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Summary 

Diffusion barrier formation is a critical factor in plant development. The most well 

described diffusion barriers in Arabidopsis are the Casparian strip and the cuticle. They 

function in the formation of organ boundaries, prevent water and molecule loss, and 

protect the plant against environmental stresses. The Casparian strip surrounds the root 

vascular tissue, whereas the cuticle covers aerial plant organs and is formed de novo 

during seed development. Embryonic cuticle formation is regulated by a peptide hormone 

signaling pathway, involving the leucine rich repeat receptor like kinases GASSHO1 

(GSO1), GASSHO2 (GSO2) (Tsuwamoto et al. 2008) and the subtilisin-like serine protease 

ABNORMAL LEAF SHAPE 1 (ALE1). Whereas the latter pathway components have been 

identified in 2001 and 2008, the peptide hormone mediating the signaling has remained 

elusive. One aim of this work was to identify the missing pathway element. It was 

hypothesized that the peptide hormone is released from a larger precursor by ALE1 

protease activity to trigger cuticle formation via interaction with the GSO receptors. To 

uncover the unknown element, the signaling pathway for Casparian strip formation, 

prooved to be a useful lead. Remarkably, Casparian strip and embryonic cuticle formation 

employ the same receptor (GSO1), and for Casparian strip formation the GSO1 ligands are 

known to be members of the CASPARIAN STRIP INTEGRITY FACTOR (CIF) protein family 

(Doblas et al. 2017, Nakayama et al. 2017). Based on its similarity to the mature CIF 

peptides and on its phenotypic appearance, it was speculated that a seed expressed 

protein, called TWISTED SEED1 (TWS1), could serve as the sought ALE1 substrate. As it 

can be challenging to link proteases to their physiological substrates, this work describes 

methods how to identify protease specific cleavage sites (chapter 2.4). One of them was 

applied to test if TWS1 serves as ALE1 substrate. GFP-tagged TWS1 was transiently 

coexpressed with ALE1 in Nicotiana benthamiana via agroinfiltration. An ALE1-specific 

TWS1 cleavage product was detected in the protein extract of coinfiltrated leaves (chapter 

2.1). It was identified by pull down via GFP immunoprecipitation, subsequent separation 

by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and mass 

spectrometry (MS) analysis (chapter 2.1, 2.4). Another method, described in this work, is 

the identification of protease cleavage sites by in-gel reductive dimethylation (chapter 

2.3): cleavage product-containing gel bands are treated with formaldehyde and 

cyanoborohydride, prior to in-gel tryptic digest, to achieve a dimethylation of N-terminal 

https://dict.leo.org/englisch-deutsch/surround
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free amino groups. The chemically modified N-termini can rapidly be identified and 

assigned to previous cleavage by the protease of interest.  

With the method described above, it was found that TWS1 is c-terminally cleaved by ALE1 

(chapter 2.1). The two amino acids directly flanking the cleavage site were found to be 

important for ALE1 cleavage site selection, as their substitution caused a loss of ALE1-

dependent cleavage (chapter 2.1). Our cooperation partners demonstrated an interaction 

of mature TWS1 with the GSO receptors. The binding affinity of mature TWS1 was 

reduced by a 3 amino acid C-terminal extension, demonstrating the biological relevance 

of ALE1-mediated TWS1 processing (chapter 2.1). Like the CIFs, TWS1 contains a DY 

tyrosine sulfation motive at its N-terminal processing site. The role of tyrosine sulfation 

in precursor processing is largely unexplored and was addressed in this work by 

comparing in-vitro cleavage of different sulfated versus nonsulfated TWS1 precursors 

(chapter 2.2). SBT1.8 was found to cleave TWS1 at the N-terminal processing site, and 

cleavage site selection was influenced by the sulfation state of TWS1 P2´ tyrosine (chapter 

2.2). A homology based 3D model of SBT1.8 was created, which suggested that SBT1.8 

interacts with the negatively charged sulfate via a positively charged arginine residue 

(R302) (chapter 2.2). The role of R302 in substrate binding and recognition was 

confirmed by in-vitro cleavage assays with mutated SBT1.8 versions, in which R302 was 

replaced (chapter 2.2). N-terminal TWS1 cleavage was no longer observed when R302 

was substituted. Likewise, no N-terminal cleavage was observed for two other seed-

expressed Arabidopsis subtilases (SBT1.1 and SBT5.4) that feature an arginine at the 

corresponding position, indicating that the sole presence of R302 is not sufficient for N-

terminal cleavage site recognition (chapter 2.2).  

  



 

ix 
 

Zusammenfassung  

Die Bildung von Diffusionsbarrieren ist ein entscheidender Faktor in der Entwicklung von 

Pflanzen. Die am besten beschriebenen Diffusionsbarrieren in Arabidopsis sind der 

Caspary-Streifen und die Cuticula. Sie dienen der Abgrenzung von Organen, verhindern 

den Verlust von Wasser und Molekülen und schützen die Pflanze vor umweltbedingtem 

Stress. Der Caspary-Streifen umgibt das vaskuläre Gewebe der Wurzel, wohingegen die 

Cuticula oberirdische Pflanzenorgane bedeckt und während der Samenentwicklung de 

novo gebildet wird. Die Bildung der embryonalen Cuticula wird von einem Peptidhormon 

Signalweg reguliert, in dem die Leucin-reichen Rezeptor-ähnlichen Kinasen GASSHO1 

(GSO1), GASSHO2 (GSO2) (Tsuwamoto et al. 2008) und die Subtilisin-ähnliche 

Serinprotease ABNORMAL LEAF SHAPE 1 (ALE1) involviert sind. Während letztere 

bereits 2001 und 2008 identifiziert wurden, blieb das Signal-vermittelnde Peptidhormon 

schwer zu fassen. Ein Ziel dieser Arbeit war es, dieses letzte Element des Signalwegs zu 

identifizieren. Es wurde die Hypothese aufgestellt, dass das Peptidhormon von einem 

größeren Vorläufer durch ALE1 Protease Aktivität freigesetzt wird und durch eine 

Interaktion mit den GSO Rezeptoren die Bildung der Cuticula auslöst. Um das unbekannte 

Element aufzudecken erwies sich der Signalweg zur Bildung des Caspary-Streifens als 

nützlicher Anhaltspunkt. Beachtenswerter Weise wird zur Bildung des Caspary-Streifens 

und der embryonalen Cuticula der gleiche Rezeptor (GSO1) eingesetzt und es war 

bekannt, dass die GSO1 Liganden zur Bildung des Caspary-Streifens zur Familie der 

CASPARIAN STRIP INTEGRITY FACTOR (CIF) Proteine gehören (Doblas et al. 2017, 

Nakayama et al. 2017). Aufgrund seiner Ähnlichkeit zu den reifen CIF Peptiden und seines 

“loss-of-function“ Phänotyps wurde spekuliert, dass TWISTED SEED1 (TWS1) als das 

gesuchte ALE1 Substrat im Samen dienen könnte. Um den oft schwierigen Nachweis einer 

Verbindung von Proteasen mit ihren physiologischen Substraten zu führen, beschreibt 

diese Arbeit Methoden zur Identifizierung von Protease-spezifischen Spaltstellen (Kapitel 

2.4). Eine davon wurde angewendet um zu testen, ob TWS1 als ALE1 Substrat dient. GFP 

markiertes TWS1 wurde transient mit ALE1 in Nicotiana benthamiana coexprimiert. Im 

Proteinextrakt der coinfiltrierten Blätter wurde ein ALE1-spezifisches TWS1 

Spaltprodukt detektiert (Kapitel 2.1). Es wurde durch “Pulldown“ via GFP 

Immunpräzipitation, anschließende Auftrennung durch Natriumdodecylsulfat-

Polyacrylamid-Gelelektrophorese (SDS-PAGE) und massenspektrometrische Analyse 

identifiziert (Kapitel 2.1, 2.4). Eine weitere in dieser Arbeit beschriebene Methode ist die 

https://dict.leo.org/englisch-deutsch/umweltbedingt
https://dict.leo.org/englisch-deutsch/beachtenswert
https://dict.leo.org/englisch-deutsch/physiologisch
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Identifizierung von Protease-Spaltstellen durch in-Gel reduzierende Dimethylierung 

(Kapitel 2.3): Spaltprodukt enthaltende Gelbanden werden vor tryptischem in-Gel Verdau 

mit Formaldehyd und Cyanoborhydrid behandelt, um eine Dimethylierung der freien N-

terminalen Aminogruppen zu erzielen. Die chemisch modifizierten N-Termini können 

schnell identifiziert und einer vorhergehenden Spaltung durch die zu untersuchende 

Protease zugeordnet werden.  

