciex, Framingham, USA), and database 

consisted of Arabidopsis TAIR10 (https://phytozome.jgi.doe.gov) protein sequences 

combined with a common contaminants dataset (Sciex, Framingham, USA). 

Carbamidomethylation of cysteine and trypsin cleavage were set as fixed modifications and 

searches were performed in FDR mode with thorough settings including biological 

modifications and amino acid substitutions. 

 

Data analysis 

Data obtained by mass spectrometry was analyzed using ProteinPilot 5.0 (Sciex, 

Framingham, USA) and Microsoft Excel 2007 (Microsoft, Redmond, USA). Only proteins 

were considered of which at least 2 peptides were found and which had an unused score of 

at least 2.  

2.2.3 Molecular biology methods 

2.2.3.1 Preparation of genomic DNA from Arabidopsis leaves 

One small Arabidopsis leaf was harvested and transferred to a 1.5 ml reaction tube. 300 µl 

warm extraction buffer were added and a plastic pistil driven by an IKA drill (IKA-Werke 

GmbH & Co. KG, Staufen, Germany) was used to disrupt the plant tissue. The sample was 

centrifuged (5 min, 17000 xg, RT) and the resulting supernatant was transferred to a new 

reaction tube which was filled with 300 µl isopropanol. After mixing by pipetting up and down 

the sample was incubated for 5 minutes at room temperature. After an additional 

centrifugation step (5 min, 17000 xg, RT) the supernatant was carefully and completely 
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removed and the pellet was air-dried. The pellet was resuspended in 50 µl H2O and stored at 

-20 °C. 

2.2.3.2 Preparation of total RNA from Arabidopsis leaves 

Arabidopsis leaf material was harvested and ground to a fine powder a TissueLyser LT 

(Qiagen, Hilden, Germany). 70 – 100 mg powder were transferred to a reaction tube. For 

extraction of total RNA, the innuPREP Plant RNA kit (Analytik Jena, Jena, Germany) was 

used according to the manufacturer’s instructions. RNA extraction in the present study was 

performed using the lysis buffer RL. RNA quality was checked on a 1 % agarose gel. 

Therefore, 3 µl total RNA were mixed with 7 µl H2O and 2 µl 6x loading dye. RNA 

concentration was then measured using the TECAN Infinite® 200 PRO NanoQuant plate 

reader (2.2.3.10) and samples were then adjusted to the lowest RNA concentration using 

RNase free H2O. 

2.2.3.3 Plasmid preparation from E.coli 

Plasmid preparation was performed according to the protocol of alkaline lysis (Birnboim & 

Doly, 1979). Single E.coli colonies were inoculated in 3 ml LB containing the appropriate 

antibiotics and grown overnight at 37 °C. Cells were pelleted by centrifugation (1 min, 17000 

xg, RT). The supernatant was discarded and the pellet was resuspended in 200 µl P1 buffer. 

200 µl P2 buffer were added and mixed by inverting the tube. The preparation was incubated 

for 3 minutes. 200 µl P3 buffer were added and the reaction was inverted several times until 

a white precipitate formed. After centrifugation (10 min, 17000 xg, RT), the supernatant was 

transferred to a new reaction tube and mixed with 1 ml 96 % Ethanol. The mixture was 

centrifuged (10 min, 17000 xg, RT) and the supernatant was discarded using a pipette. The 

remaining pellet was washed with 70 % ethanol and a last centrifugation step was performed 

(5 min, 17000 xg, RT). Residual ethanol was removed and the pellet was air dried. 

Subsequently, the pellet was resuspended in 30 – 50 µl ddH2O and stored at -20 °C. 

2.2.3.4 Plasmid preparation from S. cerevisiae 

S.cerevisae colonies were washed from plates using 1 ml H2O and a pipette tip and were 

transferred to a reaction tube. Cells were pelleted by centrifugation (5 min, 4000 xg, RT) and 

resuspended in 200 µl P1 buffer from the QIAGEN® Plasmid Midi Kit (art.nr. 12145). 0.3 g 

glass beads (425 - 600 micron) were added and the mixture was shaken on a Vibrax VXR 
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basic (1500 rpm, 15 min) (IKA-Werke GmbH & Co. KG, Staufen, Germany). Subsequently, 

glass beads were pelleted by centrifugation (5 min, 4000 xg, RT). The next steps were 

performed according to the manufacturers’ manual of the QIAGEN® Plasmid Midi Kit. 

2.2.3.5 Synthesis of cDNA 

For expression analysis, cDNA was synthesized from RNA samples using the RevertAid™ H 

Minus First Strand cDNA Synthesis kit (Thermo Scientific™, Westham, USA) according to 

manufacturer’s instructions. 1 - 4 µg total RNA were used and cDNA synthesis was 

performed at 42 °C for 60 minutes. The synthesis reaction was terminated by incubation at 

70°C for 10 minutes. The generated cDNA was diluted (1:5) with water and directly used for 

RT-PCR (2.2.3.7) or stored at -20 °C. 

2.2.3.6 Polymerase chain reaction (PCR)  

To amplify DNA fragments, polymerase chain reaction (PCR) was performed  (Mullis et al., 

1986). PCR for cloning was carried out using iProof™ High-Fidelity DNAPolymerase 

(BioRad, Munich, Germany) according to manufacturer’s instructions. Genotyping, colony 

PCR and RT-PCR were carried out using homemade Taq polymerase. Standard reactions 

using homemade Taq polymerase (20 µl) were prepared as followed: 

 

10x Taq buffer: 2.0 µl 

10 mM dNTPs: 0.5 µl 

10 mM Primer 1: 1.0 µl 

10 mM Primer 2: 1.0 µl 

Taq DNA polymerase: 0.5 µl 

H2O: 15.0 µl 

Template: 1 µl DNA or bacterial colony 

 
The following PCR program was used for homemade Taq polymerase: 
 

1. 95  °C 5  min (initial denaturation) 

2. 95  °C 30  s (denaturation) 

3. 50-60  °C 30  s (annealing) 

4. 72  °C 1  min/kb (extension) 

5. 72  °C 5 -10  min (final extension) 

6. 4  °C 10  min (cooling) 

 Steps 2 – 4 were repeated 29 – 35x 
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The annealing temperature was adjusted to the primers used and the extension time to the 

length of the fragment to be amplified. 

2.2.3.7 Semi-quantitive reverse transcription-polymerase chain reaction (RT-

PCR) 

Semi-quantitive RT-PCR was performed according to the standard PCR method (2.2.3.6). 

The number of amplification cycles was adjusted to the gene of interest and the cDNA used. 

2.2.3.8 Agarose gel electrophoresis 

DNA fragments were separated according to their length on 1 – 3 % agarose gels using 

horizontal Sub-Cell GT electrophoresis apparatuses (BioRad, Munich, Germany). The 

appropriate amount of agarose was mixed with 1x TAE buffer and boiled in a microwave until 

the agarose was dissolved. Subsequently, the mixture was cooled down to about 60 °C and 

ethidium bromide to a final concentration of 1 - 5 µg/ml was added. The solution was poured 

into a casting chamber. After the gel solidified it was placed in the Sub-Cell GT tank filled 

with 1x TAE buffer. Samples were mixed with 6x DNA loading dye and loaded into the 

prepared pockets. Generuler™ ladders (Thermo Scientific™) were used as size standards. 

The DNA fragments were then separated by applying a voltage from 90 – 120 V for 20 – 60 

minutes depending on the gel percentage and fragment size. The gel was exposed to UV 

light (312 nm) to visualize the DNA fragments. Pictures were taken using a gel 

documentation and analysis system (VWR, Lutterworth, UK). 

2.2.3.9 DNA purification from agarose gels 

Agarose gel electrophoresis was performed to separate DNA fragments (2.2.3.8). The 

fragments of interest were excised from the gel under UV-light (365 nm) and purified using 

the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, Düren, Germany) according to 

the manufacturer’s instructions. 

2.2.3.10 Measurement of DNA and RNA concentration 

Measurement of DNA and RNA concentration was performed using the TECAN Infinite® 200 

PRO NanoQuant plate reader (Tecan Group Ltd, Männedorf, Switzerland). 1 µl of sample 
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was pipetted onto the NanoQuant PlateTM. Absorbance was measured at 260 nm and 280 

nm. The ratio of absorbance at 260 nm and 280 nm indicates the purity of the sample. For 

DNA samples, the optimal ratio is about 1.8. For RNA samples the optimal ratio is about 2.0. 

2.2.3.11 Restriction endonuclease digestion of DNA 

Digestion of DNA was performed using restriction endonucleases from Thermo Scientific™ 

or New Englad Biolabs and the corresponding buffer systems. Buffer and enzyme 

concentration as well as incubation temperature were chosen according to manufacturer’s 

instructions. 

2.2.3.12 Ligation of DNA fragments 

Covalent linkage of DNA fragments was performed using T4-DNA Ligase (Thermo 

Scientific™, Waltham, USA) For cloning an insert into a linearized plasmid, the following 

reaction mixture was used: 

 

Linearized plasmid DNA: 50 ng 

Insert: 150 - 500 ng 

T4-DNA Ligase: 0.5 U 

T4-DNA Ligase Buffer: 2 µl 

H2O fill up to 20 µl 

 

The sample was incubated for 4 hours at room temperate or at 16 °C overnight and 

subsequently transformed into chemo-competent E.coli (2.2.3.16). 

2.2.3.13 Cloning by homologous recombination in S. cerevisae 

Constructs were cloned by homologous recombination using a modified version of the ‚drag 

and drop‘ method (Colot et al., 2006). In this method the yeast is used to recombine DNA-

fragments with short regions of homology (about 29 base pairs) with high efficiency. This 

method is exemplified by the generation of cerk1 fls2tm, a construct where the CERK1 

transmembrane domain was replaced by the FLS2 transmembrane domain. The N-terminal 

part of CERK1 up to the transmembrane domain was amplified by PCR. The forward primer 

was designed to harbor a 29 bp homology region to the shuttle vector pRS426 at the 5’ end 

(Fragment 1) followed by a HindIII restriction site. The C-terminal part of CERK1 beginning 
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right after the transmembrane domain was also amplified. The reverse primer was designed 

to harbor a 29 bp homology region to pRS426 at the 3’ end (Fragment 2). The FLS2 

transmembrane domain was amplified adding 30bp homology to fragment 1 at the 5’ end and 

30 bp homology to fragment 2 at the 3’ end. The vector pRS426 was linearized by digestion 

with BamHI and KpnI. For transformation of S. cerevisiae see 2.2.3.20. 500 ng of each 

fragment and 200 ng of the linearized vector were used. Recombined plasmids were purified 

(see 2.2.3.4) and transformed into E.coli (see 2.2.3.16) for further analysis. 

2.2.3.14 DNA sequencing and analysis 

DNA sequencing was performed by Seqlab (Göttingen, Germany). Samples were premixed 

with suitable primers according to Seqlab’s sequencing instructions. Sequencing data was 

analyzed using the bioninformatics software Geneious 7.1.5 (Kearse et al., 2012). 

2.2.3.15 Preparation of chemically competent E.coli cells 

25 ml LB containing the appropriate antibiotics were inoculated with a single colony from a 

fresh E.coli TOP10 plate and grown overnight at 37 °C. The next day, the overnight culture 

was used to inoculate a main culture of 300 ml LB to an OD600 of 0.2. The main culture was 

grown at 37 °C until it reached an OD600 of 0.6. The cells were chilled on ice for 15 minutes 

and then centrifuged (2500 xg, 10 min, 4 °C). The resulting cell pellet was then resuspended 

in 80 ml ice-cold CCMB80 buffer and incubated on ice for 15 minutes. After an additional 

centrifugation step (2500 xg, 10 min, 4 °C), the cells were resuspended in 10 ml ice-cold 

CCMB80 buffer and aliquots of 50 µl were prepared. Aliquots were frozen in liquid nitrogen 

and stored at -80 °C. 

2.2.3.16 Transformation of chemically competent E.coli cells 

For transformation of chemo-competent E.coli, up to 10 µl of ligations or 200 – 700 ng 

plasmid DNA were mixed with 50 µl of competent cells and incubated on ice for 10 minutes. 

Subsequently, cells were heat shocked at 42 °C for 1 minute and incubated on ice again for 

2 minutes. 1 ml LB was added and cells were regenerated at 37 °C and 180 rpm for 1 hour. 

Next, the cells were centrifuged (1 min, 17000 xg, RT), most of the supernatant was 

discarded and the pellet was resuspended in residual LB. The resuspended cells were then 

plated on LB-agar plates containing the appropriate antibiotics and incubated at 37 °C 

overnight. 
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2.2.3.17 Preparation of electro-competent A. tumefaciens cells 

2 ml LB containing the appropriate antibiotics was inoculated with a single colony of 

A. tumefaciens GV3101 pSoup and grown overnight at 28 °C. This culture was used to 

inoculate 50 ml LB containing the appropriate antibiotics, which was again grown over night 

at 28 °C. This culture was then used to inoculate the main culture of 300 ml LB without 

antibiotics to and OD of 0.3. The main culture was incubated at 28 °C until the OD600 reached 

0.6 and was chilled on ice for 15 – 30 minutes. The culture was then centrifuged (15 min, 

6000 xg, 4 °C). The supernatant was discarded and the cells were resuspended in ice-cold 

1mM HEPES, pH 7.0 and centrifuged again (15 min, 6000 xg, 4 °C). This step was repeated 

twice. Pellets were then resuspended in 30 ml ice-cold 10 % glycerol and centrifuged (15 

min, 6000 xg, 4 °C). The supernatant was discarded and pellets were resuspended in 2 ml 

ice-cold 10 % glycerol. 50 µl aliquots were frozen in liquid nitrogen and stores at -80 °C until 

further use. 

2.2.3.18 Transformation of electro-competent A. tumefaciens cells 

Transformation of electro-competent A. tumefaciens GV3101 pSoup cells was perfomed  by 

electroporation (Koncz & Schell, 1986). An aliquot of competent cells was thawed on ice and 

gently mixed with 100 ng plasmid DNA. The bacterial suspension was then transferred to a 

pre-chilled electroporation cuvette (0.1 electrode distance). For electroporation, the 

MicroPulser™ (Bio-Rad, Munich, Germany) was used (25 μF, 2.5 kV and 400 Ω). 1 ml LB 

was then added and the bacteria were transferred to a reaction tube. Cells were then 

incubated at 28 °C for 2 hours for regeneration. Cells were then centrifuged (1 min, 17000 

xg, RT) and most of the supernatant was discarded. The pellet was then resuspended in 

residual LB, plated on LB agar containing the appropriate antibiotics and incubated at 28 °C 

for 2 - 3 days. 

2.2.3.19 Preparation of chemically competent S. cerevisiae cells 

For the preparation of chemically competent cells, 3 ml YPD were inoculated with 

S. cerevisae and grown overnight at 30 °C. This overnight culture was used to inoculate 20 

ml YPD to an OD600 of 0.1, which was then grown at 30 °C for 6 hours. Cells were pelleted by 

centrifugation (3 min, 3000 xg, RT) and washed once with 10 ml sterile H2O and once with 2 

ml volumes SORB-buffer. Subsequently, the cells were resuspended in 180 µl SORB-buffer 



Materials and Methods 

57 
 

and mixed with 20 µl ss-DNA (2 mg/ml). Aliquots of 50 µl were generated and directly used 

or stored at -80 °C. It is important not to freeze the cells in liquid nitrogen. 

2.2.3.20 Transformation of chemically competent S. cerevisiae cells 

Chemically competent S. cerevisae cells were mixed with linearized pRS426 vector and each 

of the fragments to be recombined. 300 µl Li-PEG were added and samples were incubated 

for 30 minutes on a wheel at room temperature. Subsequently, cells were heat-shocked at 42 

°C for 15 minutes and then centrifuged (2 min, 3000 xg, RT). Most of the supernatant was 

discarded and the cells were resuspended in residual liquid. The cell suspension was then 

plated on SC plates (-Ura +Gluc) and incubated at 28 °C for 2 – 3 days. 

2.2.4 Confocal laser scanning microscopy (CLSM) 

Confocal laser scanning microscopy was performed using a TCS SP5 DM6000 CS confocal 

laser scanning microscope (Leica, Wetzlar, Germany) equipped with an argon laser and HyD 

hybrid detectors as well as the appropriate software (LAS AF Leica Application Suite, 

Version 2.7.2). For microscopy, small leaf pieces cut and placed onto an object slide. A drop 

of water was placed in the middle and silicone to the corners of a cover glass. The cover 

glass was then placed onto the object slide with the water drop covering the leaf piece. For 

visualization of fungal structures in tissues, Fluorescent Brightener 28 (FB28, 10 µg/ml 

solution) (Sigma-Aldrich Deisenhofen, Germany) was used instead of water. Table 8 

provides an overview of excitation and emission spectra for the fluorophores used in this 

study. Chloroplast autofluorescence was detected at 700 – 750 nm. For co-localization 

studies sequential scanning was used.  

 

Table 8. Settings for fluorophore detection 

Fluorophore Exitation Emission 

Fluorescent Brightener 28 (FB28) 405 nm 420 – 460 nm 

GFP 488 nm 500 – 540 nm 

Venus 514 nm 525 – 560 nm 

TagRFP-T 514 nm 560 – 600 nm 

RFP 561 nm 580 – 620 nm 

mCherry 561 nm 590 – 630 nm 

mKate2 561 nm 590 – 640 nm 
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3. Results 

This work analyzed proteolytic processing of the LysM-RLK CERK1 as well as its role in cell 

death regulation. In immunoblot experiments, a specific CERK1 antibody that recognizes an 

epitope near the N-terminus of CERK1 detects the full length CERK1 receptor protein and an 

additional band of lower molecular weight. Previous research showed that this smaller band 

corresponds to the soluble extracellular domain of CERK1, also called the CERK1 

ectodomain (Petutschnig et al., 2014). A CERK1 mutant was identified that shows no 

ectodomain signals in immunoblots, likely due to reduced stability of the ectodomain 

fragment. This mutant, cerk1-4, exhibits an enhanced cell death phenotype upon inoculation 

with powdery mildews and during senescence (Petutschnig et al., 2014).  

The results of this thesis are divided into two parts. The aim of the first part was to analyze 

CERK1 ectodomain shedding. In particular, possible functions of ectodomain shedding in the 

wild type CERK1 protein and its role in formation of the cerk1-4 phenotype should be 

investigated. To do so, CERK1 mutants should be generated that are defective in 

ectodomain shedding. Therefore, a CERK1 antibody is used, which detects an epitope within 

the ectodomain of CERK1. Bands detected in immunoblots are therefore either full length 

protein or N-terminal fragments. The non-shedding CERK1 variants should be analyzed with 

regard to their chitin signaling capacity, such as chitin binding and chitin-induced receptor 

phosphorylation. The mutant plants should then be used to analyze if CERK1 ectodomain 

shedding is a prerequisite for development of the cerk1-4 phenotype. 

The second part of this thesis aimed at identification of signal transduction components 

required for cell death formation in cerk1-4. For this purpose, a cerk1-4 suppressor screen 

with an EMS mutagenized population was previously established. In this work, a novel 

mutant fully suppressing the cerk1-4 phenotype was identified and the underlying mutation 

was mapped to the extra-large G-protein 2 (XLG2). The analysis of this mutant and the 

investigation of the subcellular localization of XLG2 was the focus of the second part of this 

work. 
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3.1 Analysis of CERK1 ectodomain shedding 

3.1.1 Investigation of CERK1 ectodomain shedding in Arabidopsis thaliana 

accessions 

Arabidopsis thaliana can be naturally found in different habitats throughout the northern 

hemisphere (Weigel & Mott, 2009). Plants from different locations exhibit genetic and 

morphological variety in order to adapt to their environments. Arabidopsis accessions also 

vary with regard to their PRR- and NB-LRR-type immune receptors (Gomez-Gomez et al., 

1999; Noel et al., 1999; Rose et al., 2004; Stahl et al., 1999). To investigate this, different 

Arabidopsis thaliana accessions were analyzed for CERK1 ectodomain shedding and 

variations in the CERK1 amino acid sequence. Immunoblot analysis of 24 Arabidopsis 

accessions using the specific N-terminal CERK1 antibody was carried out. The immunoblots 

were performed with total protein extracts as well as pull-downs with chitin magnetic beads 

that are enriched for chitin binding proteins such as CERK1 (Petutschnig et al., 2010). As 

expected, wild type Col-0 and Col-3 gl1 controls showed a signal at 75 kDa corresponding to 

full length CERK1 receptor protein, as well as a signal at 33 kDa representing the soluble 

ectodomain (Figure 6A). As described previously (Petutschnig et al., 2014), the cerk1-4 

mutant showed the 75 kDa full length signal, but lacked the 33 kDa band corresponding to 

the soluble ectodomain. After chitin pull-down, additional faint bands around 40 kDa became 

apparent in Col-0, Col-3 gl1 and cerk1-4, which can be typically observed for CERK1 

(Petutschnig, unpublished data). Occasionally, low levels of 33 kDa and 40 kDa fragment 

can be detected in the CERK1 knockout mutant cerk1-2. This is due to the localization of the 

T-DNA near the 3’ end of the CERK1 gene which results in residual upstream transcript 

(Miya et al., 2007). However, no signal for any of these bands could be detected in the 

CERK1 knockout mutant cerk1-2, indicating that all described signals are CERK1-specific. In 

all tested Arabidopsis ecotypes, the 75 kDa full length CERK1 signal could be observed at 

similar abundance levels. Also, most accessions showed the faint 40 kDa band. The 33 kDa 

CERK1 ectodomain shedding product was also visible in all tested lines, however its 

abundance appeared to be clearly reduced in Mh-1, Rsch-4, Shakdara, Sorbo and Wt-5 

(Figure 6A). Furthermore, the soluble ectodomain of Rsch-4 had a lower molecular size in 

comparison to Col-0. This was expected as one N-glycosylation site in Rsch-4 is mutated 

(not shown). The CERK1 ectodomain fragment is soluble and thus does not contain a 

functional transmembrane domain (TM). The size of the fragment as well as proteomic 

analyses narrow the possible CERK1 cleavage site down to a region comprising 20 amino 

acids N-terminal of the TM and the TM itself (Petutschnig et al., 2014) (Figure 8A). This 
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sequence overlaps with the extracellular stalk, which is defined as the region between 

transmembrane domain and third LysM domain. Interestingly, all accessions found to exhibit 

reduced CERK1 ectodomain shedding harbor amino acid substitutions within the 

extracellular stalk in comparison to Col-0 (Figure 6B). 

 

 

 

Figure 6. CERK1 ectodomain shedding is reduced in some Arabidopsis accessions. A) Anti-CERK1 

immunoblot of different Arabidopsis accessions. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were used as controls. 

Upper panel, total extracts (TE). Lower panel, chitin pull-downs (CPD) prepared from total extracts shown in the 

upper panel. Full length CERK1 can be detected at 75 kDa and CERK1 ectodomain at 33 kDa. CBB, Coomassie 

Brilliant Blue membrane (loading control). For Mh-1, Rsch-4, Sha Sorbo and Wt-5, reduced CERK1 ectodomain 

signal was observed in 3 independent experiments. B) Alignment of the extracellular stalk and transmembrane 

region of CERK1 from different Arabidopsis accessions with reduced CERK1 ectodomain shedding in comparison 

to Col-0.  
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It has to be noted that Sorbo, Shakdara, Wt-5, Mh-1 and Rsch-4 repeatedly showed 

decreased signals for the 33 kDa CERK1 ectodomain fragment in several independent 

experiments, but in some blots they exhibited ectodomain shedding similar to Col-0. The 

abundance of the soluble ectodomain fragment increases with plant age and positively 

correlates with salicylic acid levels (Petutschnig et al., 2014). This raised the question 

whether the reduced abundance of the soluble ectodomain in Sorbo, Shakdara, Wt-5, Mh-1 

and Rsch-4 is caused by differences in the developmental status of these lines, which in turn 

might be influenced by slightly variable growth conditions between experiments. To test if the 

reduction of CERK1 ectodomain shedding in these accessions is indeed caused by changes 

in the CERK1 amino acid sequence a construct containing the Wt-5 CERK1 coding 

sequence was generated and transformed into the CERK1 knockout cerk1-2, which is in the 

Col-0 background. Three independent transgenic cerk1-2 lines expressing Wt-5 CERK1 

were tested in immunoblot analyses for CERK1 ectodomain shedding (Figure 7). A signal at 

75 kDa could be detected for all plants, except cerk1-2 and an ectodomain signal (33 kDa) 

could be observed for all plants except cerk1-2 and cerk1-4. Abundance of the ectodomain 

fragment in transgenic cerk1-2 plants expressing Wt-5 CERK1 was slightly reduced in 

comparison to Col-0, indicating that the amino acid sequence of CERK1 might play a role in 

ectodomain shedding. However, Wt-5 control plants exhibited CERK1 ectodomain shedding 

comparable to wild type in this experiment and the transgenic lines had lower overall 

abundance of the CERK1 protein compared to the controls, making interpretation of the data 

difficult.  

 

 

 

Figure 7. Wt-5 ectodomain shedding is also 

reduced in cerk1-2. Immunoblot of three independent 

transgenic lines expressing Wt-5 CERK1 using a 

specific CERK1 antibody. Col-0, cerk1-2, Col-3 gl1, 

cerk1-4 and Wt-5 were sued as controls. Upper panel, 

total extracts (TE). Lower panel, chitin pull-down 

(CPD) using total extracts of the upper panel. CBB, 

Coomassie Brilliant Blue stained protein served as 

loading control. 
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3.1.2 Mutational analysis of potential CERK1 protease cleavage motifs 

Arabidopsis accessions with amino acid exchanges in the extracellular stalk region and TM 

show reduced abundance of the CERK1 ectodomain fragment in comparison to Col-0. The 

substitution from proline to alanine in position 221 is of special interest, as prolines are 

secondary structure disrupters (Vanhoof et al., 1995) which might be of importance for 

proper cleavage. Also, proline-containing motifs have been shown to be sites of ectodomain 

shedding in metazoan receptor kinases (Thorp et al., 2011; Yuan et al., 2003), which are 

structurally and functionally related to plant receptor-like kinases. In animals, ectodomain 

shedding of receptor kinases is performed by proteases belonging to two related families, A 

Disintegrin And Metalloproteinases (ADAMs) and matrix metalloproteases (MMPs) 

(Hayashida et al., 2010). ADAM and MMP cleavage motifs are not clearly defined but 

cleavage sites of some receptor kinases are known. Yuan et al. (2003) analyzed ectodomain 

shedding of the human receptor tyrosine kinase Her2/neu/erbB2, a member of the epidermal 

growth factor receptor (EGFR) family and identified a short peptide signature within the 

extracellular stalk that is required for cleavage. This motif consists of two prolines or glycines 

flanking any five to seven amino acids (P/G-X5-7-P/G). Another member of the EGFR family, 

erbB4/Her4 is also subject to ectodomain shedding by ADAMs. Its cleavage site contains a 

P-X7-P motif and a splice form that lacks this signature is not cleavable (Cheng et al., 2003). 

Proline-containing cleavage motifs have also been reported in RTKs outside the EGFR 

family. For example, ADAM-mediated ectodomain shedding of Mer tyrosine kinase (MerTK) 

is dependent on a P-X5-P motif (Thorp et al., 2011). Moreover, many mammalian MMP 

cleavage motifs contain the P/G-X5-7-P/G signature (Turk et al., 2001). 

Interestingly, the proline in position 221, which was found to be replaced by alanine in 

diverse accessions with reduced CERK1 ectodomain shedding (Figure 6B), is part of several 

potential EGFR cleavage motifs (Figure 8A), suggesting that this type of motif may also play 

a role in ectodomain shedding of CERK1. The neighboring amino acid in position 220 is also 

a proline, which is still present in the Arabidopsis accessions with reduced CERK1 

ectodomain abundance. It may provide an alternative cleavage site and might explain why 

CERK1 ectodomain shedding is not completely abolished in these ecotypes. Thus, a 

construct was generated, where also the neighboring proline at position 220 was mutated to 

alanine. The mutation was denoted cerk1 cleavage1 (cvg1) (Figure 8B).  

In addition to ADAMs and MMPs, Rhomboid proteases can mediate ectodomain shedding. 

They are intramembrane proteases which cleave their substrate within the transmembrane 

domain (Urban et al., 2001). Studies from Drosophila melanogaster revealed that 

Rhomboid-1 specifically recognizes a short amino acid sequence (ASIASGA) within the N-  
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Figure 8. CERK1 cleavage motif mutants could not fully suppress CERK1 ectodomain shedding. A) 

Domain organization of CERK1 showing signal peptide (SP),lysin motifs (LysMs), extracellular stalk (ES), 

transmembrane domain (TM) and kinase domain. Positions of introduced mutations are indicated by arrows and 

numbers above arrows indicate amino acid positions. Potential EGFR-type cleavage motifs are aligned to the 

CERK1 extracellular stalk and transmembrane sequence and amino acids matching motifs are highlighted in red 

(CERK1 domain structure adapted from (Petutschnig et al., 2014). B) Alignment of CERK1 wild type sequence to 

protease cleavage mutants. Mutated amino acids are highlighted in red. C) Anti-CERK1 immunoblot of three 

independent cerk1-2 transgenic lines per cleavage construct expressed in cerk1-2. T2 transformants were 

selected for Basta® resistance and three whole rosettes per line were pooled and used for protein extraction. 

Samples from Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were pooled the same way and served as controls. The 

upper panel shows total extracts (TE). To visualize both, the 75 kDa full length fragment and the 33 

kDaectodomain fragment optimally, different exposure times are shown. Lower panel, chitin pull-downs (CPD) 

prepared using total extracts shown inthe upper panel. CBB, Coomassie Brilliant Blue stained membrane (loading 

control). D) Band shift assay of CERK1 cleavage mutants. Plant leaves were vacuum-infiltrated with 100 µg ml
-1 

shrimp shell chitin and were then incubated for 12 minutes. An anti-CERK1 Immunoblot of one chitin-treated 

transgenic line per CERK1 cleavage mutant is shown. Upper panel, total extracts of either mock-infiltrated (-) or 

chitin-infiltrated (+) leaves. Lower panel, chitin pull-downs prepared from the total extracts shown in the upper 

panel. This experiment was repeated four times with similar results. 
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terminal part of the transmembrane domain of its substrate, the TGFα homologue spitz 

(Urban & Freeman, 2003). Detailed mutational analysis showed that the presence of the 

glycine residue in this motif is essential for cleavage and the adjacent alanine has an 

enhancing effect. Introduction of the GA motif turned synthetic transmembrane proteins into 

substrates for a number of different eukaryotic and prokaryotic rhomboid proteases. The 

small amino acids glycine and alanine were proposed to break the alpha helix and thereby 

increase the accessibility of the peptide backbone for rhomboid proteases (Urban & 

Freeman, 2003). As rhomboid proteases are present in Arabidopsis (Koonin et al., 2003), it is 

possible that CERK1 might be a substrate of an Arabidopsis rhomboid protease. 

The CERK1 transmembrane domain as well as the CERK1 extracellular stalk harbor several 

glycines, which might be part of potential Rhomboid cleavage motifs. Therefore, CERK1 

mutants were generated where these glycines were mutated to the large hydrophobic amino 

acid phenylalanine. The mutants were designed in such a way, that also P/G-X5-7-P/G motifs 

overlapping with the transmembrane domain were mutated. In one mutant CERK1 variant, 

glycines at position 229 and 231 within the extracellular stalk were mutated (cerk1 cvg2, 

Figure 8B). In a second variant, additionally glycines in the transmembrane domain (position 

233 and 237) were mutated to phenylalanine (cerk1 cvg3, Figure 8B) resulting in four glycine 

to phenylalanine substitutions. The cerk1 cvg1, cvg2 and cvg3 mutant variants were 

generated in the pGreenII-0229 vector containing the endogenous CERK1 promoter. The 

resulting constructs were transformed into the CERK1 knockout mutant cerk1-2 and 

transgenic plants were analyzed by immunoblotting using the specific CERK1 antibody. As 

expected, wild type Col-0, Col-3 gl1 and cerk1-4 controls showed a full length protein signal 

(75 kDa), whereas only Col-0 and Col-3 gl1 controls showed an ectodomain signal (33 kDa) 

(Figure 8C). Additional bands at 40 kDa appeared in Col-0, Col-3 gl1 and cerk1-4 after chitin 

pull-down (Figure 8C). No CERK1 specific signal was detected in cerk1-2. Transgenic plants 

expressing the cvg1, cvg2 or cvg3 constructs showed both the full length CERK1 signal at 75 

kDa, as well as the 33 kDa ectodomain band. The expression levels differed between 

individual lines, which would be expected for transgenic plants. Chitin binding ability was 

maintained in all tested CERK1 variants, as all of them could be pulled down by chitin 

magnetic beads at similar levels to the wild type controls (Figure 8C). Comparison of signals 

intensities of the 75 kDa and 33 kDa bands in both total extracts and chitin pull-downs, 

suggested that ectodomain shedding was reduced in cerk1 cvg1 lines compared to Col-0 or 

Col-3 gl1. In contrast, ectodomain shedding in cerk1 cvg2 and cerk1 cvg3 seemed to be 

enhanced. CERK1 was reported to be phosphorylated after chitin treatment. This results in 

an electrophoretic mobility shift of phosphorylated CERK1 and can be detected in 

immunoblot experiments (Petutschnig et al., 2010). Each of the CERK1 variants showed the 
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chitin-induced band shift in immunoblots, which was comparable to Col-0, Col-3 gl1 and 

cerk1-4, indicating functionality of the generated CERK1 variants (Figure 8D).  

Several potential EGFR cleavage motifs can be found within an eleven amino acid stretch in 

the intracellular juxtamembrane domain of CERK1 (Figure 9A). Interestingly, this motif can 

also be found in the intracellular juxtamembrane domain of several rice RLKs (Ding et al., 

2009) and autophosphorylation within this cleavage motif was suggested to prevent cleavage 

of the rice RLK XA21 (Xu et al., 2006). CERK1 cleavage within or near this motif would result 

in a fragment with a molecular weight of about 40 kDa. As already shown, fragments of this 

size can be detected in CERK1 immunoblots after chitin pull-down (see Figure 8C) and might 

represent precursors, which are subsequently cleaved to produce the soluble CERK1 

ectodomain fragment. Therefore, a CERK1 variant was generated, where this amino acid 

stretch was deleted (cerk1 clx, Figure 9A). This construct was expressed in the CERK1 

knockout mutant cerk1-2 under control of the endogenous CERK1 promoter. Immunoblot 

analysis of three independent transgenic cerk1 clx expressing lines was performed using the 

specific CERK1 antibody (Figure 9B). Full length CERK1 protein at 75 kDa and CERK1 

ectodomain at 33 kDa could be detected for Col-3 gl1 and Col-0. As expected, only full 

length protein and no ectodomain could be detected for cerk1-4. Full length protein and 

ectodomain were missing in cerk1-2, confirming the specificity of the described bands. cerk1 

clx full length protein and ectodomain could be detected for all tested transgenic lines, albeit 

at lower molecular weights as their wild type counterparts. Lower molecular weight was 

expected and is caused by deletion of eleven amino acids. cerk1 clx maintained the ability to 

bind chitin, as for all tested transgenic lines full length protein and ectodomain could be 

pulled down with chitin magnetic beads. The abundance of full length CERK1, but not the 

ectodomain shedding product, is lower in cerk1 clx expressing lines than in the wild type 

controls, which can be observed in total extracts as well as chitin pull-downs. This led to the 

conclusion that ectodomain shedding in cerk1 clx is actually enhanced in comparison to wild 

type. Multiple bands around 40 kDa were detected in chitin pull-downs of Col-0, Col-3 gl1 

and cerk1-4, but not in cerk1-2. This is frequently observed, but the exact identity of these 

CERK1 signals is not known. The approximately 40 kDa signals also occurred in the cerk1 

clx expressing plants, indicating that the deleted amino acid stretch in the intracellular 

juxtamembrane domain is not critical for their generation. Thus CERK1 is probably not 

cleaved within the deleted sequence. The apparent molecular weight of the 40 kDa bands 

was altered in the cerk1 clx expressing plants, which suggests that the cleavage site(s) might 

be shifted C-terminally of the clx deletion (Figure 9B). cerk1 clx is still able to 

autophosphorylate, as indicated by an electrophoretic mobility shift after chitin treatment, 

suggesting functionality of the construct (Figure 9C). 
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Figure 9. Deletion of potential intracellular cleavage motifs could not suppress CERK1 ectodomain 

shedding. Domain organization of CERK1 illustrating signal peptide (SP), lysin motifs (LysMs), extracellular stalk 

(ES), transmembrane domain (TM) and kinase domain. Deleted amino acids in cerk1 clx are indicated by dashes. 

EGFR-type cleavage motifs are aligned to the CERK1 intracellular juxtamembrane domain. Amino acids of 

EGFR-type cleavage motifs matching the CERK1 sequence are highlighted in red (CERK1 domain structure 

adapted from (Petutschnig et al., 2014). B) Immunoblot of three individual transgenic cerk1-2 lines expressing 

cerk1 clx using the specific CERK1 antibody is shown. T2 transformants were selected for Basta® resistance and 

three whole rosettes per line were pooled and used for protein extraction. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 

plants were harvested the same way and served as controls. Upper panel shows total extracts (TE). To visualize 

both, the 75 kDa full length fragment and the 33 kDa ectodomain fragment optimally, different exposure times are 

shown. Lower panel shows chitin pull-downs (CPD) using total extracts shown in the upper panel. C) Band shift 

assay of cerk1 clx. Leaves were vacuum-infiltrated with 100 µg ml
-1 

shrimp shell chitin and incubated for 12 

minutes. Immunoblot of one transgenic cer1-2 line expressing cerk1 clx using the specific CERK1 antibody is 

shown. Upper panel, total extracts of either mock-infiltrated (-) or chitin-infiltrated (+) leaves. Lower panel, chitin 

pull-down prepared of total extracts shown in upper panel. CBB, Coomassie Brilliant Blue stained membrane 

(loading control). This experiment was repeated three times with similar results 

3.1.3 The cvg1 mutation does not suppress the cerk1-4 phenotype 

Mutational analysis of CERK1 potential proteolytic cleavage sites led to the identification of a 

CERK1 mutant (cerk1 cvg1) with reduced ectodomain shedding. This mutant was used to 

investigate if reduced ectodomain shedding can suppress the development of the cerk1-4 

phenotype. Therefore, the cerk1-4 mutation was introduced into the vector pGreenII-

0229PREP harbouring cerk1 cvg1. The resulting construct (cerk1-4 cvg1) was transformed 
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into the CERK1 knockout mutant cerk1-2 and expressed under the control of the 

endogenous promoter. The resulting transgenic lines were assessed for cerk1-4 phenoype 

development after pathogen inoculation (Figure 10) and of senescent plants (Figure 11). Five 

independent transgenic lines either expressing cerk1-4 cvg1 or cerk1 cvg1 were inoculated 

with Blumeria graminis f.sp hordei (Figure 10A). The controls Col-0, cerk1-2 and Col-3 gl1 

did not show any macroscopically visible phenotype. As expected, cerk1-4 plants exhibited 

cell death and chlorosis, particularly on lower leaves. A similar phenotype was shown by four 

out of five transgenic plant lines expressing cerk1-4 cvg1, indicating that reduced ectodomain 

shedding cannot suppress the cerk1-4 phenotype. cerk1 cvg1 expressing plants looked like 

wild type, confirming that the cell death phenotype of cerk1-4 cvg1 plants is caused by the 

cerk1-4 and not by the cvg1 mutation.  