Mit der oben beschriebenen Methode wurde gezeigt, dass TWS1 C-terminal von ALE1 

gespalten wird (Kapitel 2.1).  Die beiden Aminosäuren, die die Spaltstelle direkt 

flankieren, sind für die Erkennung wichtig, da deren Austausch zu einem Ausbleiben der 

ALE1-abhängigen Spaltung führt (Kapitel 2.1). Unsere Kooperationspartner haben eine 

Interaktion von reifem TWS1 mit den GSO Rezeptoren nachgewiesen, wobei die 

Bindungsaffinität des reifen TWS1 durch eine C-terminale Extension um 3 Aminosäuren 

reduziert wurde, was die biologische Relevanz der ALE1-vermittelten TWS1 

Prozessierung darlegt (Kapitel 2.1). Wie die CIFs enthält TWS1 an seiner N-terminalen 

Prozessierungsstelle ein DY Tyrosin-Sulfatierungs Motiv. Die Rolle von Tyrosin-

Sulfatierung in der Prozessierung von Vorläufern ist weitgehend unerforscht und wurde 

in dieser Arbeit durch das Vergleichen von in-vitro Spaltungen verschiedener sulfatierter 

mit nicht sulfatierten TWS1 Vorläufern untersucht (Kapitel 2.2). Es wurde gezeigt, dass 

die im Samen exprimierte Protease SBT1.8 TWS1 N-terminal prozessiert (Kapitel 2.2) 

und, dass die Selektion der SBT1.8 Spaltstelle durch den Sulfatierungszustand von TWS1 

P2´ Tyrosin beeinflusst wird (Kapitel 2.2). Ein Homologiemodell von SBT1.8 wies darauf 

hin, dass ein positiv geladener Argininrest (R302) mit dem negativ geladenen Sulfat 

interagiert (Kapitel 2.2). Die Bedeutung von R302 für Bindung und Erkennung des 

Substrates wurde durch in-vitro Spaltversuche mit mutierten SBT1.8 Varianten, in denen 

R302 ersetzt wurde, bestätigt (Kapitel 2.2). N-terminale TWS1 Spaltung wurde nach 

Austausch von R302 nicht mehr beobachtet. Für zwei weitere im Samen exprimierte 

Arabidopsis Subtilasen (SBT1.1 und SBT5.4) mit Arginin an entsprechender Position 

wurde auch keine N-terminale Spaltung beobachtet, was darauf hinweist, dass R302 für 

die Erkennung der N-terminalen Spaltstelle nicht allein verantwortlich ist (Kapitel 2.2).      
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1 Introduction 

1.1 Diffusion barriers in plants  

Diffusion barriers are essential for plant survival as they prevent water and molecule loss. 

Plant barrier formation is considered to be a critical factor in plant growth to create organ 

boundaries and to avoid the diffusion of developmentally important molecules away from 

their site of action (Moussu et al. 2013, San-Bento et al. 2014). Plant diffusion barriers not 

only prevent leakage of cell material, but also serve as protection against environmental 

stresses (reviewed in Yeats and Rose 2013).  

A unique feature of plant cells compared to animal cells is their cell wall. To create a water-

impermeable seal between adjacent cells, animals form tight junctions (Schneeberger and 

Lynch 2004). Tight junctions are strong connections of cells by transmembrane proteins, 

typically found in epithelia, to prevent leaking of ions and solutes into the extracellular 

space (Schneeberger and Lynch 2004). As plant cell wall thickness does not allow for 

direct protein-mediated cell-cell contact their sealing relies on coordinated deposition of 

hydrophobic cell wall material (Roppolo et al. 2011).  

One may think that every plant organ is sealed and guarded by a hydrophobic, protective 

coat. Additionally, diffusion barriers are needed when cell material is secreted into the 

apoplast, to prevent its backflow (Enstone et al. 2002). Up to date there are two rather 

well described diffusion barriers in plants which are the cuticle, covering all aerial organs 

and the Casparian strip, covering the root vascular tissue. Although their structures are 

well described, little is known about the regulatory mechanisms behind their formation. 

The goal of this thesis was to find out more about the molecular processes necessary for 

diffusion barrier establishment by uncovering the regulatory mechanism behind 

embryonic cuticle formation.  
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1.2 The plant cuticle  

The cuticle represents “arguably one of the most important innovations in the history of 

plant evolution.” (Yeats and Rose 2013). When plants started to colonize land about 450 

million years ago, they had to face various challenges associated with the terrestrial 

environment, like temperature extremes, desiccation and UV radiation (Yeats and Rose 

2013). The most important adaptation to survive this new environment was the ability to 

synthesize a hydrophobic surface barrier, the cuticle, which protects the plant against 

these environmental stresses (Yeats and Rose 2013). In the last decades, a lot of research 

has been conducted to uncover not only the structure of the cuticle but also cuticle 

formation pathway elements. In contrast to the well-described enzymes for cuticle 

production, little is known about the regulatory aspect of cuticle formation. The onset of 

cuticle formation takes place in the seed, where the cuticle is formed de novo (Tanaka et 

al., 2001; Yang et al., 2008; Ingram and Nawrath 2017). 

As the seed is composed of different tissue types, these need to communicate with each 

other in order to coordinate their development. Embryonic cuticle formation is regulated 

by proteins expressed in different seed tissues allowing for inter-tissue communication 

(Moussu et al. 2013, Xing et al. 2013, Doll et al. 2020). It has been shown that two receptor 

like kinases named GASSHO1 (GSO1) and GASSHO2 (GSO2), as well as a protease named 

ABNORMAL LEAF SHAPE 1 (ALE1), are involved in embryonic cuticle formation (Tanaka 

et al. 2001, Tsuwamoto et al. 2008, Xing et al. 2013). However, there was still a missing 

element in the ALE1 GSO pathway. In this work, it was hypothesized that the missing 

element could be an inactive precursor protein, which is cleaved by ALE1 in order to 

release an active signal peptide. The active signal peptide would then bind to the GSO 

receptors and trigger cuticle formation. One aim of this work was to identify the missing 

element and therewith clarify the regulatory mechanism of embryonic cuticle formation.  
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1.3 Structure and development of angiosperm seeds  

Arabidopsis seeds consist of three components: the seed coat, the embryo and a nutritive 

tissue surrounding the embryo, called endosperm (Figure 1).  

 
Figure 1: Structure of Arabidopsis seeds 

Schematic representation of an Arabidopsis seed, showing a linear cotyledon stage embryo and major 

seed compartments (Hsieh et al. 2011). 

The seed coat is of maternal origin, whereas embryo and endosperm arise from double 

fertilization, resulting in three genetically distinct tissues (Berger et al. 2008). During 

double fertilization in angiosperms (reviewed in Berger et al. 2008) the pollen tube 

releases two sperm cells into the female gametophyte. One sperm cell fuses with the egg 

cell and forms the diploid zygote. The other sperm cell fuses with the two haploid polar 

nuclei of the central cell and gives rise to a triploid nucleus, developing into a nutritive 

tissue, the endosperm. The zygote develops into a highly structured embryo with different 

cell and tissue types and a root and shoot apical meristem, containing stem cell 

populations necessary for post-germinative growth (reviewed in Boscá et al. 2011 and 

Javelle et al. 2011). During its growth, the embryo progresses through different 

developmental stages, named according to the embryo´s shape: pre-globular, globular, 

transition/triangular, heart, linear/torpedo, bent/walking stick and mature stage (Figure 

2). Embryonic cuticle formation begins early, at the globular stage (Tanaka et al. 2001) 

and requires communication between embryo and the surrounding endosperm tissue 

(Xing et al. 2013). 

https://dict.leo.org/englisch-deutsch/schematic
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Figure 2: Arabidopsis embryo and tissue development  

Schematic representation of embryo developmental stages and processes, taking place during seed 

development. The figure was adapted (from Le et al. 2010).  

The endosperm is a nutrient-rich tissue that supports growth of the embryo during 

embryogenesis (in A. thaliana) or germination (in maize) (Javelle et al. 2011). It develops 

from the primary, triploid endosperm nucleus (Brown et al. 1999). This nucleus 

undergoes several rounds of mitosis without cytokinesis, resulting in a peripheral layer 

of multinucleate cytoplasm (syncytial endosperm) around the central vacuole (Brown et 

al. 1999). Initially, the syncytium becomes organized into nuclear cytoplasmic domains 

(Brown et al. 1999). This is followed by alveolation, a form of unusual (anticlinal) cell wall 

deposition, which is independent of nuclear division (Brown et al. 1999). Alveolation 

progresses from the mycropylar to the chalazal pole (Figure 3). During this process, the 

oldest alveoli, close to the embryo, undergo periclinal cell division (Brown et al. 1999). 