Immunoblot analysis of Bgh inoculated plants was performed to check for CERK1 protein 

levels and CERK1 band pattern in the transgenic plant lines (Figure 10B). Full length protein 

(75 kDa) could be observed for Col-0, Col-3 gl1 and cerk1-4 and an ectodomain fragment 

(33 kDa) for Col-0 and Col-3 gl1. No CERK1-specific bands were detected for cerk1-2. As 

expected, ectodomain abundance in cerk1 cvg1 expressing plants was reduced compared to 

wild type. However, it has to be noted that none of the cerk1 cvg1 lines tested in this 

experiment reached the overall CERK1 protein levels of the controls. Surprisingly, in plants 

expressing the double mutant cerk1-4 cvg1 version, only very low levels of full length cerk1 

protein could be detected compared to wild type. In spite of the low abundance of cerk1-4 

cvg1, the protein amount was apparently still sufficient to trigger the cerk1-4 phenotype. Also, 

the cerk1-4 cvg1 protein maintained the ability to bind chitin, as indicated by pulldown 

experiments with chitin magnetic beads (Figure 10B). Interestingly, an ectodomain fragment 

could be detected in chitin pull-downs after long exposure for cerk1-4 cvg1 expressing 

plants, which is not present in cerk1-4 plants. 

 



Results 

68 
 

 

 

 

 



Results 

69 
 

Figure 10 on page 68. The cvg1 mutation cannot suppress the Bgh-induced cerk1-4 phenotype. Five 

independent transgenic lines either expressing cerk1 cvg1 or cerk1-4 cvg1 under control of the CERK1 promoter 

as well as control plants were inoculated with Blumeria graminis f.sp. hordei (Bgh). T1 plants were selected for 

Basta® resistance and Col-0, cerk1-2, Col-3 gl1 and cerk1-4 served as controls. A) The macroscopical 

phenotype was assessed seven days after inoculation and pictures were taken. This experiment was repeated 

twice with similar results. B) Anti-CERK1 immunoblot using protein samples prepared from plants shown in A). 2 

-3 leaves were harvested from each plant. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 plants were harvested the same 

way. The upper panel shows total protein extracts (TE). To visualize both, the 75 kDa full length fragment and 

the 33 kDa ectodomain fragment optimally, different exposure times are shown. Lower panel shows chitin pull-

downs (CPD) using total extracts shown in the upper panel. Two exposure times are shown to optimally visualize 

the ectodomain of cerk1-4 cvg1 expressing plants. CBB, Coommasie Brilliant blue staining (loading control); SE, 

short exposure; LE, long exposure. This experiment was repeated twice with similar results. 
 

 

In addition to the exaggerated cell death phenotype upon inoculation with Bgh, cerk1-4 

plants also exhibit a typical phenotype during senescence, which is characterised by a 

reduced rosette size and enhanced cell death on older leaves (Petutschnig et al., 2014). To 

test if the cvg1 mutation could suppress the cerk1-4 senescence phenotype, five 

independent transgenic plants expressing cerk1-4 cvg1 or cerk1 cvg1 were assessed after 

five and ten weeks of growth, respectively (Figure 11A). At the age of five weeks, all plants, 

including the cerk1-4 control, looked like wild type with no macroscopically visible cell death. 

At ten weeks, cerk1-4 and all tested cerk1-4 cvg1 expressing plants showed the 

characteristic cerk1-4 senescence phenotype (Figure 11A). cerk1 cvg1 expressing plants 

looked like wild type plants, confirming that the senescence phenotype is caused by cerk1-4 

and not the cvg1 mutation. Immunoblot analysis was performed to asses CERK1 expression 

and band pattern (Figure 11B). The control plants Col-0, cerk1-2, Col-3 gl1 and cerk1-4 

showed the expected band pattern. The transgenic lines expressing cerk1 cvg1 showed 

CERK1 full length signals (75 kDa) that where comparable to wild type or weaker. In 

agreement with earlier results, the soluble ectodomain fragment was hardly visible in these 

lines. For cerk1-4 cvg1 expressing plants, only a weak 75 kDa signal corresponding to full 

length protein could be detected, which is very similar to the results obtained with Bgh 

infected cerk1-4 cvg1 expressing plants. Taken together, the immunoblot data suggest that 

the cvg1 mutation has a destabilizing effect on CERK1 which predominantly affects the 

soluble CERK1 ectodomain fragment as a single mutation. In combination with the cerk1-4 

mutation, the effect seems to become more severe and to also destabilize the full length 

CERK1 protein. The results of the phenotypic analyses suggest that the cvg1 mutation could 

neither suppress the enhanced cell death phenotype after pathogen challenge nor the 

characteristic cerk1-4 senescence phenotype.  
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Figure 11 on page 70. The cvg1 mutation cannot suppress the cerk1-4 senescence phenotype. Five 

independent transgenic lines expressing either cerk1 cvg1 or cerk1-4 cvg1 in the cerk1-2 background under 

control of the endogenous CERK1 promoter were grown under short day conditions. T1 plants were selected for 

Basta® resistance and Col-0, cerk1-2, Col-3 gl1 and cerk1-4 served as controls. A) Phenotype was 

macroscopically assessed after 5 and 10 weeks of growth and pictures were taken. B) Immunoblot analysis using 

the specific CERK1 antibody. Total extracts (TE) were prepared plants shown in A). 2 – 3 leaves were harvested 

from each plant including controls. The upper panel shows total protein extracts (TE). To visualize both, the 75 

kDa full length fragment and the 33 kDa ectodomain fragment optimally, different exposure times are shown. 

Lower panel shows chitin pull-down which was performed using the total extracts shown in the upper panel. CBB, 

Coommasie Brilliant blue. This experiment was repeated twice with similar results. 

3.1.4 Variation of the CERK1 extracellular stalk length 

Point mutations targeting potential cleavage motifs in the extracellular juxtamembrane 

domain (extracellular stalk) of CERK1 did not fully suppress its ectodomain shedding. 

Furthermore, deletion of a potential cleavage motif within the intracellular juxtamembrane 

domain had no effect on the CERK1 band pattern. Therefore, other factors than the amino 

acid sequence might be of importance for proteolytic processing of the extracellular domain. 

Migaki et al. (1995) showed that cleavage of the leukocyte adhesion molecule L-selectin 

could be inhibited by reduction of the extracellular stalk length. Deletion of five amino acids 

within the extracellular stalk could suppress cleavage of the L-selectin extracellular domain 

completely, even if the native cleavage site of L-selectin was maintained. Similar effects were 

reported for other transmembrane proteins that undergo ectodomain shedding such as the 

interleukin 6-receptor (Baran et al., 2013) or the p75 neurotrophin receptor (Weskamp et al., 

2004). This raised the idea that proteolytic cleavage of the CERK1 ectodomain might also 

depend on the length of the extracellular stalk. Therefore, CERK1 mutants were generated, 

where amino acids of the extracellular stalk were deleted (Figure 12A). In one mutant 

construct, five amino acids close to the transmembrane domain were deleted (cerk1 del1). In 

a second construct a deletion of 11 amino acids within the extracellular stalk was generated 

(cerk1 del2). In this construct, only a short amino acid stretch of the extracellular stalk was 

left as a linker between the third LysM domain and the transmembrane domain. Both mutant 

cerk1 variants were cloned into the pGreenII-0229PREP vector containing the native CERK1 

promoter and expressed in the CERK1 knockout mutant background cerk1-2. Three 

independent transgenic plants expressing cerk1 del1 were analyzed in immunoblot 

experiments together with control lines (Figure 12B). 
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Figure 12. Deletion within the extracellular stalk did not suppress CERK1 ectodomain shedding. A) 

Alignment of generated CERK1 deletion mutants to wild type CERK1. Deleted amino acids are indicated by 

dashes. B) Anti-CERK1 immunoblot of three transgenic lines expressing cerk1 del1 in the CERK1 knockout 

background cerk1-2 under control of the native CERK1 promoter. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were 

used as controls. Upper panel, total extracts (TE). Lower panel, chitin pull-down (CPD) using total extracts 

shown in the upper panel. CBB, Coomassie Brilliant Blue stained membrane (loading control). C) Band shift 

assay. Leaves of one transgenic line expressing cerk1 del1 and control plants were vacuum infiltrated with 100 

µg ml
-1 

shrimp shell chitin and were then incubated for 12 minutes. An immunoblot using the specific CERK1 

antibody is shown. Upper panel, total extract of either mock-infiltrated (-) or chitin-infiltrated (+) plants. Lower 

panel, chitin pull-down performed with total extracts shown in upper panel. Immunoblot analysis was repeated 3 

times, band shift assay was repeated 2 times. 

 

The expected band pattern could be detected for the control plants. For all three plants lines 

expressing cerk1 del1, a 75 kDa signal corresponding to the full length protein and a 33 kDa 

ectodomain fragment could be detected (Figure 12B) even though the overall CERK1 

abundance between the transgenic lines was variable. Full length protein and ectodomain 

fragment of cerk1 del1 could be pulled down using magnetic chitin beads demonstrating 

chitin binding capacity (Figure 12B). In addition to chitin binding, functionality of cerk1 del1 is 

further indicated by chitin-induced receptor phosphorylation, which appears as a 

characteristic band shift in immunoblot experiments (Figure 12C). 

In transgenic plants expressing cerk1 del2 neither full length protein nor ectodomain 

fragment could be detected (not shown), even though 17 independent transformants were 

analyzed. Deletion of 16 amino acids within the CERK1 extracellular stalk did probably cause 

structural instability of the protein. 
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3.1.5 CERK1-FLS2 domain swap experiments 

CERK1 cleavage motif and short deletion mutants were not successful to suppress CERK1 

ectodomain shedding. Longer deletions affected the stability of the CERK1 protein and thus 

the position of CERK1 proteolytic cleavage remains unknown. To generate shedding 

deficient CERK1 variants and/or to narrow down the area where CERK1 ectodomain 

shedding occurs, domain swap constructs with FLS2 were generated. FLS2 is the 

Arabidopsis flagellin receptor (Chinchilla et al., 2006) and one of the best characterized plant 

RLKs. To date there are no reports of any proteolytic modification of FLS2, suggesting that 

FLS2 may not be subject to ectodomain shedding. By replacing the CERK1 transmembrane 

domain and parts of the CERK1 extracellular stalk with the respective parts of FLS2, 

chimeric CERK1 FLS2 mutants were generated (Figure 13A). CERK1 FLS2 chimeras lacking 

the CERK1 sequences critical for ectodomain shedding should not generate any soluble 

ectodomain fragments and possibly extend our knowledge about the CERK1 cleavage site. 

A series of chimeric CERK1-FLS2 constructs were generated. In cerk1 fls2tm, the CERK1 

transmembrane domain was replaced by the FLS2 transmembrane domain (cerk1 fls2tm). In 

a second variant, the amino acid sequence of the CERK1 extracellular stalk beginning with 

serine at position 224 was replaced by the entire extracellular stalk of FLS2 including the 

FLS2 transmembrane domain (cerk1 fls2tmex1). In cerk1 fls2tmex2, the CERK1 

transmembrane domain and eight amino acids N-terminal of the transmembrane domain 

were replaced with the respective sequences of FLS2. A fourth domain swap construct was 

generated where the entire extracellular stalk and the transmembrane domain of CERK1 

were replaced by the entire extracellular stalk and transmembrane domain of FLS2 (cerk1 

fls2tmex3). The chimeric CERK1-FLS2 constructs were cloned into the vector pGreenII-

0229PREP and heterologously expressed in Nicotiana benthamiana under control of the 

endogenous CERK1 promoter. A CERK1 wild type construct was transformed as control. To 

confirm specificity of the observed bands, a sample of a non-transformed N. benthamiana 

leaf was included. Immunoblot analysis using the specific CERK1 antibody revealed 

expression of all constructs in N. benthamiana (Figure 13B). A signal at 75 kDa 

corresponding to the full length CERK1 protein and a 33 kDa fragment corresponding to the 

soluble ectodomain could be detected for wild type CERK1. Full length protein at 75 kDa and 

an ectodomain fragment at 33 kDa could also be observed for cerk1 fls2tm and cerk1 

fls2tmex2. Leaves expressing cerk1 fls2tmex1 and cerk1 fls2tmex3 showed a full length 

signal with a higher molecular weight than wild type CERK1. This was expected due to the 

insertion of the FLS2 extracellular stalk, which is longer than the CERK1 extracellular stalk. 

Interestingly, even though cerk1 fls2tmex3 full 
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Figure 13. Replacement of the CERK1 extracellular stalk and transmembrane domain could not suppress 

CERK1 ectodomain shedding. A) Alignment of generated CERK1-FLS2 domain-swap mutants to the wild type 

CERK1 sequence. Sequences highlighted in red derive from FLS2 and have been used to replace the respective 

parts of CERK1. B) Anti-CERK1 immunoblot of CERK1-FLS2 domain swap proteins expressed transiently under 

control of the native CERK1 promoter in Nicotiana benthamiana. Wild type CERK1 was expressed as a control 

protein and uninfiltrated Nicotiana benthamiana leaves served as a negative control. Samples were harvested 3 

days after infiltration. Upper panel, immunoblot with total protein extracts (TE). Lower panel, immunoblot with 

chitin pull-downs (CPD) of total extracts shown in upper panel. CBB, Coomassie Brilliant Blue stained membrane 

(loading control). C) Anti-CERK1 immunoblot of seven individual transgenic lines expressing cerk1 fls2tm under 

control of the native CERK1 promoter in the cerk1-2 background. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were 

used as controls. Upper panel, total extracts. Lower panel, chitin pull-down of total extracts. D) Anti-CERK1 

immunoblots of eight individual transgenic lines expressing cerk1 fls2tmex1 under control of the native CERK1 

promoter in cerk1-2. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were used as controls. Upper panel, total extracts 

showing two different exposure times to visualize both, the full length protein and the ectodomain. Lower panel, 

chitin pulldown of total extracts. E) Band shift assay. Leaves of transgenic lines expressing cerk1 fls2tmex1 and 

cerk1 fls2tm as well as control plants were vacuum infiltrated with 100 µg ml
-1 

shrimp shell chitin and were then 

incubated for 12 minutes. Immunoblots using the specific CERK1 antibody is shown. Upper panel, total extracts 

of mock-infiltrated (-) or chitin-infiltrated (+) samples. Lower panel, chitin pull-downs of total extracts shown 

inupper panel. This experiment was repeated three times with similar results. 
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length protein had a higher apparent molecular weight than wild type CERK1, it showed an 

ectodomain fragment that was very similar in size to the wild type variant. In contrast, the N-

terminal fragment of cerk1 fls2tmex1 ectodomain had a higher apparent molecular weight 

and gave only a very weak signal. All CERK1-FLS2 domain swap constructs retained chitin 

binding ability, as full length protein and ectodomain could be detected for all domain swap 

constructs after chitin pulldown (Figure 13B).  

cerk1 fls2tm and cerk1 fls2tmex1 were also stably transformed into the CERK1 knockout 

mutant cerk1-2. Seven independent transgenic lines expressing cerk1 fls2tm were tested for 

ectodomain shedding in immunoblot experiments using the CERK1 specific antibody (Figure 

13C). All controls (Col-0, Col-3 gl1, cerk1-4 and cerk1-2) showed the expected CERK1 band 

pattern. Confirming the results obtained by transient expression in N. benthamiana, full 

length cerk1 fls2tm protein (75 kDa) and ectodomain (33 kDa) could be detected for all 

tested transgenic cerk1 fls2tm lines. These results indicate that CERK1 ectodomain 

shedding does not depend on the CERK1 transmembrane domain. Full length cerk1 fls2tm 

as well as cerk1 fls2tm ectodomain could be detected after pulldown with chitin magnetic 

beads indicating that chitin binding ability of this CERK1 variant is not disturbed in 

Arabidopsis.  

Eight transgenic cerk1 fls2tmex1 expressing lines were analyzed for CERK1 ectodomain 

shedding in immunoblot experiments (Figure 13D). As expected, full length CERK1 signal 

(75 kDa) could be detected for Col-0, Col-3 gl1 and cerk1-4, while an ectodomain fragment 

(33 kDa) could only be detected in Col-0 and Col-3 gl1 and was missing in cerk1-4. As 

already observed in heterologous expression experiments in N. benthiamana, full length 

cerk1 fls2tmex1 had a bigger apparent molecular weight than its wild type CERK1 

counterpart. While cerk1 fls2tmex1 had shown a very weak N-terminal fragment signal in N. 

benthamiana, the signal was quite strong in several cerk1 fls2tmex1 expressing Arabidopsis 

plants. The putative fls2tmex1 ectodomain signal appeared as a double band at a size 

clearly larger than the wild type CERK1 soluble ectodomain (Figure 13D). cerk1 fls2tmex1 

maintained chitin binding ability, as for all tested transgenic lines full length protein and N-

terminal fragments could be detected after pull-down with chitin magnetic beads. While the 

two putative ectodomain fragment bands were of similar intensity in blots performed with total 

extracts, the lower band was predominant after chitin pull-down. This suggests that the upper 

band might be cleaved in vitro.  

One cerk1 fls2tm and one cerk1 fls2tmex1 expressing line were chosen to be tested for 

receptor phosphorylation after chitin treatment (Figure 13E). Both tested lines showed an 

electrophoretic mobility shift, which was comparable to Col-0, Col-3 gl1 and cerk1-4. This 

suggests that signaling initiated by ligand binding to the extracellular chitin binding domain 
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can still be transmitted into the cell via the FLS2 extracellular stalk and the FLS2 

transmembrane domain. 

3.1.6 CERK1 and FLS2 extracellular stalk harbor a KS motif 

Based on the results of the cleavage motif, deletion and domain swap mutants, it remained 

unclear which amino acids or structural characteristics are critical for CERK1 ectodomain 

shedding. In particular, the N-terminal fragments of the cerk1 fls2tmex1 and cerk1 fls2tmex3 

protein variants were puzzling. The putative ectdodomain fragment of fls2tmex1 appeared as 

a double band and the ectodomain fragment of cerk1 fls2tmex3 was the same size as in wild 

type CERK1, although the full length protein was larger. A closer look at the amino acid 

sequences of the extracellular stalk of CERK1 and the generated domain swap constructs 

revealed the presence of a lysine followed by a serine (KS) within the extracellular stalk 

(Figure 14). This motif is also present in the tested protease cleavage motif and deletion 

mutants. 

 

 
 

Figure 14. CERK1 and FLS2 extracellular stalk share a lysine-serine (KS) motif. Alignment of CERK1 

extracellular stalk amino acid sequence with the generated CERK1 FLS2 domain swap constructs. The shared 

lysine-serine (KS) motif is indicated in red letters. Molecular masses were calculated based on the N-terminal part 

of each CERK1 FLS2 domain swap construct up to the marked serine. 10 kDa were added for 5 glycosylation 

sites present in the CERK1 ectodomain. 

 

Figure 14 shows the calculated masses of the ectodomain for CERK1 wild type and the 

CERK1 FLS2 domain swap constructs if cleavage of the CERK1 ectodomain would occur at 

or near the KS motif. This would explain the size differences of the ectodomains between 

cerk1 fls2tmex1 and wild type CERK1 after transient expression in Nicotiana benthamiana 

(Figure 13B). The double band of cerk1 fls2tmex1 ectodomain fragment and the wild type-

like size of the cerk1 fls2tmex3 ectodomain signal could then be explained by an additional 

genuine cleavage site within the FLS2 extracellular stalk. 
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Figure 15. The KS motif within the FLS2 and CERK1 extracellular stalk is most likely not a cleavage motif. 

A) Alignment of KS motif mutants to the wild type CERK1 sequence. Deleted amino acids are indicated with 

dashes, while replaced amino acids are shown in red letters. B) CERK1 immunoblots of three individual 

transgenic plants lines either expressing cerk1 –ks or cerk1 ks->aa under control of the native CERK1 promoter in 

cerk1-2. Col-0, cerk1-2, Col-3 gl1 and cerk1-4 were used as controls. Upper panel, total extracts (TE); lower 

panel, chitin pull-downs (CPD) prepared from the total extracts shown in upper panel. CBB, Coomassie Brilliant 

Blue stained membrane (loading control). C) Band shift assay using one transgenic line per KS motif mutant 

construct. Leaves were vacuum infiltrated with 100 µg ml
-1

 shrimp shell chitin and incubated for 12 minutes. 

Immunoblot using the specific CERK1 antibody is shown. Upper panel, total extracts of mock-infiltrated (-) or 

chitin-infiltrated (+) samples. Lower panel, chitin pull-downs of total extracts shown in upper panel. Ectodomain 

shedding immunoblot was repeated 3 times with similar results and band shift assay was repeated twice with 

similar results. 

 

 

To explore the hypothesis explained above, additional CERK1 variants were generated by 

either deleting the KS (cerk1 -ks) motif or replacing it by two alanines (cerk1 ks->aa) (Figure 

15A). These variants were cloned into the vector pGreenII-0229PREP including the 

endogenous CERK1 promoter and the resulting constructs were used to generate transgenic 

lines in the CERK1 knockout mutant cerk1-2. Ectodomain shedding of four independent 

transgenic lines per construct was tested by immunoblotting with the specific CERK1 

antibody (Figure 15B). Col-0, Col-3 gl1 and cerk1-4 showed a full length CERK1 signal (75 

kDa). An ectodomain fragment could be detected for Col-0 and Col-3 gl1, but was missing in 

cerk1-4 plants. No CERK1 signal was detected for cerk1-2. For each of the tested transgenic 

lines, a signal at 75 kDa corresponding to full length protein and a signal at 33 kDa 

corresponding to the soluble ectodomain could be observed (Figure 15B). The abundance of 

full length protein and ectodomain fragment seemed to be enhanced in plants expressing 

cerk1 –ks. Full length protein as well as ectodomain fragments could be detected for all 

transgenic lines after chitin pulldown, indicating chitin binding ability of both, cerk1 –ks and 

cerk1 ks->aa. 
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One transgenic line per construct was tested for chitin induced autophosphorylation of 

CERK1 (Figure 15C). Both lines showed a characteristic band shift after chitin treatment 

comparable to Col-0 and Col-3 gl1, indicating functionality of both CERK1 variants. 

3.1.7 The extracellular domains of many receptor-like kinases can be found in 

supernatants of cell cultures 

The extensive mutational studies described above failed to generate a shedding deficient 

CERK1-variant and also could not pinpoint the CERK1 cleavage motif. This raised the idea 

that ectodomain shedding may not require any specific motifs and might be a common 

phenomenon in plant receptor-like kinases (RLKs). To investigate this theory, supernatants 

of Arabidopsis Col-0 cell cultures were collected and analyzed by mass spectrometry. These 

supernatants were expected to be enriched in apoplastic proteins and might contain shed 

extracellular domains of receptor-like kinases and possibly also receptor-like proteins. Thus, 

this approach could reveal additional RLKs which are subject to ectodomain shedding. The 

collected cell culture supernatant was filtered and concentrated by protein precipitation. 

Subsequent mass spectrometric analyses identified 588 proteins. The subcellular localization 

of these proteins was then predicted by SUBA3 (Tanz et al., 2013) and results are 

summarized in Table 9. Proteins predicted to be localized to the extracellular space 

represented more than one third of all proteins found and half of all peptides in the sample 

and were thus the biggest fraction of all identified proteins. Cytosolic proteins accounted for 

23.8 % of all proteins and 19.5 % of all peptides.  

 

Table 9. Predicted localization of proteins from cell culture supernatants. SUBA3 localization prediction of 

proteins found in supernatants of Arabidopsis cell cultures. 

Predicted localization Proteins % Peptides % 

Extracellular 201 34.2 3678 50 

Cytosol 140 23.8 1432 19.5 

Plasma membrane 79 13.4 772 10.5 

Plastid 60 10.2 497 6.8 

Mitochondrion 42 7.1 334 4.5 

Vacuole 29 4.9 472 6.4 

Peroxisome 11 1.9 48 0.7 

ER 10 1.8 64 0.9 

Nucleus 16 2.7 58 0.7 

Total 588 100 7355 100 
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The majority of detected cytosolic, plastid and mitochondrial proteins are highly abundant 

proteins involved in primary metabolism (Supplemental file 2) and are therefore likely 

contaminants. Furthermore, 13.4 % of all identified proteins (corresponding to 10.5% of all 

peptides) were predicted to be localized to the plasma membrane. Apoplastic and plasma 

membrane (PM)-localized proteins were probably underestimated in this study, because they 

are typically glycosylated and glycosylated peptides cannot be identified by the method used. 

 

 

 

 

Figure 16. Receptor-like kinases found in Col-0 cell culture supernatants. The coding sequence of the 

proteins is shown as a yellow bar and breaks indicate the positions of introns. Identified peptides were mapped to 

the amino acid sequence of the respective RLK and peptide coverage is shown in red. The transmembrane 

domains are shown in light blue and predicted signal peptides are given in green. For easier comparison, the 

RLKs were aligned by their transmembrane domains. 
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Among the 588 identified proteins, 33 were found to be receptor-like kinases and 4 receptor-

like proteins. Thus RLKs and RLPs account for 46.8 % of all identified PM proteins. Most of 

the identified receptor-like kinases were LRR-RLKs, but cysteine-rich RLKs, Lectin-RLKs, 

CrRLKs and the LysM-RLKs CERK1 and LYK5 were also found. Peptides corresponding to 

the identified receptor-like kinases were then aligned to their full length amino acid 

sequences (Figure 16). Interestingly, only peptides corresponding to extracellular parts of the 

receptor-like kinases could be found in supernatants of cell cultures. Despite the presence of 

cytosolic and plasma membrane localized proteins in the sample, peptides corresponding to 

intracellular parts of receptor-like kinases were not detected. Therefore, the peptides 

corresponding to extracellular domains of receptor-like kinases might derive from 

ectodomains released by shedding or a similar mechanism. Peptides corresponding to all 3 

members of the TRANSMEMBRANE KINASE (TMK) group of LRR-RLKs (comprising a total 

of 4 members) which are expressed in leaves (Winter et al., 2007) were found. The 

ectodomain of TMKs consists of LRR-motifs which are separated by a non-LRR domain (Liu 

et al., 2013b). To test whether the non-LRR domain is the cleavage site for release of the N-

terminal fragment, the mapping positions of peptides found in the supernatant of cell cultures 

were compared to the domain organization of the TMK proteins (Figure 17A). Peptides N- 

and C-terminal of the non-LRR domain could be found indicating that the non-LRR domain is 

not the site where the soluble extracellular derivative of the TMK proteins is generated. 

AT1G51800 (IOS1), AT1G51850 and AT2G37050 are Malectin-LRR-RLKs and resemble 

members of the symbiosis receptor-like kinase family (Hok et al., 2011). They contain a 

malectin-like domain and short LRR motif stretches. The L. japonicus symbiosis receptor-like 

kinase 

 

 

 

Figure 17. Detailed analysis of TMK1-3 and Malectin-LRR-RLKs. Domain organization of TMK1, TMK3 and 

TMK4. B) Domain organization of Malectin – LRR – RLKs. The coding sequence of the proteins is given as yellow 

bar with breaks indicating introns. As in Figure 16 peptides are aligned to the amino acid sequence and peptide 

coverage is shown in red. Green: Signal peptide; Black: LRR-repeats; Pink: non-LRR domain; light blue: 

transmembrane domain; blue: kinase domain; gray: malectin-like domain; orange: GDPC motif. 
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SYMRK was reported to be proteolitcally processed to release its malectin-like domain 

(Antolín-Llovera et al., 2014). A GDPC motif connecting the malectin-like domain and LRRs 

was found to be critical for this process. The three Malectin-LRR-RLKs found in this study 

also harbored a GDPC motif and only peptides N-terminal of this motif were found (Figure 

17B). This points to a SYMRK-like release of the malectin-like domain in Arabidopsis. In 

addition to receptor-like kinases, peptides corresponding to four receptor-like proteins were 

found (Figure 18). These are either anchored to the outer leaflet of the plasma membrane via 

GPI anchor (LYM1-3) or via a transmembrane domain (RLP51). GPI anchors are known to 

be cleaved by lipases, such as phospholipase D (Paulick & Bertozzi, 2008),  while the 

release of the RLP51 N-terminal domain probably occurs via ectodomain shedding or a 

related process.This experiment was performed with two different Arabidopsis cell culture 

lines (Ath-1, Ath-2) after one week or two weeks of subculturing (4 samples in total). The 

sample shown here (Sample02) yielded the highest number of RLKs and RLPs and the best 

peptide coverages, but overall the other three samples gave similar results (Table S1, Table 

S2, Table S3, Table S4, Table S5, Figure S1, Figure S2, Figure S3).  

 

 

 

Figure 18. Receptor like proteins found in Col-0 cell culture supernatant.The exon structure of receptor-like 

proteins found in supernatants of Col-0 cell culture is shown in yellow. Identified peptides were aligned to the 

amino acid sequence and peptide coverage is shown in red. Predicted signal peptides are given in green and 

transmembrane domains are shown in light blue. 

 

 

To validate the quality of the supernatant samples, total protein extracts from the cultured 

cells were prepared (Figure 19) and compared by immunoblotting to the supernatant 

samples analyzed by mass spectrometry. The proteomic analysis suggested ectodomain 

shedding of CERK1 and BRI1. For both receptor kinases, N-terminal antibodies are available 

that can detect ectodomain fragments. An immunoblot with a C-terminal antibody against 

FLS2 was included as a control. The full length receptor proteins could be detected for 

CERK1 (75 kDa), BRI1 (140 kDa) and FLS2 (175 kDa) in total extracts (lane A+B), but not in 

supernatants. Ectodomain fragments could be detected for CERK1 (33 kDa) and BRI1 (95 

kDa) in total extracts and were enriched in most of the supernatants (lane C). As a C-

terminal FLS2 antibody was used, no fragments corresponding to extracellular domains were 

detectable.  
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Figure 19. Only soluble ectodomain can be 

found in cell culture supernatants. Protein 

samples were prepared from one or two week 

old subcultured Arabidopsis cell culture lines. 

Total extracts of each cell culture sample were 

prepared and either 15 µg (A) or 3 µg (B) 

protein were loaded. Supernatants were 

collected and 3 µg of precipitated proteins was 

used (C). Anti-CERK1, anti-BRI1 and anti-FLS2 

immunoblots are shown. CBB, Coomassie 

Brilliant Blue membranes (loading control). 

 

 

The absence of full length proteins from supernatants indicated good quality of the samples. 

To confirm the data of cell culture supernatants, apoplastic wash fluids (AWF) of Arabidopsis 

thaliana Col-3 gl1 leaves were prepared. Col-3 gl1 was chosen as a starting material to avoid 

contamination caused by broken trichomes. The AWF was subjected to analysis by mass 

spectrometry and 1005 proteins were identified (Table 10). AWFs are more difficult to 

harvest than cell culture supernatants. Even though great care was taken not to injure the 

leaves during the process, the quality of the AWF sample was lower than the cell culture 

supernatant preparation. In contrast to cell culture supernatants, the proportion of 

extracellular proteins was much lower. Only 15.9 % of the identified proteins (corresponding 

to 20.5 % of all peptides) were predicted to be localized to the apoplast (Table 10). 

 

Table 10. Predicted localization of proteins from apoplastic wash fluids. SUBA3 localization prediction of 

proteins found in apoplastic wash fluids of Arabidopsis thaliana Col-0 leaves. 

Predicted localization Proteins % Peptides % 

Extracellular 160 15.9 2519 20.5 

Cytosol 338 33.6 3200 26 

Plasma membrane 51 5.1 442 3.6 

Plastid 275 27.4 4085 33.1 

Mitochondrion 76 7.6 946 7.7 

Vacuole 23 2.3 384 3.1 

Peroxisome 51 5.1 553 4.5 

ER 13 1.3 112 0.9 

Nucleus 18 1.7 72 0.6 

Total 1005 100 12313 100 
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Figure 20. Receptor-like kinases found in apoplastic wash fluids of Col-3 gl1 leaves. The exon structure of 

receptor-like kinases which were found in apoplastic wash fluids is shown in yellow. Peptides were aligned to 

amino acid sequence and peptide coverage is shown in red. Proteins were arranged by the transmembrane 

domain for easier comparison. Transmembrane domain is shown in light blue. Predicted signal peptides are given 

in green. Numbers indicate ratio of extracellular to intracellular peptides. 

 

Cytosolic proteins and corresponding peptides accounted for over one third of the total 

proteins and over one fourth of the peptides found. Plasma membrane localized proteins 

accounted for 5.1 % of the identified proteins and 3.6 % of the identified peptides. In contrast 

to cell cultures, leaves are fully autotrophic which is in agreement with a higher number of 

plastid proteins (27.4 %) in the AWFs. Despite the higher number of proteins detected in 

Arabidopsis apoplastic wash fluids, in comparison to cell culture supernatant, fewer RLKs 

were identified. 18 RLKs were found that belonged to the classes of LRR-RLKs, Malectin-

LRR-RLKs, Malectin-RLKs and LECTIN-RLKs. 9 out of these had also been detected in the 

cell culture supernatant. The matching peptides were aligned to the RLK amino acid 

sequences (Figure 20). Similar to cell culture supernatants, the vast majority of peptides 

mapped to the extracellular domains of the RLKs. 

However, a few peptides aligned to intracellular kinase domains: 1 out of 4 peptides (25 %) 

for AT5G03140, 2 of 26 peptides of AT1G51805 (7.7 %), 1 out of 4 peptides for AT1G66150 

(25 %) and 1 of 40 peptides of AT5G59680 (2.5 %). A higher number (5) of Malectin-LRR-

RLKs were found in AWFs than in cell culture supernatant. Most of them also harbored a 

GPDC motif connecting the malectin with the LRR domain. Almost all peptides matching 

these Malectin-LRR-RLKs mapped to the area N-terminal to the GPDC motif. However, in 
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one case, one peptide each was found that mapped to an area C-terminal of the GDPC 

motif. Peptides corresponding to intracellular domains and LRR-domains in Malectin-LRR-

RLKs are most likely an artefact caused by the high levels of intracellular contamination. 

However, additional experiments will be necessary to confirm this. In addition to RLKs, LYM2 

(AT2G17120) was the only RLP which could be found in Arabidopsis apoplastic wash fluids 

(Figure 21).  

 

 

 

 
Figure 21. Receptor-like proteins found in Col-3 gl1 apoplastic wash fluids. The exon structure of receptor-

like proteins found in apoplastic wash fluids is shown in yellow. Peptides were aligned to the amino acid sequence 

and peptide coverage is shown in red. Predicted signal peptides are given in green. 

3.1.8 CERK1 ectodomain shedding is not altered in sphingolipid mutants 

Lipid rafts are microdomains within plasma membranes, where sterols and sphingolipids are 

enriched (Cacas et al., 2012). Receptor-like kinases were reported to localise to these lipid 

rafts in Medicago truncatula (Lefebvre et al., 2007) and Nicotiana tabacum (Morel et al., 

2006) and it seems conceivable that CERK1 may also localize to lipid rafts. Localization to 

lipid rafts can be critical for ectodomain shedding in animals (Wakatsuki et al., 2004); (Zimina 

et al., 2005). CERK1 ectodomain shedding might also occur in lipid rafts and changes of lipid 

raft composition might lead to alterations in CERK1 ectodomain shedding. Double mutants of 

sphingolipid fatty acid hydroxylases (fah1 fah2) and single mutants of three Arabidopsis 

ceramide synthases (loh1, loh2, loh3) show alterations in sphingolipid composition (König et 

al., 2012; Ternes et al., 2011).  

Interestingly, later in development fah1 fah2 and loh1 mutants exhibit a growth phenotype 

which resembles cerk1-4. Therefore, double mutants defective in sphingolipid fatty acid 

hydroxylation (fah1 fah2) (König et al., 2012) or triple mutants where fah1 fah2 was 

combined with mutants of each of the Arabidopsis ceramide synthases (Ternes et al., 2011) 

were tested for CERK1 ectodomain shedding. The respective mutant lines were provided by 

Prof. Ivo Feussner (Georg-August University of Göttingen). At ten weeks of age, double 

mutant plants (fah1 fah2) as well as each of the triple mutant plants (fah1 fah2 loh1/2/3) 

exhibited a growth phenotype characterized by smaller crinkly leaves and the development of 

cell death (Figure 22A). This phenotype looked similar, but not identical to cerk1-4 plants of 

the same age. 
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Figure 22. Sphingolipid mutants show enhanced CERK1 ectodomain shedding. A) Plants of the indicated 

genotypes were grown under short day conditions and pictures were taken after 10 weeks of growth. B) CERK1 

immunoblots of the plant lines shown in A). Leaves of three plants per genotype were pooled and to prepare total 

protein extracts (TE, upper panel). Total extracts were used to prepare chitin pull-downs (CPD, lower panel). 

CBB, Coomassie Brilliant Blue stained membranes (loading control). 

 

Immunoblot analysis of ten-week-old plants was performed (Figure 22B). Full length CERK1 

protein (75 kDa) could be detected in all tested lines, except cerk1-2. Furthermore, a CERK1 

ectodomain fragment (33 kDa) was observed for all tested plant lines, except cerk1-2 and 

cerk1-4. The abundance of ectodomain fragments seemed to be slightly enhanced in all of 

the tested sphingolipid mutant lines. CERK1 ectodomain shedding is enhanced by high 

levels of salicylic acid (Petutschnig et al., 2014); unpublished data). Since fah1 fah2 mutants 

contain higher levels of salicylic acid (König et al., 2012), this could be the cause of the 

enhanced CERK1 ectodomain fragment abundance in these lines. 

3.2 Extra-Large G-protein 2 (XLG2) plays a key role in cerk1-4 cell death 

execution 

To identify components which are involved in cerk1-4 cell death execution, a forward genetic 

screen was initiated (Marnie Stolze, unpublished). cerk1-4 seeds were mutagenized with 

EMS and screened in the F2 generation for plants that had lost the cerk1-4 phenotype. The 

first cerk1-4 suppressor mutant isolated from the screen was named nole1-1 (no lesions 1-1). 

nole1-1 suppressed cerk1-4-mediated cell death formation upon Bgh inoculation and during 

senescence. It also restored susceptibility to Golovinomyces orontii and reduced pathogen 

induced elevation of SA levels to wild type levels. The underlying mutation was mapped to 

the lower arm of chromosome 4 by a new next generation sequencing approach (Hartwig et 

al., 2012). Analysis of single nucleotide polymorphisms (SNPs) in this region revealed the 
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introduction of a stop codon into the gene encoding Extra-Large G-protein 2 (XLG2, 

AT4G34390). Complementation analysis using the genomic sequence of XLG2 expressed 

under the native XLG2 promoter in nole1-1 plants confirmed that suppression of the cerk1-4 

phenotype is caused by the premature stop codon within XLG2. 

3.2.2 Characterization of cerk1-4 suppressor mutants 

In addition to nole1-1, the cerk1-4 EMS mutagenesis screen yielded several other potential 

cerk1-4 suppressing mutants (Marnie Stolze, not published), which were named noce2/4 to 

noce4/6 (no cerk1-4). The first digit of the mutant designation indicates the batch number 

and the second refers to the plant number. These suppressor mutant candidates were 

analyzed in more detail and re-evaluated for full suppression of the cerk1-4 phenotype. For 

each of these mutant lines, M3 plants were inoculated with Bgh and their phenotype was 

assessed seven days after infection (Figure 23A).  