This results in cellularization of the peripheral layer and maintenance of an inner layer of 

alveoli (Brown et al. 1999). Repeated cycles of anticlinal wall growth into the central 

vacuole and periclinal cell divisions, finally lead to complete cellularization of the central 

cell (Brown et al. 1999). A distinctive feature of Brassicaceae development is that the 

endosperm in the chalazal chamber remains syncytial and can be observed in form of 

multinucleate nodules, lined at the abaxial wall and a large coenocytic cyst in the tip of the 

chalazal chamber (Brown et al. 1999). In parallel to cellularization, which starts at the 

early heart stage, the endosperm degenerates and becomes detached from the embryo 
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(Tanaka et al. 2001). In the end, only a single layer of endosperm tissue remains and the 

mature embryo fills almost the entire seed (Brown et al. 1999).  

 

Figure 3: Endosperm development 

Schematic representation of endosperm development at heart stage. The chalazal chamber contains 

a coenocytic cyst and endospermic nodules. The endosperm in the central chamber is syncytial. 

Towards the micropylar pole, the endosperm development gets more advanced. Alveoli are formed, 

followed by the first periclinal cell divisions next to the embryo (Brown et al. 1999).  

During seed development, the cuticle is required to separate the embryo from the 

surrounding endosperm tissue. When the cuticle is defect, embryonic cotyledons attach 

to the peripheral endosperm tissue, resulting in developmental defects (see chapter 1.7) 

(Tanaka et al. 2001, Tsuwamoto et al. 2008). 

1.4 Functions of the plant cuticle  

The plant cuticle has various functions, not only at a physiological, but also at a 

developmental level. It is the outermost layer of plants, covering all aerial organs with a 

hydrophobic coat to protect the plant against biotic and abiotic environmental stresses 

(reviewed in Yeats and Rose 2013).  

As a hydrophobic diffusion barrier, it limits water loss and prevents plant desiccation. 

Mutants with defects in the embryonic cuticle may dry out, shortly after germination, if 

https://dict.leo.org/englisch-deutsch/drying-out


Introduction 
 

6 
 

not kept under high humidity (Tanaka et al. 2001, Tsuwamoto et al. 2008). In maize, the 

epicuticular wax layer provides protection against UV damage (Long et al. 2003). In some 

species, epicuticular wax crystals form a self-cleaning surface, to prevent sunlight 

blocking by dust or to remove algae, spores and bacteria (Bargel et al. 2006).  

As a physical barrier, the cuticle represents the first level of defense against pests and 

pathogens (reviewed in Ziv et al. 2018). In this regard, it might be rather counterintuitive 

that increased cuticle thickness and impermeability does not necessarily lead to a higher 

resistance. On the one hand, a thin, permeable cuticle facilitates the entry of pathogens 

and injection of pathogenic effectors (Ziv et al. 2018). But on the other hand, it allows that 

defense signals, such as cutin monomers or wax components, designated as damage-

associated molecular patterns (DAMPs), can be released much faster (Ziv et al. 2018). 

Likewise, the response to microbe- or pathogen-associated molecular patterns 

(MAMPs/PAMPs) and pathogen effectors is faster (Ziv et al. 2018). Effector-triggered 

immunity is linked to reactive oxygen species (ROS) production and cuticle or cell wall 

remodelling, such as lignification and callose deposition (Ziv et al. 2018). Thus, the cuticle 

is not just a rigid physical barrier, but rather adapts to environmental conditions and is 

actively involved in processes like immune signaling (Ziv et al. 2018).  

The cuticle prevents molecule loss and therewith is a critical factor in plant development. 

Based on mathematical simulations and genetic relationships a model has been proposed, 

in which the initiation of embryo epidermal cell fate, depends on the concentration of a 

receptor ligand, which in the absence of the embryonic cuticle barrier, would diffuse away 

from the receptor, resulting in signal loss (Moussu et al. 2013, San-Bento et al. 2014). 

Hence, the embryonic cuticle might play a role in preventing diffusion of developmentally 

important molecules, such as signaling peptides, away from their site of action (Moussu 

et al. 2013, San-Bento et al. 2014).  

Another role in plant development is based on the cuticle´s property to physically 

establish organ and tissue boundaries. Organ fusion, like fused cotyledons, could be 

considered as a general feature of cuticle biosynthesis or cuticle deposition mutants (Lolle 

et al. 1992, Tanaka et al. 2001, Kurdyukov et al. 2006, Tsuwamoto et al. 2008, Yang et al. 

2008). A more direct proof that cuticle defects are linked to organ fusion, is given by the 

report that ectopic expression of a fungal cutinase in Arabidopsis leads to changes in 

cuticle structure and to organ fusion (Sieber et al. 2000). 
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1.5 Structure of the plant cuticle  

Plant cuticles are complex structures (reviewed in Yeats and Rose 2013). Their main 

components are waxes and cutin, which form a covalently linked macromolecular scaffold 

(Figure 5). The cuticle structure can be divided into two different domains: the cuticular 

layer, which is cutin-rich with embedded polysaccharides, and the so-called cuticle 

proper, which contains less polysaccharides but is enriched in waxes (Figure 4). The 

waxes can be embedded within the cutin matrix (intracuticular wax), be layered on the 

surface as wax film, or accumulate in form of wax crystals (epicuticular waxes) (Yeats and 

Rose 2013). Cuticle composition and structure vary between different species, different 

organs and environmental conditions, but cutin and waxes are the two basic components 

that are common to all cuticles (Jeffree, 2006).  

 

Figure 4: Structure of the plant cuticle 

Schematic representation of the major structural features of plant cuticles (from Yeats and Rose 2013). 

Cutin is composed of C16 and C18 hydroxy-fatty acid derivatives with one or two 

midchain hydroxyl groups or an epoxy group (Kolattukudy 1980). The hydroxyl and 

epoxy groups allow the cutin monomers to be connected to each other by ester linkages 

(Figure 5). Further typical cuticle components are glycerol, phenylpropanoids and 

dicarboxlic acids (Kolattukudy, 2001). In some species, one can find additional secondary 

metabolites, like triterpenoids, flavonoids, and tocopherols (Jetter et al., 2006). 
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Figure 5: Cutin polymer structure 

Schematic representation of the cutin polymeric structure. Linear and branched domains are 

connected by different ester linkages of 10,16-dihydroxyhexadecanoic acid, exemplarily for diverse 

C16 and C18 fatty acid-derived cutin monomers (from Yeats and Rose 2013). 

Waxes are a mixture of C20 to C34 very-long-chain fatty acids (VLCFAs) and their 

derivatives: aldehydes, alcohols, alkanes, ketones and esters (Table 1) (reviewed in Yeats 

and Rose 2013).  

  

https://dict.leo.org/englisch-deutsch/exemplarily
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Table 1: Major acyl-lipid classes of cuticular waxes  

The acyl-lipid classes are represented with their typical average chain lengths (from Yeats and Rose 

2013).  

The cuticle is not simply a rigid structure. Wax formation and cuticle permeability is 

regulated dependent on developmental and environmental conditions (reviewed in 

Javelle et al. 2011). Further, cuticle permeability does not necessarily depend on cuticle 

thickness, but also on its chemical composition and structural assembly (Javelle et al. 

2011, Creff et al. 2019). 

1.6 Embryonic cuticle development 

The cuticle is physically associated with the epidermis and, hence, epidermal  

development and cuticle deposition must be coordinated (Yeats and Rose 2013). In 

genetic studies, it is difficult to functionally separate cuticle formation from epidermis 

identity specification, because they are interlinked at the genetic and developmental level 

(Tanaka et al. 2007, Moussu et al. 2013, San-Bento et al. 2014, Ingram and Nawrath 2017). 

Although little is known about the timing of embryonic cuticle formation, it is believed, 

that epidermal identity specification precedes cuticle formation (reviewed in Javelle et al. 

2011, Ingram and Nawrath 2017). An argument for this is the protoderm-specific 

expression of FIDDLEHEAD (FDH) (Tanaka et al. 2007), an enzyme involved in cuticle 

biosynthesis, in the late globular embryo. In Arabidopsis, a visible cuticle can be observed, 

as a thin electron-dense layer in electron microscopy, from the globular stage onwards 
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(Tanaka et al., 2001). During seed development, it becomes thicker and more electron-

dense (Tanaka et al., 2001). At the heart stage, a continuous cuticle is necessary to prevent 

embryo endosperm adhesion (Tanaka et al., 2001). One important point to note is that the 

cuticle is formed de novo during embryo development, whereas post germination, it only 

needs to be maintained and grows continuously with the plant (Ingram and Nawrath 

2017). Embryonic cuticle formation happens in an isolated environment, where the 

embryo is surrounded by the endosperm tissue, a completely different situation, 

compared to post-germinative cuticle development (Ingram and Nawrath 2017). Thus, 

the regulation of embryonic cuticle formation and post-germinative cuticle formation 

needs to be, at least partially, dissociated. In support of this, some genes have been 

identified, which act only in embryonic cuticle formation, but not in cuticle formation after 

germination (reviewed in Ingram and Nawrath 2017). Among these genes are ZHOUPI 

(ZOU) (Yang et al. 2008) and INDUCER OF CBF EXPRESSION 1 (ICE1) (Chinnusamy et al. 

2003), encoding two basic helix-loop-helix (bHLH) transcription factors. They act as 

heterodimer, to regulate genes in the developing endosperm (Denay et al. 2014). One of 

their (indirect) targets is the gene Abnormal Leaf Shape1 (ALE1) (Tanaka et al. 2001, Xing 

et al. 2013).  

1.7 The serine protease ALE1 acts in embryonic cuticle formation 

ALE1 is a subtilisin-like serine protease (chapter 1.13), involved in embryonic cuticle 

formation (Tanaka et al. 2001). As the name suggests, ale1 was identified as a mutant, 

characterized by an abnormal leaf shape: young ale1 seedlings have small, crinkled 

cotyledons, show organ fusion and a defective epidermal surface (Tanaka et al. 2001). 

Defects are only present within cotyledons and juvenile leaves but not in adult plants 

(Tanaka et al. 2001). Observation of the ale1 cuticle by transmission electron microscopy 

(TEM) revealed, that the cuticle, on the surface of cotyledons, is discontinuous and 

interrupted, whereas older leaves have a normal, continuous cuticle (Tanaka et al. 2001). 

In agreement with the permeable cuticle, most ale1 seedlings dry up after germination, 

but survive and grow to normal looking adult plants, under high humid conditions 

(Tanaka et al. 2001). The observation that defects only occur in young seedlings, but not 

in adult plants, suggests, that ALE1 functions early in development (Tanaka et al. 2001). 

This is further supported by the embryo development in ale1 seeds (Figure 6).  
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Figure 6: Putative mechanism of irregular embryo bending 

Schematic representation of embryo bending in wild-type (WT) versus gso1 gso2. The bending of 

gso1 gso2, as it was analysed by Tsuwamoto et al. 2008, is shown exemplarily but is also observed in 

other embryonic cuticle formation pathway mutants like ale1. At the heart–torpedo transition stage, 

the apical part of the embryo adheres to the peripheral endosperm (c). The sticking is caused by the 

gso1 gso2 defective cuticle layer and restricts the ordinay vertical expansion of the embryo (e). 

Whereas the WT embryo bends along the inner wall (d) + (f), the gso1 gso2 embryo bends in reverse 

orientation (g) (Tsuwamoto et al. 2008).  

At the globular stage, the cuticle boundary in ale1 is not as clear as in WT (Tanaka et al. 

2001). At the early heart stage, when the endosperm tissue cellularizes and in parallel, 

starts to degenerate (Brown et al. 1999), it normally becomes detached from the embryo 

to separate the embryo from the endosperm tissue (Tanaka et al. 2001). In ale1 however, 

the cellularized endosperm adheres to the embryo and remains attached to it during the 

whole further seed development and even seed germination (Tanaka et al. 2001, Xing et 

al. 2013). This sticking effect in ale1 is caused by the defective cuticle boundary (Tanaka 

et al. 2001, Xing et al. 2013). As a side effect of the sticking, ale1 embryos at torpedo stage 

appear to be rather short and fat compared to WT and their cotyledons are not aligned in 

parallel (Tanaka et al. 2001). It may even happen, that the cotyledons are sticking so 

strongly to the peripheral endosperm, that the embryo does not bend along the inner cell 

wall (like in WT) but instead in the opposite direction (Xing et al. 2013). Embryo 

endosperm adhesion and the abnormal embryo bending leads to a rounder or misshapen 

appearance of ale1 seeds (Xing et al. 2013).  
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ALE1 is expressed specifically in seeds (Tanaka et al. 2001). During seed development, 

the expression of ALE1 is gradually changing, starting in the young globular embryo, 

afterwards becoming restricted to the endosperm, from the late globular stage onwards 

(Tanaka et al. 2001). Until the mature embryo stage, ALE1 is expressed predominantly in 

endosperm cells directly surrounding the embryo (Tanaka et al. 2001). Since ALE1 is an 

extracellular subtilisin-like serine protease (subtilase) it was suggested that ALE1 is 

secreted from endosperm cells and functions in the apoplastic space, by producing a 

peptide ligand required for proper epidermis differentiation, or more precisely, 

embryonic cuticle formation (Tanaka et al. 2001). Fitting into this concept, two receptor-

like kinases, GSO1 and GSO2, were found to act in the same genetic pathway with ALE1 

(Tsuwamoto et al. 2008, Xing et al. 2013).  

1.8 The GSO receptors act in the same pathway as ALE1  

GASSHO1 (GSO1) and GASSHO2 (GSO2) are leucine-rich repeat receptor-like kinases 

(LRR-RLKs) of the LRR XI subfamily, that act redundantly in embryonic cuticle formation 

(Tsuwamoto et al. 2008). Gso1 gso2 double mutants show the same phenotypes as ale1: 

fusion of cotyledons, seedling lethality due to water loss, embryo-endosperm adhesion, 

abnormal embryo bending during seed development, misshapen seeds and a highly 

permeable epidermal structure (Tsuwamoto et al. 2008). Like in ale1, these phenotypes 

are restricted to young seedlings and not observed in adult plants (Tsuwamoto et al. 

2008). Gso1 or gso2 single mutants do not show any cuticle defect-related phenotypes and 

introduction of either GSO1 or GSO2 into a gso1 gso2 double mutant background rescues 

cuticle defects, suggesting that GSO1 and GSO2 act redundantly in embryonic cuticle 

formation (Tsuwamoto et al. 2008). 

The similar phenotypes of ale1 and gso1 gso2 suggest that ALE1 and the GSOs act in the 

same pathway and function in embryonic cuticle formation. This was further confirmed 

by genetic relationship studies, carried out by Xing et al. 2013. A simple method to 

demonstrate and quantify cuticle defects, is to stain young seedlings with Toluidine blue 

(TB) (Tanaka et al. 2004). This dye can penetrate into the tissue, through cuticle gaps and 

binds to the cell wall (Tanaka et al. 2004). Remaining dye is washed away, whereas the 

bound dye can be visualized or quantified (Tanaka et al. 2004, Xing et al. 2013). Staining 

double or triple mutant combinations of zou, ale1 and gso1 gso2, could demonstrate their 
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increased cuticle permeability and unravel their genetic relationships. Whereas the 

cuticle permeability defect in ale1 is relatively weak, the permeability is strongly 

increased in zou and gso1 gso2 mutants (Tsuwamoto et al. 2008, Yang et al. 2008, Xing et 

al. 2013). Observation of zou ale1 double mutants indicated that ZOU and ALE1 have an 

epistatic relationship, consistent with ALE1 and ZOU acting in the same pathway (Yang et 

al. 2008, Xing et al. 2013). Gso1 gso2 ale1 triple mutants show the same misshapen seed, 

seedling and cuticle permeability phenotypes as gso1 gso2 double mutants, indicating that 

ALE1 and the GSOs act in the same pathway (Xing et al. 2013).  

The GSOs are expressed in flower buds and siliques (Tsuwamoto et al. 2008). During seed 

development they are expressed in developing embryos at all stages (Tsuwamoto et al. 

2008). After germination, the expression is restricted to young seedlings but not found in 

true leaves (Tsuwamoto et al. 2008). GSO1 is also expressed in the root (Tsuwamoto et al. 