All mutants except noce2/7 suppressed macroscopically visible lesions after Bgh infection. 

The rosettes of noce2/4 and noce3/4 plants appeared smaller compared to wild type plants. 

Next, the noce mutants were analyzed on the molecular level. Since knock-out of CERK1 

would suppress the cerk1-4 phenotype, CERK1 immunoblots were performed. 

The controls showed the expected CERK1 band patterns with full length CERK1 and 

ectodomain fragment in Col-0 and Col-3 gl1, only full length protein in cerk1-4 and no 

CERK1-specific signal (or just very weak 40 kDa and 33 kDa bands) in cerk1-2 and in all 

tested mutant lines. All noce mutants showed a CERK1 band pattern that matched cerk1-4 

(Figure 23B). This was expected, since all mutants were derived from EMS-mutagenized 

cerk1-4 seeds. In all noce mutants, the cerk1-4 protein could be pulled down by chitin 

magnetic beads, which demonstrates normal chitin binding activity. 

Since development of the cerk1-4 phenotype is associated with elevated levels of SA levels 

upon Bgh inoculation (Petutschnig et al., 2014), infected noce mutants were tested for 

expression of the SA-responsive gene PR1 in RT-PCR experiments (Figure 23C). PR1 is 

strongly induced after Bgh inoculation in wild type plants, but the induction is even stronger in 

cerk1-4 (Petutschnig et al., 2014). In mutants affected in SA synthesis or signalling, PR1 is 

not induced upon pathogen inoculation (Nawrath & Métraux, 1999; Zhou et al., 1998). As 

expected, cerk1-4 plants showed an exaggerated increase of PR1 expression after Bgh 

infection, while no clear induction was seen in sid2 or pad4 plants. The noce2/7 and noce3/4 

mutations could not suppress the increased PR1 induction of  
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Figure 23. Different noce mutants fully suppress the cerk1-4 phenotype. A) Re-mutagenized cerk1-4 plants 

derived from an EMS based mutagenesis screen (Marnie Stolze, unpublished) were inoculated with Bgh and the 

phenotype was assessed seven days after infection. Col-0, cerk1-2, Col-3 gl1, cerk1-4, pad4 and sid2 were used 

as controls. B) Total protein extracts (TE) were prepared from 6-week-old plants and chitin pull-downs (CPD) 

were performed using these total extracts. Immunoblot analysis was performed using the specific CERK1 

antibody. CBB, Coommasie Brilliant Blue stained membranes (protein loading control) C) PR1 and PDF1.2 

expression was analyzed by semi-quantitive RT-PCR. Actin was used as control. Samples were prepared from 

three whole rosettes per genotype that were either either not inoculated (-) or inoculated with Bgh (+). 

 

cerk1-4, whereas PR1 induction was wild type-like in noce2/4 and noce4/6. PR1 expression 

in noce3/8 was comparable to the SA signalling mutant pad4 (Glazebrook et al., 1996) and 

the salicylic acid synthesis mutant sid2 (Wildermuth et al., 2001), pointing to mutations within 

the SA synthesis or signalling pathways. Suppressor candidates were also assessed for 
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expression levels of the ethylene and JA responsive marker gene PDF1.2 (Figure 23C) 

(Manners et al., 1998). Elevated levels of PDF1.2 expression could be observed for cerk1-4, 

sid2, noce3/4 and noce3/8. For wild type plants, as well as pad4, noce2/4 and noce4/6 no 

induction of PDF1.2 expression was measurable.  

Mutations in several genes are already known to suppress the cerk1-4 phenotype 

(Petutschnig et al., 2014). These are SID2, which encodes isochorismate synthase 1 (ICS1) 

(Wildermuth et al., 2001) a key enzyme in SA biosynthesis, PAD4 and EDS1 two genes 

encoding lipase-like proteins (Falk et al., 1999; Jirage et al., 1999) involved in SA signaling 

and the Extra-Large G-Protein XLG2, previously identified in this screen. To investigate if the 

noce mutants had mutations in any of these proteins, the respective genes were sequenced 

(Table 11). noce2/4 was wild type for all sequenced genes. As noce2/7 did not suppress the 

cerk1-4 cell death phenotype, no genes were sequenced. noce4/6 turned out to harbor a 

mutation within XLG2, where a guanine was substituted by an adenine. This mutation causes 

a glutamic acid to lysine substitution at position 293 (E293K). As for all other noce mutants, 

XLG2 turned out to be wild type, the following analyses were carried out with noce4/6. 

 

 
Table 11. Summary of characteristics of noce mutants including results from sequencing of candidate 

suppressor genes. nd, not determined. 

 noce2/4 noce2/7 noce3/4 noce3/8 noce4/6 

Characteristics      

Suppression of cerk1-4 cell 

death 

yes no yes yes yes 

CERK1 pattern like cerk1-4 cerk1-4 cerk1-4 cerk1-4 cerk1-4 

PR1 induction like wild type cerk1-4 cerk1-4 sid2/pad4 wild type 

Sequence of candidate 

suppressor genes 

     

CERK1 cerk1-4 cerk1-4 cerk1-4 cerk1-4 cerk1-4 

SID2 wt nd nd nd nd 

PAD4 wt nd nd nd nd 

EDS1 wt nd nd nd nd 

XLG2 wt nd wt wt G->A, 

(E293K) 
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3.2.3 A single amino acid exchange in XLG2 (E293K) suppresses the  

cerk1-4 phenotype 

To confirm that the amino acid substitution in XLG2 (E293K) is responsible for suppression 

of the cerk1-4 phenotype, noce4/6 plants were backcrossed to their progenitor cerk1-4, to 

induce segregation of the causal mutation (Hartwig et al., 2012). Backcrossed plants of the 

F2 generation were inoculated with Bgh and assessed regarding their cell death phenotype. 

Approximately ¼ of the plants looked like wild type, indicating that the underlying mutation is 

recessive. Therefore, cerk1-4 suppressing plants should be homozygous for the causal 

mutation.  

 

 

 

Figure 24. Supression of the cerk1-4 phenotype is genetically linked to the xlg2 E293K (noce4/6) mutation. 

A) Schematic representation of noce dCAPS marker developed to detect the xlg2 E293K (noce4/6) mutation. The 

forward dCAPS primer was designed to introduce an XhoI restriction site (yellow) into PCR products derived from 

the wild type XLG2 allele, but not into PCR fragment derived from the xlg2 E293K allele. B) 28 non-suppressor 

and 32 cerk1-4 suppressor plants were analyzed with the dCAPS marker described in A). Restriction digestion 

was analyzed by agarose gel electrophoresis. Upper panel, non-suppressor plants were either heterozygous 

(169bp fragment + 137bp fragment) for xlg2 E293K or homozygous for the XLG2 wild type allele (only 137bp 

fragment). Lower panel, plants suppressing the cerk1-4 phenotype were all homozygous for xlg2 E293K showing 

only a 169bp fragment. C) Example pictures of cerk1-4 suppressing and non-suppressing plants. Plant numbering 

corresponds to numbering in agarose gel images. 
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A derived cleaved amplified polymorphic sequence (dCAPS) marker was designed to detect 

the noce4/6 mutation by PCR and subsequent restriction digestion. Primers were designed 

to introduce an XhoI cleavage site into PCR products derived from the wild type XLG2 

sequence (Figure 24A). After XhoI digestion of the PCR product, an uncleaved 169 bp 

product should be detected for the mutant (E293K) XLG2 allele, while a cleaved 137 bp 

fragment should be observed with the wild type XLG2 allele. From the backcrossed F2 

population, 41 suppressor and 28 non-suppressor plants were thus analyzed to investigate 

the linkage between the suppressor phenotype and the noce4/6 mutation. All non-

suppressing plants were either heterozygous for the xlg2 E293K mutation or homozygous for 

the XLG2 wild type allele (Figure 24B).  

Plants suppressing the cerk1-4 phenotype were all homozygous for the xlg2 E293K 

mutation, as only the non-cleaved 169bp fragment could be detected. This result indicates 

that the xlg2 E293K mutation is highly linked with cerk1-4 phenotype suppression, making it 

a very likely candidate for the causal suppressor mutation.Genotyping revealed that all 

cerk1-4 suppressing plants derived from noce4/6 backcrosses were homozygous for xlg2 

E293K. To confirm that xlg2 E293K is indeed the causal mutation for suppression of the 

cerk1-4 phenotype, noce4/6 plants were transformed with a genomic fragment containing the 

wild type XLG2 gene including the XLG2 promoter. The resulting transformants were tested 

for restoration of the cerk1-4 phenotype. Transformed plants were inoculated with Bgh and 

the phenotype was assessed seven days after infection.  

 

 

 

 

Figure 25. Expression of a genomic wild type XLG2 fragment can restore the cerk1-4 phenotype in nole6-1 

plants. noce4/6 plants were transformed with a genomic fragment derived from wild type plants containing the  

XLG2 gene including its promoter. Positive transformants, as well as Col-3 gl1, cerk1-4 and nole6-1 controls were 

inoculated with Bgh. Pictures of non-inoculated (-) and inoculated (+) plants were taken seven days after infection. 
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Expression of wild type XLG2 could restore the cerk1-4 phenotype in all tested lines thereby 

delivering the last piece of evidence for xlg2 E293K being the causal mutation of noce4/6 

(Figure 25). Since the nole1-1 mutant also harbours a mutation within XLG2, noce4/6 was 

renamed to nole1-2 cerk1-4. 

E293 (which is mutated to K in nole1-2 plants) is located to the N-terminal part of XLG2 in a 

highly conserved part C-terminal to the CxxC-motifs. Like the CxxC motifs, this glutamic acid 

is highly conserved in XLG proteins from mosses to flowering plants (Figure 26). 
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3.2.4 Localization studies with XLG2-GFP fusion protein 

3.2.4.1 XLG2-GFP and xlg2-E293K-GFP are located to the nucleus and cell 

periphery in N. benthamiana 

Previous studies reported localization of XLG2 to the nucleus, cytoplasm and plasma 

membrane when heterologously expressed in Nicotiana benthamiana (Chakravorty et al., 

2015; Maruta et al., 2015) or to the nucleus and plasma membrane in stably transformed 

Arabidopsis thaliana plants (Chakravorty et al., 2015; Maruta et al., 2015). However, in these 

studies XLG2 expression was under control of the strong 35S or UBIQUITIN10 promoters 

and the reported localization patterns might be influenced by overexpression.  

 

 

 

Figure 27. XLG2-GFP and xlg2 E293K-GFP are located to the nucleus and the cell periphery in N. 

benthamiana. Agrobacteria either carrying a plasmid expressing XLG2-GFP or xlg2 E293K-GFP under control of 

the native XLG2 promoter were infiltrated into N. benthamiana. Confocal laser scanning microscopy (CLSM) was 

carried out two days after infiltration. Size bar indicates 10 µm. 

 



Results 

94 
 

To re-assess the subcellular localization of XLG2 and to investigate the localization of xlg2 

E293K, C-terminal GFP fusions under control of the endogeneous XLG2 promoter were 

generated in the pGWB604 vector. Transient expression of XLG-GFP constructs in Nicotiana 

benthamiana confirmed localization of XLG2 to the nucleus but not the nucleolus. Also, weak 

localization of XLG-GFP to the cell periphery was seen (Figure 27). The same localization 

pattern was observed for xlg2 E293K-GFP (Figure 27). 

3.2.4.2 XLG2-GFP localizes to the cell periphery in unchallenged Arabidopsis 

plants and accumulates in the nucleus upon stress 

The XLG2-GFP fusion construct was transformed into Arabidopsis thaliana plants. The 

resulting transformants were used to study the subcellular localization of XLG2 when stably 

expressed in Arabidopsis. Expression levels of XLG2-GFP in leaves of Arabidopsis Col-3 gl1 

plants were very low (Figure 28A, upper panel) and no signal could be detected for xlg2 

E293K-GFP expressing lines (data not shown). Nevertheless, a signal at the cell periphery 

was detectable for XLG2-GFP. Surprisingly, no signal in nuclei could be observed. Thus, the 

localization of XLG2-GFP upon PAMP treatment was investigated. Leaf discs were vacuum 

infiltrated with either chitin or H2O as control, to test for any localization changes (Figure 28A, 

lower panels). Short incubation times did not cause any discernible alterations in XLG2-GFP 

localization (data not shown). An anti-GFP immunoblot revelead a signal at 130 kDa 

corresponding to full length fusion protein for XLG2-GFP and xlg2 E293K-GFP expressing 

plants (Figure 28B). No difference between wild type XLG2-GFP and xlg2 E293K-GFP 

concerning the band pattern was observable. However, after incubation for 16 hours in either 

H2O or chitin, the overall signal for XLG2-GFP appeared to be increased and a clear GFP-

signal in nuclei became visible. These results suggest that in unstimulated plants, XLG2 is 

localized only to the cell periphery, whereas upon exposure to stress, XLG2 also 

accumulates in the nucleus. The fact that water infiltration also caused this change in 

localization indicates that XLG2 responds either to mechanical stimuli or unspecifically to any 

stress.  
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Figure 28. XLG2-GFP localization is stimulus dependent. A) Localization of XLG2 was investigated in leaf 

discs of Col-3 gl1 plants stably expressing XLG2-GFP by confocal laser scanning microscopy. Leaf discs were 

either untreated or infiltrated with H2O or 100 µg ml
-1

 shrimp shell chitin and incubated for 16h. Pictures show 

maximum projections of 10 single focus plane images taken 1 µm apart. Size bar indicates 10 µm. B) Anti-GFP 

immunoblot of four individual transgenic T1 plants either expressing XLG2-GFP or xlg2 E293K-GFP under control 

of the endogenous XLG2 promoter. Total protein extracts were prepared from leaves. CBB, Coomassie Brilliant 

blue stained membrane. 
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3.2.4.3 C-terminal XLG2-GFP fusions are not functional 

The nole1-1 cerk1-4 and nole1-2 cerk1-4 mutants offer the possibility to test XLG2 fusion 

constructs for functionality. These mutants harbor the cerk1-4 mutation, but do not exhibit the 

characteristic cerk1-4 phenotype, because they lack functional XLG2 (Chapter 3.2.3). 

Transformation with a functional XLG2 construct can restore the cerk1-4 phenotype in nole1-

1 cerk1-4 (Elena Petutschnig, unpublished) and nole1-2 cerk1-4 (Figure 25) upon Bgh 

infection. Therefore, functionality of XLG2-GFP was tested by expression in nole1-1 cerk1-4 

and subsequent Bgh infection (Figure 29). nole1-1 cerk1-4 plants expressing XLG2-GFP 

developed lesions after Bgh infection, but to a much lesser extent than cerk1-4 mutants and  

more resembled Col-3 gl1 control plants (Figure 29A). This experiment was performed twice 

with similar results and eleven transgenic plants were tested in total. Immunoblot analysis 

using a GFP antibody revealed expression of full length XLG2-GFP (130 kDa) in all tested 

transgenic lines (Figure 29B). Additional signals below the full length signal could be 

detected for all tested lines and might represent degradation products. Since a specific XLG2 

antibody is not available, it cannot be inferred from these blots whether the abundance of 

XLG2-GFP matches that of the endogenous XLG2 protein. Overall it can be concluded that 

XLG2-GFP is not functional, either because the tag inhibits XLG2 function, or because 

protein levels are insufficient. Based on the lack of functionality of XLG2-GFP, studies using 

this construct should be taken with caution since XLG2-GFP localization might not represent 

the localization of the endogenous XLG2 protein. 

 

 
 

Figure 29. XLG2-GFP is not functional. A) nole1-1 cerk1-4 plants were transformed with constructs containing 

XLG2-GFP under control of the native XLG2 promoter. Positive transformants were inoculated with Bgh and 

pictures were taken seven days after infection. Col-3 gl1, cerk1-4 and nole1-1 cerk1-4 were used as controls. B) 

Total protein extracts prepared from leaves of plants shown in A) were used for immunoblot analysis using a GFP 

antibody. CBB, Coommassie Brilliant Blue stained membrane (loading control). 
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For this reason, no further, more detailed localization studies were carried out with XLG2-

GFP and related fusion proteins. 

3.2.5 Localization studies with Venus-XLG2  

3.2.5.1 Venus-XLG2 localizes to the nucleus, cytoplasm and plasma 

membrane in Nicotiana benthamiana 

Since XLG2-GFP fusion constructs were shown not to be fully functional, N-terminal fusions 

of XLG2 with the fluorescence protein Venus (Venus-XLG2) were generated. This construct 

was used for further analysis of the subcellular localization of XLG2. To allow co-localization 

studies with marker proteins for different subcellular compartments, Venus-XLG2 was 

expressed transiently in N. benthamiana. These transient expression assays showed 

localization to the cell periphery, cytoplasm and the nucleus. This localization pattern 

resembled the localization pattern of C-terminal XLG2-GFP fusions, even though 

fluorescence intensity of the N-terminal Venus-XLG2 fusion appeared much stronger. 

Nuclear localization was confirmed by co-infiltration with a nuclear marker construct 

expressing TagRFP-T fused to Histone2B (Figure 30).  

 

 
 

Figure 30. N-terminal XLG2 fusions are localized to the cell periphery and the nucleus. Agrobacteria 

carrying constructs for pXLG2::Venus-XLG2 and p35S::Histone2B tagged with TagRFP-T were co-infiltrated into 

N. benthamiana leaves. Confocal laser scanning microscopy (CLSM) was carried out two days after infiltration. 

Images represent a maximum projection of 10 single focal planes recorded 1 µm apart. Size bar indicates 10 µm. 

 

 

To confirm localization to the plasma membrane, Venus-XLG2 was co-expressed in 

Nicotiana benthamiana leaves with the LysM-RLK LYK5 fused to the far red fluorescence 

protein mKate2 (LYK5-mKate2). LYK5 was shown to localise to the plasma membrane 

(Erwig et al., unpublished) and was therefore considered a suitable plasma membrane 

marker. Venus-XLG2 co-localized with LYK5-mKate2 and both fusion proteins could be 
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found in Hechtian strands after plasmolysis, indicating plasma membrane localization (Figure 

31). 

 

 
 
Figure 31. Venus-XLG2 co-localizes with LYK5-mKate at the plasma membrane. Venus-XLG2 and LYK5-

mKate were co-expressed under control of their respective native promoters in Nicotiana benthamiana. Confocal 

laser scanning microscopy was perfomed 2 days after infiltration. Upper panel, Venus-XLG2 and LYK5-mKate2 

co-localize at the plasma membrane; Lower panel, 1M NaCl was used to plasmolyse cells. White arrows indicate 

Hechtian strands. Size bar indicates 10 µm. 

 

In order to confirm cytoplasmic localization, XLG2 was co-expressed with free mCherry 

under control of the 35S promoter (Figure 32). Venus-XLG2 showed a weak signal for a few 

cytoplasmic strands, whereas free mCherry strongly labelled cytoplasmic strands throughout 

the cell.  This confirms that Venus-XLG2 is also present in the cytoplasm, but this appears to 

be only a minor pool compared to XLG2 in the nucleus or the PM. 

 

 

 
Figure 32. Venus-XLG2 is also found in cytoplasmic strands. Venus-XLG2 expressed under control of its 

native promoter and mCherry under control of the 35S promoter were co-expressed in Nicotiana benthamiana 

and confocal laser scanning microscopy was performed two days after infiltration. Arrows indicate cytoplasmic 

strands. Size bar indicates 10 µm. 
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3.2.5.2 N-terminal XLG2 fusions are functional and restore the cerk1-4 

phenotype in nole1-1 plants 

Prior to investigating subcellular localization of Venus-XLG2 in transgenic Arabidopsis plants, 

Venus-XLG2 was tested for functionality. Therefore, nole1-1 cerk1-4 plants were transformed 

with the Venus-XLG2 construct under control of the native XLG2 promoter and transformants 

that gave a good signal in confocal microscopy were inoculated with Bgh (Figure 33A).  