2008), where it is known to be involved in formation of another diffusion barrier, the 

Casparian strip (Pfister et al. 2014). Whereas the GSOs are expressed in the embryo 

(Tsuwamoto et al. 2008), ALE1 is expressed in the neighbouring endosperm tissue 

(Tanaka et al. 2001). These expression patterns suggest, that ALE1 acts in releasing a 

peptide signal, produced in either the embryo or the endosperm, that is perceived at the 

embryo surface by the GSO receptors (Xing et al. 2013). This peptide signal is the long 

sought missing element of the ALE1 GSO pathway. 

There is precedence for peptide ligands perceived by the GSO receptors. In 2017, a 

peptide ligand of GSO1 was published (Doblas et al. 2017, Nakayama et al. 2017). In roots, 

GSO1 is involved in the formation of another diffusion barrier, the Casparian strip (Pfister 

et al. 2014).  
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1.9 The Casparian strip 

Like the cuticle, the Casparian strip is a hydrophobic, water-impermeable diffusion 

barrier, sealing the root endodermis (Enstone et al. 2002). Its function is to restrict 

apoplastic passage of ions from the root cortex into the stele (Figure 7), therewith 

ensuring that ions only take a controlled, symplastic route into the vascular tissue 

(Enstone et al. 2002).  

 

Figure 7: The Casparian strip diffusion barrier  

Schematic representation of a root cross-section, showing the Casparian strip. The Casparian strip 

(shown in red) is a hydrophobic diffusion barrier that seals the extracellular space between neighboring 

endodermis cells. Water and ions can enter the root by passive apoplastic diffusion (solid blue arrows). 

Apoplastic diffusion across endodermal cells into the stele is prevented by the Casparian strip. 

Therewith ions can traverse the endodermis only by controlled symplastic transport (dashed blue 

arrows) (Matsubayashi 2018). 

In some vascular plants, apoplastic inflow of potentially toxic ions is prevented even 

closer to the plant surface by an additional exodermis (Enstone et al. 2002). In contrast to 

the exodermis, the endodermal diffusion barrier has another unique function, which is to 

prevent backflow of ions from the stele apoplast into the cortex apoplast (Enstone et al. 

2002). This is essential, as nutrients are often accumulated in xylem vessels against a 

concentration gradient (Enstone et al. 2002).  

The Casparian strip is named after Robert Caspary, who discovered a new tissue type in 

1865 (Caspary 1865), which became later known as the endodermis, and the belt-like 

thickenings of endodermal cell walls became known as Casparian strips. The Casparian 

strip starts to appear as discontinuous dots that develop into continuous ring-like 

structures (Figure 8) (Pfister et al. 2014, Nakayama et al. 2017, Fujita et al. 2020). Finally, 

https://dict.leo.org/englisch-deutsch/ensure
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these ring-like structures of individual cells fuse together, establishing a tissue-wide 

extracellular diffusion barrier (Fujita et al. 2020).  

 

Figure 8: Casparian strip development 

Schematic representation of Casparian strip development. Casparian strips start to appear as 

discontinuous patches in the endodermal cell layer. During root maturation, they fuse into ring-like 

structures around individual cells. The ring-like structures form a network, functioning as apoplastic 

diffusion barrier (Fujita et al. 2020) 

Casparian strip formation is preceded by the construction of a scaffold, a platform that 

assembles cell wall biosynthetic enzymes and therewith determines the site of Casparian 

strip material deposition (Roppolo et al. 2011). This scaffold is formed by Casparian strip 

membrane domain proteins (CASPs) (Roppolo et al. 2011). CASPs are tetraspan 

transmembrane proteins, belonging to a 38 membered protein family (Roppolo et al. 

2011). CASPs can interact with each other to form tight, polymeric complexes (Roppolo 

et al. 2011). They are localized at the endodermis plasma membrane, where they establish 

the so called Casparian strip domain (CSD) (Roppolo et al. 2011). CASP interaction, likely, 

mediates trapping of newly arriving CASPs at the CSD (Roppolo et al. 2011). CASPs 

determine the localization but are not required for synthesis or polymerization of 

Casparian strip material (Roppolo et al. 2011). 

The Casparian strip is made of lignin (Naseer et al. 2012), a complex polymeric structure 

generated by radical coupling of monolignols (reviewed in Liu 2012). Monolignols are 
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oxidized by lignin peroxidases (Lee et al. 2013) and laccases (Berthet et al. 2011), which 

use reactive oxygen species (ROS) as co-substrates (Liu 2012). A model has been 

proposed by (Lee et al. 2013), in which the main source of ROS required for Casparian 

strip formation is produced by NADPH oxidases (Figure 9). 

  

Figure 9: ROS production and peroxidase-mediated lignin polymerization 

Schematic representation of the enzymatic steps, necessary for lignin polymerization in the context of 

Casparian strip formation. Inhibitors (indicated in red) have been used by Lee et al. 2013 to verify the 

model, shown in this figure. DPI: Diphenyleneiodonium (NADPH oxidase inhibitor), SOD: superoxide 

dismutase, DDC: diethyldithiocarbamic acid (superoxide dismutase inhibitor), KI: potassium iodide 

(H2O2 scavenger), SHAM: salicylhydroxamic acid (peroxidase inhibitor) (Lee et al. 2013).  

NADPH oxidases produce superoxide which is, mainly enzymatically, dismutated into 

H2O2 by apoplastic dismutases (Lee et al. 2013). H2O2 is then used by peroxidases as co-

substrate for monolignol oxidation (Lee et al. 2013). The NADPH oxidase RESPIRATORY 

BURST OXIDASE HOMOLOG F (RBOHF) was found to play a unique role in this process, as 

Casparian strip formation is strongly delayed in rbohf (Lee et al. 2013). Endodermally 

expressed RBOHF accumulates in the Casparian strip domain (Lee et al. 2013). The entry 

of RBOHF into this highly scaffolded domain is likely mediated by specific interaction of 

RBOHF and the CASPs (Lee et al. 2013). Homologous NADPH oxidases, like RBOHB or 

RBOHD are also present in the endodermal plasma membrane but, unlike RBOHF, are 

excluded from the CSD (Lee et al. 2013). It was shown that the catalytic domain of RBOHF 

is interchangeable with the catalytic domain of RBOHB for Casparian strip formation. In 

contrast, the regulatory domain of RBOHF is not interchangeable, suggesting that RBOHF 

receives a specific regulatory input for its activation (Lee et al. 2013). This input was later 

found to be a phosphorylation by the cytoplasmic kinase SCHENGEN1 (SGN1) (Fujita et 

al. 2020). NADPH oxidase-dependent accumulation of H2O2 (visualized as cerium chloride 

precipitates) exclusively along the Casparian strip domain was demonstrated by electron 
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microscopy (Lee et al. 2013). One of the peroxidases involved in Casparian strip formation 

is PER64, which is strongly and specifically expressed in the endodermis (Lee et al. 2013). 

PER64 specifically colocalizes with CASP1 at the CSD and there is some evidence for 

interaction of CASP1 and PER64 (Lee et al. 2013). The differential localization of RBOHF 

in proximity to PER64 at the CSD, which is mediated by the CASP scaffold, and the specific 

regulatory activation of RBOHF, is considered to be the key mechanism for the subcellular 

precision of lignin polymerization (Lee et al. 2013). 

Casparian strip formation is not only regulated by root developmental cues, it is also 

adaptive to adverse soil conditions (Nakayama et al. 2017). By regulating Casparian strip 

barrier formation, vascular plants can cope with low potassium conditions or fluctuating, 

excess iron levels, at different pH (Nakayama et al. 2017). Besides, the lignification of the 

cell wall contributes to cell wall stiffening and makes it resistant to degradation (Fujita et 

al. 2020). In this context, the Casparian strip functions, for example, in preventing 

mycorrhizal fungi from entering the stele (Enstone et al. 2002).  

1.10 Casparian strip formation is mediated by CIF-GSO1 interaction  

Casparian strip formation is regulated by a peptide hormone signaling pathway 

(Nakayama et al. 2017), which involves the LRR-RLK GSO1 (Pfister et al. 2014, Fujita et al. 

2020). Notably, this is the same receptor that acts redundantly with GSO2 in embryonic 

cuticle formation (Tsuwamoto et al. 2008). Like peptide ligands in general (Matsubayashi 

2011), the GSO1 peptide ligands responsible for casparian strip formation are released 

from larger precursor proteins belonging to the CASPARIAN STRIP INTEGRITY FACTOR 

(CIF) protein family (Nakayama et al. 2017). 

The CIFs were discovered independently by Nakayama et al. 2017 and Doblas et al. 2017. 

In the approach taken by Nakayama et al., CIFs where found by screening for novel 

peptide hormone candidates, that are typically found in small protein families, 

characterized by a conserved region close to the C-terminal end (Nakayama et al. 2017). 

The mature CIF peptides are 21 amino acids in seize and are released from the C-terminus 

of the larger ~80-amino-acid CIF precursors (Nakayama et al. 2017). They were identified 

by mass spectrometry analysis of peptides secreted from Arabidopsis overexpressing 

CIF1 (Nakayama et al. 2017). The CIF family, comprises at least four members (Figure 10) 

that share a conserved DY sulfation motive and two prolines (Okuda et al. 2020). In the 
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mature CIF1 peptide, the tyrosine (Y) is sulfated and the two prolines are hydroxylated 

(Nakayama et al. 2017). CIF1 and CIF2 are expressed in the root stele (Doblas et al. 2017, 

Nakayama et al. 2017). Whereas CIF1 expression is more concentrated to the mature root 

region, CIF2 expression starts simultaneously with the expression of CASPs at 

approximately 10 cells after the onset of elongation (Doblas et al. 2017, Nakayama et al. 

2017). 

 

Figure 10: The CIF peptide family  

Multiple sequence alignment of the mature CIF1, CIF2 and predicted CIF3 and CIF4 peptides. The 

tyrosine of the conserved DY sulfation motive is highlighted in red, prolines that are hydroxylated in 

CIF1 are highlighted in yellow and the C-terminal asparagine/histidine is shown in blue (Okuda et al. 

2020).  

In the approach taken by Doblas et al., CIFs were identified as substrates of 

TYROSYLPROTEIN SULFOTRANSFERASE (TPST) (Doblas et al. 2017). TPST, also named 

SCHENGEN2 (SGN2) is the only tyrosylprotein sulfotransferase in Arabidopsis (Komori et 

al. 2009). It mediates the sulfation of peptide ligands, like for example PHYTOSULFOKINE 

(PSK) and PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1 (PSY1) (Komori et al. 

2009, reviewed in Kaufmann and Sauter 2019). tpst has a pleiotropic phenotype, 

comprising Casparian strip defects, similar to gso1 (Doblas et al. 2017). It was found, that 

these defects can be rescued by expressing TPST specifically in the root stele, but not in 

other root tissues, suggesting that a stele produced peptide is the substrate of TPST, 

responsible for Casparian strip formation (Doblas et al. 2017). By database search for 

putative stele expressed peptides with a sulfateable DY consensus motif, the CIFs were 

identified as possible candidates (Doblas et al. 2017).  

In tpst, cif2 and gso1 the Casparian strip is repeatedly interrupted and has a more dotted, 

instead of a continuous appearance (Nakayama et al. 2017, Doblas et al. 2017). In these 

mutants Casparian strip permeability has been demonstrated by penetration of 

propidium iodide into the vasculature, which in WT is excluded from this tissue by the 

intact Casparian strip acting as a diffusion barrier (Nakayama et al. 2017, Doblas et al. 

2017). Casparian strip defects of tpst and gso1 single mutants are not enhanced in tpst 
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gso1 double mutants, suggesting that tpst and gso1 act in a linear pathway (Doblas et al. 

2017). Treatment of tpst with 1nM mature CIF2 peptide rescues Casparian strip defects 

(Doblas et al. 2017). Besides, exogenous CIF2 peptide application (in concentrations 

above 100 nM) causes Casparian strip mislocalization and overaccumulation of lignin 

(Doblas et al. 2017). All these peptide-induced phenotypes, depend on the presence of 

GSO1 (Doblas et al. 2017). In contrast to cif2, cif1 does not show any detectable Casparian 

strip phenotype (Nakayama et al. 2017). However, Casparian strip defects in cif1 cif2 

double mutants can be complemented by either CIF1 or by CIF2 peptide (Nakayama et al. 

2017). Regarding the expression pattern of CIF1 and CIF2 and the cif1 and cif2 

phenotypes, it seems that CIF2 has the major role in Casparian strip formation. Taken 

together, these findings already suggest that TPST, the CIFs (mainly CIF2) and GSO1 act 

together in one signaling pathway, important for Casparian strip formation and that the 

CIFs serve as substrates of TPST and as ligands of the GSO1 receptor.  

A binding assay with an Arabidopsis receptor kinase expression library revealed that 

photocrosslinker-labeled CIF1 peptide binds to GSO1 and to a minor extend to GSO2 

(Nakayama et al. 2017). Unlike GSO2, GSO1 was confirmed by a different research group, 

in other binding assays including isothermal titration calorimetry (ITC), microscale 

thermophoresis (MST) and grating-coupled interferometry (GCI) assays (Okuda et al. 

2020). CIF1 and CIF2 both bind to the GSO1 extracellular domain, with an exceptionally 

strong affinity (dissociation constant (Kd) in the low nanomolar range in ITC and GCI). 

The binding of CIF2 to GSO1 was found to be somewhat stronger than that of CIF1 (Okuda 

et al. 2020). CIF3 was found to bind GSO2, however the biological relevance of this 

interaction is unknown to date (Okuda et al. 2020). 

1.11 GSO1 downstream signaling in the root 

Activation of GSO1 signaling after CIF binding relies on the membrane-anchored receptor-

like cytoplasmic kinase (RLCK) SCHENGEN1 (SGN1) that forms a signaling module with 

GSO1 (Doblas et al. 2017, Fujita et al. 2020). GSO1 and SGN1 are both located at the 

endodermal plasma membrane, where GSO1 resides along both sides of the CSD, but is 

excluded from the highly scaffolded CSD area itself (Pfister et al. 2014, Fujita et al. 2020). 

In contrast, SGN1 is polarly localized to the cortex-facing, outer side of the endodermis 

(Alassimone et al. 2016, Fujita et al. 2020). Thus, the location of GSO1 and SGN1 overlaps 
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only in a small region at the cortex-facing side, next to, but excluded from the CSD 

(Alassimone et al. 2016, Fujita et al. 2020).  

 
It was found that the polar localization of SGN1 is essential for proper regulation of 

Casparian strip formation, as an apolarly localized SGN1 variant causes constitutive 

barrier defect signaling (Fujita et al. 2020). Constitutive signaling results in ectopic lignin 

deposition and precocious suberization, like in endodermal barrier mutants (Fujita et al. 

2020). It was further shown that the constitutive signaling depends on the presence of 

GSO1, the CIFs and SGN1 kinase activity (Fujita et al. 2020). This leads to a model in which 

Casparian strip formation is self-regulated by a spatial negative-feedback loop (Fujita et 

al. 2020). The CIFs need to cross the Casparian strip barrier, in order to reach the GSO1-

SGN1 signaling complex (Fujita et al. 2020). Activation of the GSO1-SGN1 complex results 

in the activation of NADPH oxidases for ROS production on the cortex-facing side of the 

CSD (Figure 11). Once enough lignin is produced to seal up the Casparian strip diffusion 

barrier, the CIFs cannot reach the signaling module anymore (Fujita et al. 2020).  
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Figure 11: CIF peptide signaling in the root  

Schematic representation of CIF peptide signaling in the context of Casparian strip formation. CIF 

peptides interact with the GSO1/SGN3 receptor that resides along both sides of the Casparian strip 

domain. Only at the cortex facing, outer side, SGN3 forms a signaling module with the cytoplasmic, 

membrane-anchored SGN1 kinase. The signaling module mediates NADPH oxidase dependent ROS 

production for Casparian strip lignification. Sealing of the Casparian strip restricts the access of 

endogenous CIF peptides, secreted from the root stele, to the SGN3-SGN1 signaling module. In 

contrast, exogenous CIF peptide application leads to constitutive signaling and overlignification at the 

cortex facing side. (Fujita et al. 2020). 
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Highly localized ROS production at the CSD (Lee et al. 2013) is achieved by a phospho-

relay (Fujita et al. 2020). Upon CIF-GSO1 interaction, GSO1 phosphorylates SGN1 (Fujita 

et al. 2020). SGN1, in turn, phosphorylates NADPH oxidases like RBOHF and RBOHD 

(Fujita et al. 2020). All these phosphorylation events occur directly between the 

mentioned interaction partners and lead to their activation (Fujita et al. 2020). The 

spatially controlled ROS production, determined by localization of the GSO1-SGN1 

complex and RBOHF within the CSD, allows peroxidase mediated lignification and 

therewith Casparian strip formation at the proper position (Lee et al. 2013, Fujita et al. 