 

 

 
Figure 33. N-terminal XLG2 fusions are functional. A) nole1-1 cerk1-4 plants were transformed with a 

construct containing Venus-XLG2 under control of the XLG2 promoter. Transformants were checked for 

fluorescence intensity by confocal laser scanning microscopy (not shown) and strong expressors were chosen for 

inoculation with Bgh. Col-3 gl1, cerk1-4 and nole1-1 cerk1-4 were used as controls. Pictures were taken seven 

days after Bgh infection. B) Total protein extracts prepared from leaves of Bgh infected plants shown in A) were 

used for immunoblot analysis with a GFP antibody. CBB. Commassie Brilliant Blue stained membrane (loading 

control). 
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Transgenic plants developed macroscopically visible lesions comparable to cerk1-4 plants 

seven days after infection. No lesions were visible in Col-3 gl1 or nole1-1 cerk1-4 mutants. In 

immunoblot analysis with a GFP antibody, a 130 kDa band corresponding to Venus-XLG2 

full length protein could be detected for all transgenic lines (Figure 33B). A weak signal of 

about 30 kDa was present in all transgenic lines, which might correspond to free Venus. 

Nevertheless, these results strongly indicate functionality of the N-terminal Venus-XLG2 

fusion. 

3.2.5.3 Venus-XLG2 localises to the cell periphery in unchallenged Arabidopsis 

plants and accumulates in the nucleus upon stress 

XLG2 localization studies in Nicotiana benthamiana confirmed previous studies (Chakravorty 

et al., 2015; Maruta et al., 2015) which found XLG2 to be localized to the nucleus, cytoplasm 

and plasma membrane. In order to investigate the subcellular localization of XLG2 in 

Arabidopsis thaliana, pXLG2::Venus-XLG2 was transformed into Col-0, agb1-2, Col-3 gl1 

and cerk1-4 plants. Confocal laser scanning microscopy revealed localization of XLG2 to the 

cell periphery in unchallenged Col-0 plants. These results confirm the localization studies 

conducted with C-terminal GFP fusions in this study and are in contrast to a recent study with 

stably transformed Arabidopsis plants overexpressing GFP-XLG2 from the 35S promoter 

(Maruta et al., 2015). To address the question if XLG2 localization might be stimulus 

dependent, leaves of Col-0 plants expressing Venus-XLG2 were infiltrated with H2O, chitin or 

flg22. Analysis by confocal laser scanning microscopy revealed that 3 hours after each of 

these treatments, the Venus-XLG2 fluorescence signal increased overall and a distinct signal 

within nuclei appeared. After one day of incubation, the Venus-XLG2 signal intensity was 

increased further, with pronounced labelling of nuclei. These data suggest that in the wild 

type background, infiltration stress causes Venus-XLG2 abundance to increase and triggers 

its accumulation in nuclei. No clear difference in the subcellular behaviour of Venus-XLG2 

could be seen between water and PAMP treatment. To investigate if the accumulation of 

Venus-XLG2 in nuclei is specifically caused by infiltration, leaves of Col-0 plants expressing 

Venus-XLG2 were analyzed after wounding. Leaf discs were cut out and analyzed either 

directly by confocal laser scanning microscopy or stored in water for 3 and 24 hours, 

respectively. Similar to infiltration of H2O, chitin or flg22, a Venus-XLG2 signal in the nucleus 

appeared 3 hours after wounding and became more intense after 24 hours Thus it seems 

likely that different types of abiotic and biotic stress can trigger nuclear accumulation of 

Venus-XLG2 (Figure 34, Figure 35, Figure 36, Figure 37) 
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Figure 34. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after H2O 

infiltration in Col-0 plants. Stably transformed Col-0 plants expressing Venus-XLG2 from the XLG2 promoter 

were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated with H2O 

using a syringe. Leaf discs were either used for microscopy directly after infiltration or were incubated in H2O for 

the indicated time points. Images represent maximum projections of 10 single focal plane images taken 1 µm 

apart. White arrows denote nuclei. Size bar indicates 10 µm. 
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Figure 35. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after chitin 

infiltration in Col-0 plants. Stably transformed Col-0 plants expressing Venus-XLG2 from the XLG2 promoter 

were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated with 100 

mg ml
-1

 chitin using a syringe. Leaf discs were either used for microscopy directly after infiltration or were 

incubated in 100 mg ml
-1

 chitin solution  for the indicated time points. Images represent maximum projections of 

10 single focal plane images taken 1 µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 
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Figure 36. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after flg22 

infiltration in Col-0 plants. Stably transformed Col-0 plants expressing Venus-XLG2 from the XLG2 promoter 

were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated with 100nm 

flg22 using a syringe. Leaf discs were either used for microscopy directly after infiltration or were incubated in 

100nm flg22 solution for the indicated time points. Images represent maximum projections of 10 single focal plane 

images taken 1 µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 
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Figure 37. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after 

wounding in Col-0 plants. Stably transformed Col-0 plants expressing Venus-XLG2 from the XLG2 promoter 

were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and directly used for microscopy 

of were left in water for the indicated time points. Images represent maximum projections of 10 single focal plane 

images taken 1 µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 

 

 
Since XLG2 is required for the formation of the cerk1-4 phenotype, the localization of Venus-

XLG2 was also analyzed in the cerk1-4 mutant and the corresponding wild type control, Col-

3 gl1. The situation was the same as observed in Col-0. Venus-XLG2 localized to the cell 

periphery in unchallenged plants and showed an increase in overall signal intensity as well 

as accumulation in the nucleus upon water infiltration (Figure 38, Figure 39). Interestingly, 

when expressed in agb1-2 plants, Venus-XLG2 was localized to the cell periphery as well as 

the nucleus even in unchallenged plants. Upon infiltration of water, the signal at the cell 

periphery did not increase much, but the signal intensity in nuclei became very strong after 3 

and 24 hours (Figure 40). The localization of Venus-XLG2 appeared to be shifted towards 

the nucleus in agb1-2 mutants.  
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Figure 38. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after H2O 

infiltration in Col-3 gl1 plants. Stably transformed Col-3 gl1 plants expressing Venus-XLG2 from the XLG2 

promoter were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated 

with H2O using a syringe. Leaf discs were either used for microscopy directly after infiltration or were incubated in 

H2O for the indicated time points. Images represent maximum projections of 10 single focal plane images taken 1 

µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 
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Figure 39. XLG2 is localized to the cell periphery in unchallenged plants and appears in nuclei after H2O 

infiltration in cerk1-4 plants. Stably transformed cerk1-4 plants expressing Venus-XLG2 from the XLG2 

promoter were analyzed by Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated 

with H2O using a syringe. Leaf discs were either used for microscopy directly after infiltration or were incubated in 

H2O for the indicated time points. Images represent maximum projections of 10 single focal plane images taken 1 

µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 
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Figure 40. XLG2 is localized to the cell periphery and nucleus in unchallenged and challenged agb1-2 

plants. Stably transformed agb1-2 plants expressing Venus-XLG2 from the XLG2 promoter were analyzed by 

Confocal laser scanning microscopy. Leaf discs were cut out and vacuum-infiltrated with H2O using a syringe. 

Leaf discs were either used for microscopy directly after infiltration or were incubated in H2O for the indicated time 

points. Images represent maximum projections of 10 single focal plane images taken 1 µm apart. White arrows 

denote nuclei. Size bar indicates 10 µm. 

 

To complement confocal laser scanning microscopy analyses, membrane association of 

Venus-XLG2 was investigated by immunoblotting. To do so, microsomal fractions were 

prepared from untreated transgenic plants expressing Venus-XLG2 in the Col-0, agb1-2, Col-

3 gl1 or cerk1-4 backgrounds. For all genotypes, immunoblot analysis using a GFP antibody 

revealed the presence of Venus-XLG2 in total extracts and in soluble fractions, but not in 

microsomal fractions for all genotypes (Figure 41). Since microscopy indicated a plasma 

membrane localization of Venus-XLG2, the membrane association of Venus-XLG2 might be 

disrupted by the extraction process. A CERK1 immunoblot was performed using the same 

samples to validate the identity of the prepared fractions. Full length CERK1 (75 kDa) is 
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membrane bound and can only be found in total extracts and microsomal fractions, whereas 

the CERK1 ectodomain (33 kDa) can be found in total extacts and soluble fractions (Figure 

41) (Petutschnig et al., 2014). 

 

 

Figure 41. Venus-XLG2 can be found in 

soluble protein fractions, but not in 

microsomes. Microsomes were prepared 

from leaves of transgenic plants 

expressing Venus-XLG2. Samples were 

analyzed in immunoblot using a GFP 

antibody to detect Venus-XLG2 and with a 

specific CERK1 antibody, to validate 

microsomal and soluble fractions. Samples 

which have been used for GFP and 

CERK1 immunoblot are identical. CBB, 

Coommassie Brilliant Blue (loading 

control). Tot, total extracts; sol, soluble; 

mic, microsomal fraction. 

 

3.2.5.4 XLG2 is localized to the nucleus in Bgh attacked and surrounding 

cells 

The extra-large G-protein XLG2 appears to be a key regulator in cell death execution and is 

essential for development of the characteristic cerk1-4 phenotype upon Bgh treatment 

(Marnie Stolze, unpublished, and this study). It was therefore of great interest do study XLG2 

localization in Bgh infected plants. Expecially localization of XLG2 in Bgh infected cerk1-4 

plants might help deciphering cellular changes that lead to development of the cerk1-4 

phenotype. 

Transgenic plants expressing pXLG2::Venus-XLG2 were inoculated with Bgh and analysis 

by confocal laser scanning microscopy was performed two days after infection (Figure 42). 

By staining fungal structures with FB28, penetrated cells could easily be detected. 

Penetrated cells were characterized by an accumulation of Venus-XLG2 fluorescence signal 

around the penetration site. XLG2 clearly accumulated in the nucleus of cells under Bgh 

attack. Interestingly, also cells surrounding the penetration site which are not under attack, 

show localization of XLG2 to the nucleus. This could be observed for Col-0, agb1-2, Col-3 

gl1 and cerk1-4 plants. This supports the notion that XLG2 accumulates in nuclei after stress. 

However, no differences between wild type lines and cerk1-4 could be observed.  
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Figure 42. Venus-XLG2 accumulates in nuclei of Bgh-attacked and surrounding cells. Transgenic plants 

expressing Venus-XLG2 from the XLG2 promoter in Col-0, agb1-2, Col-3 gl1 or cerk1-4  were inoculated with 

Bgh. Analysis by confocal laser scanning microscopy was performed two days after infection. Leaf discs were 

incubated in FB28 for 30 seconds to stain fungal structures. Images represent maximum projections of 10 single 

focal plane images taken 1 µm apart. White arrows denote nuclei. Size bar indicates 10 µm. 

  



Discussion 

110 
 

4. Discussion 

Ectodomain shedding is a common regulatory mechanism of many membrane-anchored 

proteins in animals (Hayashida et al., 2010). In plants it has been described only recently for 

the Arabidopsis receptor-like kinase CERK1 (Petutschnig et al., 2014). A CERK1 mutant 

(cerk1-4) was isolated which shows altered abundance of the shed ectodomain and 

enhanced cell death upon pathogen inoculation (Petutschnig et al., 2014). The first part of 

this study focused on the generation of a non-shedding CERK1 mutant to decipher the 

function of CERK1 ectodomain shedding and its role in development of the cerk1-4 

phenotype. 

Extra-large G-proteins (XLGs) are unusual GTPases which can only be found in the plant 

kingdom (Urano et al., 2013). They play roles in root development, hormone signaling, 

pathogen resistance and cell death (Ding et al., 2008; Maruta et al., 2015; Pandey et al., 

2008; Zhu et al., 2009). A genetic screen to identify components of cerk1-4 cell death 

execution identified XLG2 as a key regulator (Marnie Stolze, unpublished). The second part 

of this work focused on identification of a novel XLG2 allele fully suppressing the cerk1-4 

phenotype and the investigation of XLG2 subcellular localization. 

4.1 Analysis of CERK1 ectodomain shedding 

4.1.1 Prolines within the extracellular stalk of CERK1 modulate the 

abundance of the CERK1 ectodomain fragment 

In Arabidopsis thaliana Columbia accessions, CERK1 is proteolitically processed to release 

its ectodomain. cerk1 mutants lacking the soluble ectodomain are characterized by 

deregulated cell death upon pathogen attack (Petutschnig et al., 2014). Natural variation 

between Arabidopsis accessions with regard to immune receptor complement is well 

documented (Gomez-Gomez et al., 1999; Noel et al., 1999; Rose et al., 2004; Zhang et al., 

2013). 

To investigate if there is also natural variation for CERK1 ectodomain shedding, different 

Arabidopsis accessions were analyzed with respect to CERK1 ectodomain fragment 

abundance. All 24 tested accessions showed a signal in immunoblots for the soluble CERK1 

ectodomain, but in Mh-1, Rsch-4, Shakdara, Wt-5 and Sorbo, ectodomain levels were 

reduced compared to Col-0 (Figure 6A). The fact that none of the tested Arabidopsis 
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accessions completely lacked the CERK1 ectodomain points to the importance of CERK1 

ectodomain shedding. 

The reduced CERK1 ectodomain fragment abundance in these five accessions could be due 

to decreased stability like in the cerk1-4 mutant or it could be the result of decreased 

shedding. Sequence analysis revealed amino acid changes in the extracellular stalk region of 

these accessions in comparison to Col-0 (Figure 6B). Especially the proline to alanine 

substitution in position 221 was regarded as potentially interesting. Prolines are known to 

disrupt secondary structures (Vanhoof et al., 1995) which can cause structural disorder and 

may increase protease accessibility (Paetzel et al., 1998). Also, proline-containing motifs 

play a role in ectodomain shedding of metazoan receptor kinases (Cheng et al., 2003; Thorp 

et al., 2011; Turk et al., 2001; Yuan et al., 2003). Thus, it seemed possible that the lack of 

proline 221 caused reduced CERK1 shedding in the five ecotypes with lower ectodomain 

fragment abundance.  

Indeed, P221 was found to be part of several potential EGFR-like cleavage motifs (P/G-X5-7-

P/G) within the extracellular stalk (Figure 8A). This motif is required for ectodomain shedding 

of EGFR family RTKs in animals (Cheng et al., 2003; Yuan et al., 2003). EGFRs can be shed 

by ADAMs (Rio et al., 2000) which are not present in plants (Seals & Courtneidge, 2003). 

However, the related class of MMP proteases do occur in plants (Maidment et al., 1999) and 

have been reported to recognize similar motifs to ADAMs (Caescu et al., 2009; Turk et al., 

2001). 

The amino acid directly N-terminal of P221 is also a proline (P220). It is therefore conceivable 

that the two adjacent prolines at positions 220 and 221 might play redundant roles in CERK1 

ectodomain shedding. This would also be an explanation for the fact that the CERK1 

ectodomain fragment abundance is reduced in the ecotypes lacking P221, but the fragment is 

not completely gone. In an attempt to generate a non-shedding CERK1 mutant, both prolines 

were mutated to alanine (cerk1 cvg1). Alanine is a helix-forming amino acid (Rohl et al., 

1999) promoting a secondary structure that possibly interferes with protease accessibility. 

When this construct was expressed in Arabidopsis plants, the cerk1 cvg1 protein indeed 

showed lower levels of soluble ectodomain fragment, which is consistent with the idea of 

prolines being modulators of CERK1 ectodomain shedding. However, the cleaved CERK1 

ectodomain was still detectable in cerk1 cvg1, which argues against P220 and P221 

redundantly mediating ectodomain shedding, unless there is another redundant amino acid. 

In cerk1 cvg1 there is one remaining proline within the extracellular stalk in position 215. It 

cannot be ruled out completely that P215 might contribute to ectodomain shedding and be 

sufficient for the residual ectodomain fragment observed. However, based on mass 

spectrometry analyses, the size of the ectodomain fragment and a series of domain swap 
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constructs the cleavage site is probably close to the or within the transmembrane domain 

(see section 4.1.5 below), which starts at amino acid 233 and is relatively far from P215. Also, 

a CERK1-FLS2 domain swap construct (FLS2TMex3), in which P215, P220 and P221 are 

missing, still showed shed ectodomain. In this construct the extracellular stalk and 

transmembrane domain of CERK1 were replaced with the stalk and transmembrane domain 

of FLS2. The stalk of FLS2 also contains two proline residues. It is theoretically possible, that 

these two prolines (or one of them) mediate cleavage (potentially in addition to other sites – 

see section 4.1.5  below), which would suggest that prolines can promote proteolysis in a 

wide variety of sequence contexts. The fact that prolines have been reported to be 

modulators of ectodomain shedding in different types of transmembrane proteins supports 

this idea. For example, the mutation of a proline within the extracellular stalk of human p75 

TNF receptor was shown to prevent protein kinase C-mediated ectodomain shedding 

(Herman & Chernajovsky, 1998).  

Several cerk1 cvg1 expressing lines showed lower overall CERK1 signal in immunoblots 

than the Col-0 control. It is normal for transgenic lines to show some variation in transgene 

expression, thus the lower CERK1 abundance could be attributed to this fact. However, 

immunoblot experiments with cerk1-4 cvg1 expressing plants (also see below) revealed the 

full length protein to be unstable. This raises the possibility that the cvg1 mutation alone 

might have a destabilizing effect on the CERK1 ectodomain and that lower ectodomain 

abundance is not caused by reduced shedding. This is reminiscent of the cerk1-4 mutation. 

When present alone, it destabilizes the shed ectodomain (Petutschnig et al., 2014). When 

combined with another mutation, cerk1-5, which likely also destabilizes the ectodomain, the 

full length cerk1-4 protein appears to become unstable as well. Similar to cerk1-4 plants, 

cerk1-5 plants also develop the enhanced cell death phenotype. (Petutschnig et al., 2014). 

The cerk1-4 and cerk1-5 mutation lie in close vicinity within the second LysM domain and 

might lead to the formation of a degradation product triggering the cell death phenotype, 

which is not formed in cerk1 cvg1. When a cerk1-4 cerk1-5 double mutant cerk1 variant is 

expressed in cerk1-2, no full length protein can be detected in immunoblots and transgenic 

plants do not develop a cerk1-4 phenotype (Petutschnig and Horlacher, unpublished). 

4.1.2 Reduced abundance of the CERK1 ectodomain cannot suppress the  

cerk1-4 phenotype 

One topic of this work was the influence of CERK1 ectodomain shedding on development of 

the cerk1-4 phenotype. Since a non-shedding CERK1 variant could not be generated and 
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cerk1 cvg1 showed reduced ectodomain fragment abundance, the cerk1 cvg1 mutation was 

chosen to be combined with the cerk1-4 mutation. Plants expressing cerk1-4 cvg1 strongly 

resembled cerk1-4 mutants, indicating that the cvg1 mutation can neither suppress the 

cerk1-4 enhanced cell death phenotype upon pathogen challenge nor the senescence 

phenotype (Figure 10A, Figura 11A). 

Surprisingly, very little cerk1-4 cvg1 protein was detected in immunoblots, even though the 

plants developed a very clear cerk1-4-like phenotype. The cleaved cerk1-4 ectodomain is 

likely to be unstable (Petutschnig et al., 2014). One theory to explain the cerk1-4 cell death 

phenotype is that a degradation product of the shed ectodomain acts as a DAMP and 

triggers cell death via an unknown receptor. This could also be the case in cerk1-4 cvg1 

plants. Very little full length protein might be left, but sufficient amounts of degradation 

product(s) might still be formed to trigger the cerk1-4 phenotype.  