2020).  

Downstream of SGN1, the CIF-GSO1-SGN1 pathway branches into a second ROS-

independent pathway, which stimulates mitogen-activated protein (MAP) kinase-

dependent activation of gene expression (Fujita et al. 2020). The most strongly 

upregulated genes, a set of peroxidases and laccases, allow to maintain and enhance the 

ROS controlled lignification process (Fujita et al. 2020). Their expression is probably 

controlled by the MYB15 transcription factor (Fujita et al. 2020) that is also responsible 

for stress and MAMP-induced lignification (Chezem et al. 2017). In agreement with this, 

MYB15 was found to be induced upon CIF2 treatment (Fujita et al. 2020). Additional late 

response genes, for suberin biosynthesis, are also upregulated upon CIF2 treatment 

(Fujita et al. 2020). Likewise, MYB36, a central transcription factor for CASP expression 

and the CASPs 1-4 are upregulated (Nakayama et al. 2017, Fujita et al. 2020). It was found 

that formation and maintenance of a continuous CASP scaffold requires de novo synthesis 

of additional CASP proteins, mediated by the CIF-GSO1-SGN1 pathway (Nakayama et al. 

2017, Fujita et al. 2020). In gso1, sgn1, and cif1 cif2 mutants the CASP scaffold consists of 

patch-like CASP domains, which are functional and correctly aligned, yet not continuously 

connected (Pfister et al. 2014, Alassimone et al. 2016, Nakayama et al. 2017, Doblas et al. 

2017, Fujita et al. 2020). Live-cell imaging shows, that exogenous CIF1 or CIF2 peptide 

application in cif1 cif2 leads to fusion of CASP1-GFP patches into contiguous bands 

(Nakayama et al. 2017, Fujita et al. 2020). When cif1 cif2 mutants are transferred after 24 

hours CIF peptide treatment to medium lacking the peptide, CASP1-GFP bands start to get 

interrupted by little breaks, accompanied by a reduced CASP expression (Nakayama et al. 

2017).  
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The elucidation of the Casparian strip formation pathway, in particular the interaction of 

CIFs with the GSO1 receptor, was a useful lead to uncover the unknown GSO peptide 

ligand, responsible for embryonic cuticle formation. As cif1 cif2 double mutants do not 

show any cuticle defects, it was suggested that embryonic cuticle formation is mediated 

by another related peptide ligand (Nakayama et al. 2017). This unknown GSO ligand may 

either belong to the CIF protein family itself, or at least share some similarities to the 

mature CIF peptides. The previously described TWS1 protein was considered as a 

promising candidate, as the protein contains a region that resembles CIF peptides, and 

because seed development is affected in the loss-of-function mutant (Fiume et al. 2016).  

  

https://dict.leo.org/englisch-deutsch/in
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1.12 TWS1 the putative missing link in embryonic cuticle formation  

Tws1 mutants show the same abnormalities during seed development that can be 

observed in ale1 and gso1 gso2 mutants: embryo endosperm adhesion resulting in reverse 

bending of the embryo and a misshapen seed appearance (hence the name: Twisted seed) 

(Fiume et al. 2016). Like in ale1 and gso1 gso2, the cuticle in tws1 is discontinuous and 

permeable (Fiume et al. 2016). Although the similarities of tws1 to ale1 and gso1 gso2 

were noticed by the research group around Fiume, and even though TWS1 was described 

as being responsible for cuticle deposition, the conclusion that TWS1 could act in the same 

pathway with ALE1 and the GSO receptors was not drawn. TWS1 was rather proposed to 

function in the endomembrane system, being involved in intracellular trafficking and 

thereby influencing biosynthesis and trafficking of cutin precursors and waxes (Fiume et 

al. 2016). Further, TWS1 was considered as being a small protein, instead of a putative 

peptide precursor candidate (Fiume et al. 2016). TWS1 is a single copy gene in 

Arabidopsis and does not contain any known protein domains (Fiume et al. 2016). 

Remarkably however, TWS1 has a region with some similarity to the mature CIF peptides 

(Doll et al. 2020). This region is close to, but not ending at the C-terminus of TWS1 and 

comprises the well-conserved DY sulfation motif, and the two central prolines (Figure 12).  

 

Figure 12: Alignment of TWS1 and CIF1-4 peptides 

Multiple sequence alignment that highlights the similarities between the TWS1 and CIF1-4 peptides. 

The site of predicted tyrosine sulfation is indicated by an asterisk (Doll et al. 2020). 

TWS1 is expressed mainly in seeds, but also in vegetative and reproductive tissues (Fiume 

et al. 2016). During seed development, TWS1 expression is found in the testa and the 

embryo, at all developmental stages, with a peak at the torpedo stage (Fiume et al. 2016). 

If TWS1 would be a substrate of endosperm-expressed ALE1, TWS1 and ALE1 would need 

to be secreted into the apoplastic space in order to meet each other. As a member of the 

subtilisin-like serine protease (subtilase) family, ALE1, like most plant subtilases, is 

targeted for secretion (Rose et al. 2010).  
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1.13 The family of subtilisin-like serine proteases 

Subtilases are widespread in all kingdoms of life, including bacteria, archaea, fungi, yeasts 

and higher eukaryotes (Siezen et al. 1991). One feature of subtilases is their extraordinary 

thermostability and functionality at alkaline pH conditions, which makes them even 

attractive for applications in the laundry industry (Niehaus et al. 2011). Plant subtilases 

have various functions. They affect all facets of plant life, including growth, development 

and responses to the biotic, as well as the abiotic environment (reviewed in Schaller et al. 

2018). Their substrate specificity ranges from nonselective, degradative to highly specific 

(reviewed in Schaller et al. 2012). Their family name derives from the bacterium Bacillus 

subtilis, in which subtilisins were identified for the first time (Smith et al. 1966). The 

subtilase family in plants is largely expanded and comprises 56 members in Arabidopsis 

(Rautengarten et al. 2005). As proteases, they catalyze the hydrolytic cleavage of peptide 

bonds. Endoproteases are classified, according to their catalytic mechanism and their 

active site structure (Barrett 2001). The clade of serine peptidases contains a special 

arrangement of conserved amino acid residues, namely aspartate, histidine and serine in 

their active site, which form the so-called catalytic triad (Siezen and Leunissen 1997). 

Within the catalytic triad, serine performs the actual catalysis, whereas histidine and 

aspartate are required to stabilize intermediate states in the cleavage process (chapter 

1.14).  

1.14 The reaction mechanism of subtilases  

The following chapter about the reaction mechanism of serine proteases is adapted from  

Brandt (Lecture Notes 2000-2016). The mechanism is also reviewed in Hedstrom 2002 

and Schaller 2004.  

 
When a suitable substrate enters the active site of a subtilase, the side chain of the amino 

acid residue before the scissile peptide bond binds to the recognition site of the subtilase. 

The active site serine of the subtilase initiates the reaction, by a nucleophilic attack on the 

carbonyl C of the scissile bond (Figure 13).  

https://dict.leo.org/englisch-deutsch/extraordinary


Introduction 
 

26 
 

 

Figure 13: Reaction mechanism of serine proteases  

Diagrams illustrating the reaction mechanism of serine proteases. The catalytic triad residues are 

numbered exemplarily with the positions corresponding to chymotrypsin. Note that the diagrams 

deviate from the real three-dimensional structure and that the oxyanion hole includes the Ser195 

backbone amide proton. The figure is adapted from Brandt (Lecture Notes 2000-2016).  

This results in the formation of a covalent ester bond between the active site serine and 

the substrate. The nucleophilic attack is facilitated by proton transfer, from the serine 

hydroxyl to histidine. In this context, the neighbouring, negatively charged aspartate, 

stabilizes the developing positive charge and allows histidine to act as a base. The negative 

charge, that develops on the substrate carbonyl O (oxyanion), is stabilized by formation 

of hydrogen bonds involving two subtilase backbone amide protons from the so-called 

oxyanion hole. One of the amides in the oxyanion hole is the backbone amide of the active-

site serine. The actual cleavage event occurs, when histidine donates the received proton 

https://dict.leo.org/englisch-deutsch/exemplarily
https://dict.leo.org/englisch-deutsch/neighbouring
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to the substrate amide nitrogen of the scissile bond, which causes the release of a C-

terminal cleavage product. The N-terminal substrate part is released by ester hydrolysis: 

water attacks the covalent ester bond between the substrate and serine O, which 

generates the carboxyl group of the N-terminal cleavage product and regenerates the 

serine hydroxyl group of the subtilase.  