4.1.3 CERK1 ectodomain shedding cannot be suppressed by mutating 

potential protease cleavage motifs 

The prolines acting as possible modulators of CERK1 ectodomain shedding were part of 

potential EGFR cleavage motifs. Additional putative EGFR cleavage motifs within the CERK1 

extracellular stalk containing glycines could be found (Figure 8A). Furthermore, sequences 

with similarities to cleavage motifs of rhomboid proteases were identified within the CERK1 

transmembrane domain. Most rhomboid proteases were shown to depend on the presence 

of helix-relaxing amino acids in the outermost third of their substrate transmembrane domain 

(N-terminal part of type I transmembrane proteins) (Urban, 2006; Urban & Freeman, 2003). 

Also, the presence of small amino acids in this region promotes rhomboid cleavage (Urban & 

Freeman, 2003). For example, replacing a glycine with phenylalanine in the outer part of the 

transmembrane domain could successfully suppress cleavage by Drosophila Rhomboid-1 

(Urban & Freeman, 2003). cerk1 cvg2 and cerk1 cvg3 were designed to harbor amino acid 

substitutions of helix-relaxing glycines within the N-terminal part of the transmembrane 

domain and at the same time target putative EGFR cleavage motifs that overlapped with the 

CERK1 extracellular stalk and transmembrane domain (Figure 8B). Both CERK1 variants 

exhibited slightly enhanced ectodomain abundance when expressed in Arabidopsis. Thus 

cerk1 cvg2 and cvg3 mutations certainly did not suppress ectodomain shedding. EGFRs are 

shed by MMPs and ADAMs (Carey et al., 2005; Rio et al., 2000), the latter of which do not 

occur in plants (Seals & Courtneidge, 2003). Other, yet unknown proteases may compensate 
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for the lack of ADAMs in plants. These proteases might rely on amino acid sequences 

completely different from ADAMs. 

Apart from EGFR cleavage motifs, cerk1 cvg3 harbored mutations aiming at inhibiting 

cleavage by rhomboid proteases. For this purpose, the helix-relaxing amino acid glycine was 

replaced by phenylalanine. The preference of rhomboid protease cleavage towards such 

helix-relaxing amino acids seems to be rather strict (Urban, 2006; Urban & Freeman, 2003). 

This is further supported by ATRBL2, an Arabidopsis rhomboid homologue, which was 

shown to exhibit a cleavage motif preference similar to its Drosophila counterpart Rho-1 

(Kanaoka et al., 2005). Taking this into consideration along with the fact that extracellular 

and cytoplasmic domains of substrate do not influence rhomboid activity (Urban & Freeman, 

2003) makes it unlikely for CERK1 to be a rhomboid substrate. 

Plant ectodomain shedding might resemble animal ectodomain shedding in the sense that 

proteins can be subject to proteolytic cleavage by not only one, but a variety of proteases 

(Hayashida et al., 2010). It might be therefore possible that even though in the generated 

CERK1 mutants actual cleavage motifs were mutated, cleavage motifs for other proteases 

still existed or were even created. Furthermore, shedding of the CERK1 ectodomain might 

not occur at a distinct cleavage site, but at a fixed distance from the transmembrane domain, 

which was also suggested for APP (Sisodia, 1992). 

In immunoblots after chitin pull-down, CERK1 often shows multiple bands at around 40 kDa 

whose exact identity and function is unknown (Figure 8C). These multiple bands could 

potentially be precursors of the cleaved CERK1 ectodomain. In contrast to the CERK1 

ectodomain fragment, these bands are membrane-associated and their size suggests that in 

addition to the ecto- and transmembrane domain they also harbor parts of the intracellular 

domain. Interestingly, the intracellular juxtamembrane domain of CERK1 harbors potential 

EGFR cleavage motifs, similar to the extracellular domain (Figure 9A). Such motifs were also 

found in the intracellular juxtamembrane domains of several rice RLKs (Ding et al., 2009) 

and phosphorylation of sites flanked by the cleavage motifs was reported to inhibit cleavage 

of the rice RLK XA21 (Xu et al., 2006). By deleting potential corresponding motifs in CERK1, 

cerk1 clx aimed at repressing the generation of the 40 kDa fragment group. However, cerk1 

clx was neither successful in inhibiting the generation of 40 kDa signals nor did it inhibit 

generation of the soluble CERK1 ectodomain derivative (Figure 9C). In cerk1 clx 

immunoblots it seemed like the highest of the multiple bands around 40 kDa was shifted 

upwards. This could indicate that the cleavage site for generation of this particular 40 kDa 

fragment was shifted to the C-terminus. However, at present it is not known if the multiple 

bands around 40 kDa arise from cleavage at multiple, adjacent sites. Alternatively CERK1 

might be cleaved in only one position and the different apparent molecular weights might be 
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caused by protein modifications such as phosphorylation or differential patterns of 

glycosylation. 

4.1.4 Reduction of extracellular stalk length cannot suppress CERK1 

ectodomain shedding 

Results of mutational analysis of possible CERK1 cleavage motifs revealed that other factors 

than the sole amino acid sequence might be critical for CERK1 ectodomain shedding. 

Ectodomain shedding of the transmembrane proteins L-selectin (Migaki et al., 1995), the 

interleukin 6-receptor (Baran et al., 2013) and the p75 neurotrophin receptor (Weskamp et 

al., 2004) were reported to depend on the length of their extracellular stalk. Based on these 

studies CERK1 extracellular stalk deletion constructs were generated (Figure 12A). 

Shortening the CERK1 extracellular stalk by five amino acids could not repress ectodomain 

shedding. While for L-selectin deletion of five amino acids was sufficient for inhibition of 

ectodomain shedding (Migaki et al., 1995), an extracellular stalk deletion of 15 amino acids 

was required with the p75 TNF receptor (Weskamp et al., 2004). The 15 amino acid deletion 

left only two amino acids of the extracellular stalk and could successfully repress p75 TNF 

proteolytic cleavage. It was speculated that long deletions place the ectodomain in close 

vicinity to the plasma membrane thereby abolishing protease accessibility. Consequently, a 

CERK1 variant with a deletion of 16 amino acids within the CERK1 extracellular stalk was 

generated (cerk1 del2). However, when the respective construct was stably expressed in 

Arabidopsis, none of the transformants contained any cerk1 del2 protein. Long stalk 

deletions might interfere with proper membrane insertion of CERK1 resulting in protein 

degradation. Sterical hindrance between ectodomain and plasma membrane or 

transmembrane domain might also be a reason for cerk1 del2 degradation. Nevertheless, a 

series of successive deletions of 6 to 15 amino acids might result in a CERK1 variant where 

the ectodomain is close enough to the plasma membrane to inhibit shedding but does not 

interfere with protein stability. It would be interesting to address this issue in future 

experiments. 

4.1.5 The CERK1 extracellular stalk and transmembrane domain are not 

critical for ectodomain shedding 

In order to narrow down which parts of CERK1 are required for ectodomain shedding, a 

series CERK1-FLS2 chimeras were generated (Figure 13A). In cerk1 fls2tm, the 
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transmembrane domain (TM) of CERK1 was replaced with the TM of FLS2. In cerk1 

fls2tmex3, both the TM and extracellular stalk were replaced with the FLS2 counterparts. 

cerk1 fls2tmex1 and fls2tmex2 variants contained the FLS2 transmembrane domain and a 

composite extracellular stalk with elements from CERK1 as well as FLS2. None of these 

domain swaps could suppress ectodomain shedding of CERK1 in Nicotiana benthamiana. 

The CERK1-FLS2 chimera cerk1 fls2tm and cerk1 fls2tmex1 were also stably transformed 

into Arabidopsis thaliana where the corresponding transgenic proteins still showed 

ectodomain shedding. 

The fact that the cleaved CERK1 ectodomain is soluble (Petutschnig et al., 2014) implicates 

that cleavage occurs within the extracellular stalk or transmembrane domain. The cerk1 

fls2tmex variant contained the complete FLS2 transmembrane domain and extracellular stalk 

and still underwent ectodomain shedding. Thus, the cleavage must have occurred within the 

FLS2 sequences and CERK1 ectodomain shedding obviously does neither depend on the 

CERK1 transmembrane domain nor on the CERK1 extracellular stalk. Consequently, the 

FLS2 sequences which were introduced into CERK1 must meet the structural and/or 

sequence criteria for ectodomain shedding. This suggests that FLS2 might also be subject to 

ectodomain shedding. Peptides corresponding to the extracellular domains of several LRR-

RLKs could be found in the supernatants of cell cultures (see section 4.1.6) further 

supporting the possibility of FLS2 being subject to ectodomain shedding. 

The chimeras cerk1 fls2tmex1 and cerk1 fls2tmex3 have longer extracellular stalks than 

CERK1 and accordingly showed a bigger signal for the full length receptor than wild type 

CERK1 (Figure 13B). Interestingly, the cerk1 fls2tmex1 and cerk1 fls2tmex3 ectodomain 

fragments differed markedly in size. The shed cerk1 fl2tmex1 ectodomain was discernibly 

bigger than in the wild type, which was expected. However, it appeared as a double band. In 

contrast, the size of cerk1 fls2tmex3 ectodomain fragment was comparable to the shed 

ectodomain of wild type CERK1. This implies an N-terminal shift of the cleavage site in cerk1 

fls2tmex3. The fact that the cerk1 fl2tmex1 ectodomain fragment appeared as a double band 

suggests that this new cleavage site might also be present in cerk1 fls2tmex3, likely in 

addition to a more C-terminal site. Additionally, mutation or deletion of a shared KS motif 

found in all CERK1 FLS2 chimeric constructs did not abolish ectodomain shedding (Figure 

15B). All in all, the data indicate that ectodomain shedding is not dependent on a specific 

sequence or motif within the TM or extracellular stalk. 

The three LysM domains of CERK1 might be of importance for ectodomain shedding. 

Ectodomain shedding of the angiotensin converting enzyme (ACE) was reported to depend 

on an N-terminal (distal) part of its ectodomain (Sadhukhan et al., 1998). ACE and CD4 are 

transmembrane proteins, of which ACE is subject to ectodomain shedding and CD4 is not. 
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Chimeras of the distal ACE ectodomain with the extracellular stalk and transmembrane 

domain of CD4 were shed within the CD4 sequence. Combining the distal ectdomain of CD4 

with the juxtamembrane and transmembrane domain of ACE did not lead to ectodomain 

shedding (Sadhukhan et al., 1998). The extracellular domain of CERK1 or one of its three 

LysM domains might be critical for interaction with a protease which is involved in proteolytic 

cleavage of the CERK1 ectodomain, whereas the amino acid sequence of the extracellular 

stalk and transmembrane domain appear to be of minor importance. 

4.1.6 The extracellular domain of many RLKs is proteolytically processed 

The analysis of Arabidopsis cell culture supernatants and apoplastic wash fluids from leaves 

by mass spectrometry revealed the presence of peptides corresponding to the extracellular 

domains of numerous receptor-like kinases (Figure 16). The exon structure of many of those 

RLKs excludes the possibility of the extracellular domain being generated by alternative 

splicing. This suggests that many RLKs in addition to CERK1 may undergo ectodomain 

shedding. LRR-RLKs were the biggest group of RLKs found in the cell culture supernatants 

and apoplastic wash fluids. Based on the fact that LRR-RLKs are the largest family of RLKs 

in Arabidopsis (Shiu & Bleecker, 2001), this could be expected. Even though FLS2 is not 

among the identified LRR-RLKs, its ectodomain domain might also be released. This might 

explain why the CERK1-FLS2 chimeras were still subject to ectodomain shedding. 

Interestingly, some types of RLKs appeared to be enriched in the cell culture supernatant 

and apoplastic wash fluid samples. Arabidopsis contains four LRR-RLKs of the TMK family 

(Dai et al., 2013), of which three were detected in this study. The remaining one (TMK2) is 

only expressed in reproductive organs (Dai et al., 2013) and thus was probably not present in 

the samples investigated. TMKs contain two extracellular LRR-domains that are linked by a 

hinge domain (Liu et al., 2013b). The peptides identified mapped to the entire ectodomains of 

the TMKs, indicating that they are subject to ectodomain shedding and not cleavage between 

extracellular subdomains (Figure 17A). The exon structure precludes alternative splicing as 

the source of soluble TMK forms, thus it is highly likely that the entire TMK family undergoes 

ectodomain shedding. Interestingly, TMK1 was found as a putative interactor of CERK1 in a 

yeast two hybrid screen (Lipka, unpublished). CERK1 and LYK5 were also detected in this 

study, confirming previous results (Petutschnig et al., 2014). It is tempting to speculate that 

TMKs and LysM-RLKs interact and might undergo ectodomain shedding together.  

Also, many RLKs were found that contain malectin-like domains in their extracellular 

domains. The Malectin-LRR-RLK SYMRK is required for symbiosis in Lotus japonicus.  
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SYMRK releases its malectin-like domain and this process depends on the presence of a 

GDPC motif (Antolín-Llovera et al., 2014). In the supernatant of cell cultures three Malectin-

LRR-RLKs could be found. Like SYMRK, they also harbor a GDPC motif within their 

extracellular domain (Figure 17B). Only peptides N-terminal to this GDPC motif were found 

indicating that the malectin-like domain is released in a process similar to SYMRK. However, 

as cleavage via the GDPC motif does not occur in close vicinity to the transmembrane 

domain, this process is not referred to as ectodomain shedding (Antolín-Llovera et al., 2014). 

Malectin cleavage of SYMRK enhances its interaction with the LysM-RLK NFR5 (Antolín-

Llovera et al., 2014). Some Arabidopsis Malectin-LRR-RLKs might also interact with LysM-

RLKs such as CERK1 and the proteolytic processing might modulate the interaction. 

Comparable to cell culture supernatants, numerous peptides corresponding to the 

extracellular domains of RLKs including Malectin-LRR-RLKs were found in apoplastic wash 

fluids (Figure 20). In contrast to cell culture supernatants, single peptides C-terminal to the 

characteristic Malectin-LRR-RLK GDPC motif were found. Moreover, also few peptides 

corresponding to intracellular domains could be identified. These peptides probably derive 

from wounded plant tissue which is a consequence of the preparation method. 

 

 

Table 12. RLKs identified in cell wall proteome studies. RLKs marked with an asterisk were also found in cell 

culture supernatants and/or apoplastic wash fluids. 

Material Identified RLKs Reference 

Cell suspension 

cultures  

(LRR – RLK) - AT3G08680 

(LRR – RLK) - AT3G02880* 

(LRR – RLK) - AT2G01210 

(LRR – RLK) - AT2G01820 – TMK3* 

(LRR – RLK) - AT3G51740 

(LRR – RLK) - AT5G16590 – LRR1* 

(LRR – RLK) - AT2G16250 

Bayer et al. (2006) 

Etiolated hypocotyls (LRR – RLK) - AT3G02880* 

(LRR – RLK) - AT5G16590 – LRR1* 

Zhang et al. (2011) 

Etiolated hypocotyls (LRR – RLK) - AT2G29000 Feiz et al. (2006) 

Roots (LRR – RLK) - AT3G02880* 

(LRR – RLK) - AT3G17840 – RLK902* 

(LRR – RLK) - AT3G28450 

(LRR – RLK) - AT5G37450 

(Malectin  – LRR – RLK) -  AT2G14510 

(Malectin  – LRR – RLK) - AT1G51850* 

(Malectin  – LRR – RLK) -  AT1G51890 

(Malectin  – LRR – RLK) -  AT2G28990 

(Malectin  – LRR – RLK) -  AT5G59680* 

Nguyen-Kim et al. (2016) 
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RLKs could also be identified in studies analyzing the cell wall proteome. These RLKs belong 

to the group of LRR-RLKs and Malectin-LRR-RLKs, some of which could also be found in the 

present study (Table 12). However, the degree of contamination of the cell wall preparations 

and to which part of the RLKs the identified peptides match is not known. Nevertheless, 

these results add further evidence to the hypothesis that proteolytic processing of 

extracellular domains is a more widespread phenomenon in Arabidopsis than previously 

known.  

4.1.7 Possible function of CERK1 ectodomain shedding 

The function of ectodomain shedding in many animal RTKs is to reduce the amount of 

functional receptors on the cellular surface upon ligand binding (Chen & Hung, 2015). 

Proteolytic cleavage of the extracellular domain is often followed by intramembrane 

proteolysis to release the intracellular domain which can be transported to the nucleus. For 

example, the intracellular domain of erbB4/Her-4 translocates into the nucleus after being 

released from the plasma membrane by γ-secretase cleavage (Jones, 2008). In the nucleus 

it acts as a transcriptional co-activator and is involved in regulation of growth and 

differentiation of breast epithelium cells. Since CERK1 ectodomain shedding is chitin-

independent, it is likely not involved in chitin signaling into the cell (Petutschnig et al., 2014). 

Moreover, confocal microscopy of plants expressing CERK1-GFP fusions could not detect a 

signal within the nucleus (Erwig et al., unpublished; Petutschnig et al., 2014). Therefore, the 

function of CERK1 ectodomain shedding is probably different from erbB4/Her-4 ectodomain 

shedding. CERK1 is thought to form a chitin induced complex with the LysM-RLK LYK5  

(Cao et al., 2014). Proteolytic cleavage of the CERK1 ectodomain might be a prerequisite for 

separation of the receptor complex components. In this scenario CERK1 would remain at the 

plasma membrane, while LYK5 is removed from the plasma membrane via endocytosis 

(Erwig et al., unpublished).  

CERK1 ectodomain shedding was shown to be upregulated upon pathogen attack 

(Petutschnig et al., 2014). Thus it seems conceivable that the released ectodomain binds 

chitin fragments within the extracellular space to prevent excessive receptor activation. The 

CERK1 ectodomain might also function as extracellular decoy. Pathogens secrete a variety 

of effectors in the plant apoplast (Jashni et al., 2015). These effectors include proteases 

which might then target the CERK1 ectodomain instead of the full length plasma membrane 

bound receptor. Development of the cerk1-4 phenotype was hypothesized to be triggered by 

degradation product(s) of the cerk1-4 ectodomain (Petutschnig et al., 2014) which could 
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activate DAMP signaling. In analogy to this, degradation of the wild type decoy CERK1 

ectodomain by pathogenic effector proteases might also lead to the generation of 

degradation products which initiate DAMP signaling.  

4.1.8 Conclusion 

The findings of the present study could not reveal the sequence determinants or structurally 

relevant elements for CERK1 ectodomain shedding. Different approaches to generate non-

shedding CERK1 mutants failed. This prevented investigation of the function of CERK1 

ectodomain shedding and its involvement in generation of the cerk1-4 phenotype. A non-

shedding CERK1 would be required to investigate these topics. 

The underlying mechanism and responsible proteases of CERK1 ectodomain shedding 

remain unclear. Mutation of potential protease cleavage motifs, deletion and domain swap 

mutants point to a rather relaxed sequence specificity of the responsible protease or 

participation of several proteases in this process. CERK1 FLS2 chimeras further raise the 

possibility of the three LysM domains to be the critical for ectodomain shedding and the 

amino acid sequence to be of secondary importance. The amount of ectodomain could be 

modulated by modifications within the CERK1 extracellular stalk. Prolines within the 

extracellular stalk were found to be possibly important for structural integrity of the 

ectodomain. Reducing the abundance of CERK1 ectodomain by mutating these prolines 

could not suppress the cerk1-4 phenotype. 

Mass spectrometry analysis of cell culture supernatants revealed the presence of peptides 

corresponding to the extracellular domains of numerous RLKs suggesting that not only 

CERK1 but several RLKs are subject to ectodomain shedding. 

4.1.9 Outlook 

This study could not reveal the mechanism and function of CERK1 ectodomain shedding. To 

decipher the function of CERK1 ectodomain shedding, a non-shedding CERK1 variant will be 

required. In this work, deletions of five amino acids within the extracellular stalk did not 

suppress CERK1 ectodomain shedding, while deletions of 16 amino acids led to structural 

instability of the protein. Intermediate deletion mutants might be successful in inhibiting 

ectodomain shedding. To test if the CERK1 LysM domains are critical for CERK1 ectdomain 

shedding, the CERK1 ectodomain could be replaced by the ectodomain of another RLK (e.g. 
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FLS2) and tested for ectodomain shedding. However, this would require an antibody for the 

respective ectodomain.  

An alternative approach would be identification of the shedding protease. In animals, 

receptor kinases are shed by MMPs and ADAMs (Chen & Hung, 2015), the latter of which 

are not present in plants (Seals & Courtneidge, 2003). Preliminary studies with multiple 

Arabidopsis MMP mutants suggest that CERK1 ectodomain shedding is not MMP-dependent 

(Stolze, unpublished). Rhomboids could act as sheddases on CERK1. However, mutation of 

a putative rhomboid motif argues against this. Also rhomboids are a large family of proteases 

in Arabidopsis, making a reverse genetics approach not feasible. In animals, many proteins 

are cleaved by γ-secretase after ectodomain shedding. A recent study revealed the presence 

of a putative γ-secretase complex in Arabidopsis (Smolarkiewicz et al., 2014). All 

components of the complex were shown to be expressed in leaves. T-DNA knockout mutants 

of components of the γ-secretase complex could be investigated. The fate of the C-terminal 

CERK1 fragment in these mutants would be of particular interest and could be investigated 

using C-terminally tagged CERK1 constructs. Moreover, expression of cerk1-4 would reveal 

if the development of the cerk1-4 phenotype is dependent on γ-secretase processing. 

In plants, research on proteolytic processing of plasma membrane localized receptors is only 

in its infancies and much work will be required in the future to elucidate the underlying 

mechanisms and, importantly, the functional implications. 

4.2 Analysis of nole1-2 and XLG2 subcellular localization 

4.2.1 XLG2 is a key regulator of cerk1-4 cell death execution  

A cerk1-4 suppressing mutant was identified in the present study. The causal mutation was 

mapped to the N-terminal part of XLG2, where a glutamic acid (E) was replaced by a lysine 

(K) in a highly conserved region (Figure 26). Based on immunoblot analysis of xlg2 E293K 

expressing plants suppression of the cerk1-4 phenotype is probably not caused by reduced 

protein stability. However, the function of XLG2 may be disturbed by replacement of 

negatively charged glutamic acid with positively charged lysine. Recently, xlg2 and agb1 

single, as well as agg1 agg2 double mutants were reported to suppress the cell death 

phenotype of a BIR1 mutant (bir1-1) (Liu et al., 2013a; Maruta et al., 2015). These results 

suggest that XLG2 together with Gγβ-dimers can act in receptor-like kinase mediated cell 

death regulation. xlg2 E293K might be disturbed in perceiving or transducing signals within 

these pathways. However, findings from our laboratory (Elena Petutschnig, unpublished) 
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showed that agb1 single and agg1 agg2 double mutants cannot fully suppress the cerk1-4 

phenotype. This indicates that XLG2 acts independently from Gβγ-dimers in cerk1-4 

mediated cell death and that CERK1 and BIR1 mediate different cell death pathways. 

Furthermore, these results exclude the possibility that cerk1-4 suppression in nole1-2 

mutants is caused by disturbed interaction with AGB1. 

The N-terminal domain of XLG2 harbors a region of regularly spaced cysteines (Figure 26B). 

(Ding et al., 2008), whose function is unclear. These cysteines resemble zinc-finger domains 

which are implicated in protein-DNA interactions (Leon & Roth, 2000) suggesting that XLG2 

might act as transcriptional regulator. As the nole1-2 mutation is in close vicinity to the 

cysteine rich domain, it might disturb XLG2 DNA binding. This is further supported by the fact 

that XLG2 is localized to the nucleus upon stimulus (Chapter 3.2.5.2). 

Although a function as direct transcriptional regulator has to be confirmed, XLG2 was already 

shown to exhibit functions within the nucleus, where it was shown to promote the activation 

of the DNA binding protein RELATED TO VERNALIZATION 1 (RTV1) (Heo et al., 2012). 

Apart from DNA binding, regularly spaced cysteines can also be involved in formation of 

disulphide bridges. One of the key regulators of SA signaling, NON-EXPRESSOR OF PR1 

(NPR1), was shown to form intermolecular disulphide bridges which result in oligomer 

formation (Mou et al., 2003). Salicylic acid (SA) induced cellular redox changes lead to 

reduction of intermolecular disulphide bridges and NPR1 monomer formation. NPR1 

monomers then accumulate in the nucleus and activate expression of PR1.  

4.2.2 XLG2 localization is stimulus dependent 

Previous studies on XLG2 localization were performed using the strong 35S or UBIQUITIN10 

promoter (Chakravorty et al., 2015; Ding et al., 2008; Maruta et al., 2015). In the present 

study, XLG2 localization was re-assessed using fluorescently labeled XLG2 under control of 

the endogenous XLG2 promoter. In a first approach, the C-terminus of XLG2 was chosen for 

fusion of GFP. Expression of XLG2 constructs in the nole1-1 cerk1-4 or nole1-2 cerk1-4 

background provides the possibility to assess functionality of XLG2 constructs. Only 

functional constructs can restore the cerk1-4 phenotype in these mutant backgrounds. 

Expression of XLG2-GFP in nole1-1 cerk1-4 could not restore the cerk1-4 phenotype and 

revealed this construct not to be functional (Figure 29). Previous studies encountered 

problems with protein accumulation even when expressing XLG2-GFP under control of the 

35S promoter (Zhu et al., 2009). However, as a signal in immunoblot and confocal 

microscopy could be detected (Figure 28) compromised protein stability may not be the 
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reason for missing functionality in the present study. On the contrary, a scenario is more 

likely in which other factors are responsible for functional insufficiency. In this context, it is 

important to note that one amino acid substitution within the GTPase domain  

of XLG2 was sufficient to abolish in vitro GTP binding capacity and to block interaction with 

downstream targets (xlg2 T476N, falsely denoted as T475N) (Heo et al., 2012). Thus, fusion 

of GFP to the C-terminus might cause GTP binding problems similar to the xlg2 T476N 

mutant and therefore might not be functional.  As the C-terminus of XLG2 was found not to 

be suitable for fluorescent tag fusions, an N-terminal XLG2 fusion with the fluorescent protein 

Venus was generated. Venus-XLG2 restored the cerk1-4 phenotype in nole1-1 cerk1-4 and 

was therefore considered functional. Studies using this construct in Arabidopsis thaliana 

showed localization to the cell periphery in Col-0, Col-3 gl1 and cerk1-4. Considering 

previous studies, which reported nuclear localization for XLG2, this was surprising  (Maruta 

et al., 2015). After infiltration of H2O however, nucleus localization became visible after three 

hours in all genotypes (Figure 34, Figure 38, Figure 39). The same held true for chitin and 

flg22 infiltration, as well as wounding in Col-0 plants (Figure 35, Figure 36, Figure 37). As 

XLGs were found to be involved in responses to osmotic stress, hormones and pathogens 

(Ding et al., 2008; Maruta et al., 2015; Zhu et al., 2009) it  seems conceivable that XLG2 

changes its localization pattern, when stress and/or defense responses are activated. 

Overexpression of XLG2 might be the cause for the results of previous studies, which 

reported XLG2 to be localized to the plasma membrane and nucleus even in untreated cells 

(Maruta et al., 2015). As overexpression of XLG2 leads to the accumulation of abnormal 

defense related transcripts (Zhu et al., 2009), it might also induce cellular defense responses 

which lead to XLG2 translocation into the nucleus.  

In contrast to the canonical α-subunit GPA1, XLG2 does not possess a motif or domain for 

plasma membrane targeting (Adjobo-Hermans et al., 2006; Urano et al., 2013). It probably 

relies on interaction with other proteins, such as the Gβγ-dimer, for plasma membrane 

tethering. The amount of interaction partners in XLG2 overexpressing lines might not be 

sufficient to sequester all XLG2 molecules to the plasma membrane. Unbound XLG2 

proteins are then localized to the nucleus. In the opposite case, overexpression of Gβγ-

dimers in Nicotiana benthamiana sequestered XLG3 to the plasma membrane, which can be 

normally found in nuclei and the plasma membrane (Chakravorty et al., 2015).  

In agb1 mutant plants, XLG2 was localized to the cell periphery and the nucleus even in 

unchallenged plants (Figure 40). Nuclear localization of XLG2 might be caused by a lack of 

interaction partners at the plasma membrane. However, the question remains how XLG2 is 

tethered to the membrane in agb1 mutants. XLG2 was shown to interact with AGB1, but 

interaction with AGG1 and AGG2 remains controversial (Chakravorty et al., 2015; Maruta et 
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al., 2015; Zhu et al., 2009). XLG2 might indeed be capable to directly interact with Gγ-

subunits or other proteins involved in G-protein signaling like AtRGS1. However, it is not 

known whether XLG2 is constitutively GTP bound like the canonical α-subunit GPA1 

(Johnston et al., 2007). It might therefore rely on activation by a yet unidentified GPCR which 

might be, at least partially, responsible for plasma membrane localization of XLG2. 

To confirm plasma membrane localization of XLG2, microsomal fractions of untreated 

Venus-XLG2 expressing lines in the Col-0, agb1-2, Col-3 gl1 and cerk1-4 background were 

prepared (Figure 41). Immunoblot analysis using a CERK1 antibody confirmed integrity of 

the prepared fractions, as full length CERK1 was only detectable in total and microsomal 

fractions, while the CERK1 ectodomain was present in total and soluble fractions. Anti-GFP 

immunoblot revealed the presence of Venus-XLG2 in total and soluble fractions, but not in 

microsomal fractions for all genotypes. This was surprising, as plasma membrane 

localization of XLG2 could be confirmed by heterologous expression in Nicotiana 

benthamiana (Figure 31) and was reported in previous studies (Maruta et al., 2015). 

However, as XLG2 is no integral transmembrane protein and probably only localized to the 

plasma membrane via protein-protein interaction, microsomal fractionation might be too 

harsh to retain XLG2 in microsomal fractions. Microsomal fractionation involves ultra-

centrifugation steps that might cause dissociation of XLG2 from its interaction partner. This is 

probably the reason, why Venus-XLG2 can only be found in total and soluble, but not in 

microsomal fractions.  

Co-localization studies using Venus-XLG2 and plasma membrane, cytosolic and nuclear 

marker, respectively, in Nicotiana benthamiana were performed in this study. In contrast to 

XLG2 localization in Arabidopsis, XLG2 localization studies in N. benthamiana confirmed 

previous studies (Figure 30, Figure 31, Figure 32) (Chakravorty et al., 2015; Maruta et al., 

2015). However, under the already mentioned circumstances that XLG2 does not have any 

motif or domain for plasma membrane localization, it has to interact with other proteins like 

Gβγ dimers. Components from Arabidopsis thaliana which are responsible for XLG2 

membrane tethering are absent from N. benthamiana indicating that XLG2 interacts with N. 

benthamiana proteins for membrane localization. However, Agrobacterium infiltration into 

leaves of N. benthamiana might, comparable to H2O, chitin or flg22 infiltration in Arabidopsis, 

induce defense responses. Induction of defense responses does then, similar to Arabidopsis, 

lead to translocation of XLG2 to the nucleus. 
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4.2.3 XLG2 localization in Bgh-infected cerk1-4 plants does not differ from 

wild type plants 

The mechanism how XLG2 is involved in execution of cell death in cerk1-4 plants upon Bgh 

infection is unknown. In wild type plants, cell death upon Bgh infection is restricted to single 

cells, whereas in cerk1-4, a deregulated cell death response leads to cell death of  

surrounding tissue (Petutschnig et al., 2014). It was therefore of great interest to investigate 

the role of XLG2 in this deregulated cell death response. Two days after inoculation, Venus-

XLG2 was localized to the nucleus in cells which were under fungal attack (Figure 42). 

Furthermore, cells surrounding those attack sites also accumulated XLG2 in the nucleus. 

This could be observed for all tested genotypes with no obvious differences. The expected 

scenario of deregulated cell death in cerk1-4 included massive nuclear accumulation of 

XLG2 in attacked cells which then spreads throughout the tissue. However, nuclear XLG2 

accumulation in cerk1-4 was not stronger than in wild type plants. Therefore, the cerk1-4 

phenotype is probably not caused by upregulation and accumulation of XLG2 within the 

nucleus. Previous studies overexpressing either untagged or tagged XLG2 did not report cell 

death phenotypes, suggesting that overexpression of XLG2 alone is not sufficient to confer 

cell death phenotype (Heo et al., 2012; Maruta et al., 2015). As already mentioned, XLG2 

was shown to function as an indirect transcriptional regulator (Heo et al., 2012) and might 

also function as direct transcriptional regulator. In cerk1-4 plants, Bgh attacked cells might 

translocate XLG2 into the nucleus, where it constitutively activates target genes. Since the 

cerk1-4 phenotype is characterized by high levels of SA (Petutschnig et al., 2014), XLG2 

might be involved in activation of genes involved in SA synthesis or signaling. This notion is 

further supported by the fact that upon bacterial infection, induction of the SA-responsive 

gene PR1 in xlg2 mutants is significantly reduced (Zhu et al., 2009). 

4.2.4 Conclusion 

A novel mutant fully suppressing the cerk1-4 phenotype was identified. The underlying 

mutation was mapped to the N-terminal part of the extra-large G-protein XLG2 where a 

glutamic acid was replaced by lysine. This glutamic acid is highly conserved from mosses to 

flowering plants. The investigation of the subcellular localization of XLG2 was contradictory 

to previous studies. XLG2 localization in untreated plants could be observed at the cell 

periphery, while upon stimulus, XLG2 was localized to the nucleus. In knockout plants of the 

Arabidopsis G-protein β-subunit (AGB1), XLG2 was localized to the nucleus already in 



Discussion 

126 
 

unstimulated cells. Further investigation of Bgh inoculated plants revealed no difference 

between cerk1-4 and wild type plants. 

4.2.5 Outlook 

The present study identified XLG2 to be a key regulator of cell death downstream of CERK1. 

A mutation within the N-terminal part of XLG2 could fully suppress the cell death phenotype 

of cerk1-4. In order to get further insights into the mechanism of cerk1-4 suppression by 

nole1-2, the function of the N-terminal part of XLG2 has to be elucidated. To test if cysteine 

rich region of XLG2 is able to bind DNA, electrophoretic mobility shift assays (EMSA) could 

be performed. If no non-specific DNA binding can be observed, XLG2 target genes could be 

identified by chromatin immunoprecipitation with subsequent sequencing (ChIP-Seq). 

Mutational analysis of the regularly spaced cysteines would then provide information whether 

this region is critical for DNA binding. Expression of these mutants in nole1-1 cerk1-4 or 

nole1-2 cerk1-4 would reveal if XLG2 DNA binding is critical for development of the cerk1-4 

phenotype. The question whether the XLG2 cysteine-rich region forms disulphide bridges 

and exhibits differences to xlg2 E293K could be answered with methods to display the redox 

status of the examined protein (Rudyk & Eaton, 2014). Reduced thiol groups are blocked and 

remaining oxidized thiol groups are reduced and labeled. Labels of relatively large size 

induce band shifts in immunoblots and can be used to investigate differences in redox levels.  

It would further be interesting to know if nuclear localization of XLG2 is a prerequisite for 

development of the cerk1-4 phenotype. Therefore, the noncanonical NLS of XLG2 

(KKRAKIACAVF) (Chakravorty et al., 2015) could be mutated to exclude nuclear localization. 

In this context, the addition of a second NLS could shift XLG2 localization completely to the 

nucleus and might answer the question if localization to both, cytoplasmic and plasma 

membrane is critical for cerk1-4 phenotype development. It would be further interesting to 

perform pathogen assays with nole1-2 plants, to see if they exhibit enhanced susceptibility to 

bacterial and necrotrophic fungal pathogens comparable to xlg2 mutants. 

In order to microscopically validate the localization of XLG2 in Arabidopsis thaliana, it will be 

essential to generate transgenic lines co-expressing Venus-XLG2 together with marker 

constructs for plasma membrane, nuclear and cytosolic localization.  

In contrast to microsomal preparation, nuclear fractionation should be suitable to confirm 

nuclear localization of XLG2. Comparison of infiltrated versus uninfiltrated tissue could 

confirm that XLG2 nuclear localization is stimulus dependent. 

The expression of Venus-XLG2 in single Gγ-subunit mutants and in Gβγ higher order 
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mutants could reveal which G-protein components are involved in XLG2 localization. 

To correlate XLG2 localization with cellular SA levels in treated and untreated cells, 

transgenic Venus-XLG2 lines should be crossed with SA reporter lines of the Colorful system 

developed in our laboratory (Hassan Ghareeb, unpublished). They consist of a fluorescence 

protein which is expressed under control of hormone responsive promoters. These are 

combined with a plasma membrane marker and a normalizer and allow quantification of 

hormonal levels. 

Taken together, the mechanism of cell death execution mediated by XLG2 is unknown. The 

nole1-1 cerk1-4 and nole1-2 cerk1-4 mutants offer the unique possibility, to decipher the 

functions of XLG2 on a molecular level and will provide further insights into XLG2 mediated 

cell death execution.  
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Figure S1. Receptor-like kinases and receptor-like proteins found in Col-0 cell culture supernatants of 

Sample01. Identified peptides were mapped to the amino acid sequence of the respective receptor-like kinase or 

receptor-like protein and peptide coverage is shown in red. Predicted signal peptides are given in green and 

transmembrane domain in light blue. 

 

 

 

Figure S2. Receptor-like kinases and receptor-like proteins found in Col-0 cell culture supernatants of 

Sample03. Identified peptides were mapped to the amino acid sequence of the respective receptor-like kinase or 

receptor-like protein and peptide coverage is shown in red. Predicted signal peptides are given in green and 

transmembrane domain in light blue. 

 

 

 

 

Figure S3. Receptor-like kinases and receptor-like proteins found in Col-0 cell culture supernatants of 

Sample04. Identified peptides were mapped to the amino acid sequence of the respective receptor-like kinase or 

receptor-like protein and peptide coverage is shown in red. Predicted signal peptides are given in green and 

transmembrane domain in light blue. 
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Supplemental file 1:  01. Sample01_localization.xlsx 

Localization prediction of proteins identified in Sample01. 

 

Supplemental file 2:  02. Sample02_localization.xlsx 

Localization prediction of proteins identified in Sample02. 

 

Supplemental file 3:  03. Sample03_localization.xlsx 

Localization prediction of proteins identified in Sample03. 

 

Supplemental file 4:  04. Sample04_localization.xlsx 

Localization prediction of proteins identified in Sample04. 

 

Supplemental file 5:  05. Sample01_TAIR10_repGeneModel.group 

Raw data of Sample01. 

 

Supplemental file 6:  06. Sample01_TAIR10_repGeneModel__FDR.xlsx 

Raw data of Sample01. 

 

Supplemental file 7:  07. Sample02_TAIR10_repGeneModel.group 

Raw data of Sample02. 

 

Supplemental file 8:  08. Sample02_TAIR10_repGeneModel__FDR.xlsx 

Raw data of Sample02. 

 

Supplemental file 9:  09. Sample03_TAIR10_repGeneModel.group 

Raw data of Sample03. 

 

Supplemental file 10:  10. Sample03_TAIR10_repGeneModel__FDR.xlsx 

Raw data of Sample03. 

 

Supplemental file 11:  11. Sample04_TAIR10_repGeneModel.group 

Raw data of Sample04. 

 

Supplemental file 12:  12. Sample04_TAIR10_repGeneModel__FDR.xlsx 

Raw data of Sample04. 
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