1.15 Structure and function of subtilase domains  

The most well characterized plant subtilase is tomato subtilase 3 (SlSBT3) (Cedzich et al. 

2009, Ottmann et al. 2009, Meyer et al. 2016). Its basic structure, containing a signal 

peptide, a prodomain, a catalytic domain, a protease-associated (PA) domain and a 

fibronectin (Fn)-III-like domain (Figure 14), is in common with other plant subtilases 

(Cedzich et al. 2009, Rose et al. 2010). Whereas the general preproprotein structure is 

comparable to bacterial subtilisins and other eukaryotic SBTs, the PA domain and the Fn-

III-like domain are more typical for plant SBTs only (Schaller et al. 2018).  

 

Figure 14: Plant subtilase structure  

Domain architecture of tomato SBT3. The residues of the catalytic triad are marked. (Rose et al. 

2010). 

Most plant subtilases are secreted into the plant cell wall, also known as the apoplastic 

space (Siezen and Leunissen 1997, Rose et al. 2010). Therefore, they have a N-terminal 

signal peptide that targets the subtilase for the entrance into the secretory pathway 

(Siezen and Leunissen 1997). In the endoplasmic reticulum (ER), the signal peptide is 

cleaved off by signal peptidase (Nyathi et al. 2013). During secretion, the activity of 

subtilases is tightly controlled to prevent precocious proteolysis in inappropriate 

subcellular compartments. As one of these control mechanisms, subtilases are 

synthesized as inactive pre-pro-enzyme precursors (Siezen and Leunissen 1997), which 

need to undergo maturation by removal of the pre-domain (signal peptide) and the 

prodomain (Cedzich et al. 2009). The prodomain has two functions. First, it assists in the 

proper folding of the subtilase, which is required to pass the ER quality control for 

secretion (Meyer et al. 2016). Second, the prodomain is an autoinhibitior, keeping the 

https://dict.leo.org/englisch-deutsch/precocious
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subtilase inactive, until it reaches its destination (Nakagawa et al. 2010, Meyer et al. 

2016). Its function in folding and enzyme maturation was first discovered in bacterial 

SBTs, where the prodomain is described to act like an intramolecular chaperone (Zhu et 

al. 1989). The chaperone-like function was also demonstrated for tomato SlSBT3 (Meyer 

et al. 2016). It was shown that a SlSBT3 mutant lacking the prodomain is not able to pass 

ER quality control. However, its secretion in planta can be restored by coexpression of the 

SlSBT3 prodomain in trans (Meyer et al. 2016). The prodomain has a generally conserved 

area of multiple β-strand and α-helices (Nakagawa et al. 2010, Meyer et al. 2016). 

Whereas the folding of bacterial subtilisins is mediated by two hydrophobic regions 

within the conserved area, SlSBT3 has an additional nonconserved loop in the middle of 

the prodomain, that was found to be essential for secretion (Meyer et al. 2016).  

 
In the late ER or early cis-Golgi the prodomain is cleaved off in an intramolecular, 

autocatalytic reaction (Cedzich et al. 2009). Prodomain processing was found to be a 

prerequisite for secretion of SlSBT3 beyond the cis-Golgi (Cedzich et al. 2009). As plant 

SBTs share a highly conserved Thr-Thr-Xaa-Thr/Ser motive immediately downstream of 

the prodomain cleavage site (Meichtry et al. 1999), it is thought that plant SBTs recognize 

and cleave this site by a common mechanism (Nakagawa et al. 2010, Meyer et al. 2016). 

After prodomain processing, the prodomain is not released, but instead binds to the active 

site cleft of the subtilase in a substrate-like manner (Sotokawauchi et al. 2017). Blocking 

the active site (Sotokawauchi et al. 2017), the prodomain acts as an inhibitor of the 

subtilase (Nakagawa et al. 2010, Meyer et al. 2016). It was found that subtilases with a 

broad substrate specificity, like cucumisin from melon fruit, can be inhibited also by 

distantly related prodomains from other species (Nakagawa et al. 2010). In contrast, 

SlSBT3 shows high specificity for its own prodomain (Meyer et al. 2016). Crystal structure 

analysis of cucumisin in complex with its prodomain revealed that prodomain binding is 

mediated by hydrophobic interactions and hydrogen bonds between the conserved β-

sheets of the propeptide and two surface helices of cucumisin (Sotokawauchi et al. 2017). 

Cucumisin is blocked by the C-terminus of the prodomain, which binds to the active site 

cleft of cucumisin (Sotokawauchi et al. 2017). The C-terminal 7 amino acid residues of the 

prodomain were found to be essential, but not sufficient for cucumisin inhibition 

(Sotokawauchi et al. 2017). To release the prodomain from the autoinhibitory complex, 

at least one additional autocatalytic cleavage is required. This cleavage was found to be 
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strictly pH-dependent and assures that the subtilase is kept inactive until it reaches the 

acidic environment of the trans-Golgi network (Anderson et al. 2002, Meyer et al. 2016).  

 
The protease-associated (PA) domain is a region of about 120 amino acids inserted in the 

catalytic domain of subtilases (Luo and Hofmann 2001). Such a homology region is also 

part of other protease classes and unrelated proteins, such as vacuolar sorting receptors, 

where it is considered to mediate protein-protein interactions (Luo and Hofmann 2001). 

Based on the X-ray structure of the PA domain-containing human transferrin receptor 

(Lawrence et al. 1999), it was suggested that the PA domain could function as a lid to cover 

active site structures (Luo and Hofmann 2001). With the elucidation of the SlSBT3 crystal 

structure in 2009, it was found that the PA domain functions in regulating the activity of 

SlSBT3 (Ottmann et al. 2009). This regulation is based on SlSBT3 homo-dimerization, 

mediated by interactions between the PA and subtilisin domains of two SlSBT3 monomers 

(Ottmann et al. 2009). The interface between the two monomers is mainly formed by a ß-

hairpin of the catalytic domain, contacting the PA domain and the subtilisin domain of the 

dimerization partner (Ottmann et al. 2009). It is thought that, in a monomeric state, the 

flexible ß-hairpin blocks the active site cavity of the subtilase and therewith restricts 

substrate binding (Ottmann et al. 2009). Upon dimerization, the ß-hairpin is forced into a 

rigid position, restricting the movement of the ß-hairpin in the direction of the active site 

(Ottmann et al. 2009). In case of SlSBT3, PA domain-mediated homo-dimerization is 

considered as essential for complete enzyme activation (Ottmann et al. 2009). Based on 

structural modelling, such a dimerization-dependent activation mechanism might also 

occur in other Arabidopsis SBTs, like ALE1 and AtSBT4.15, but does not seem to be a 

general mechanism of plant SBTs (Rose et al. 2010). In soybean protease C1, the PA 

domain interacts with the C1 substrate downstream of the substrate cleavage site (Tan-

Wilson et al. 2012). In this case, the PA domain determines the substrate length for 

optimum protease activity and contributes to substrate specificity (Tan-Wilson et al. 

2012).  

 
Like most plant subtilases, SlSBT3 has a C-terminal Fn-III domain with a ß-barrel-like 

shape, which is supposed to stabilize the enzyme by shielding hydrophobic surface 

patches from the solvent (Ottmann et al. 2009). Four C-terminal amino acids of SlSBT3, 

form a hydrophobic clamp, that anchores the Fn-III domain to the subtilisin domain 

(Ottmann et al. 2009). The side chain of the endmost residue inserts into a hydrophobic 
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pocket, close to the substrate binding channel, which is thought to stabilize a loop system 

near the active site (Ottmann et al. 2009). By usage of SlSBT3 deletion mutants, it was 

shown that both, the PA domain and the C-terminus of SlSBT3 are essential for SlSBT3 

activity and therewith, for prodomain processing and secretion (Cedzich et al. 2009).  
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1.16 Aims of the present work  

This work aimed to identify the peptide hormone that regulates embryonic cuticle 

formation in Arabidopsis. The main focus of this work was to characterize the processing 

events that are required for  formation of the mature peptide hormone from its respective 

precursor. In this regard, it was aimed to uncover the role of a post-translational 

modification (tyrosine sulfation) in substrate recognition and processing. Additionally, 

methods were elaborated that allow the identification of protease specific cleavage sites 

within protease substrates.    

 
One major event during seed development is the formation of an apoplastic diffusion 

barrier between the embryo and the surrounding endosperm tissue. This diffusion 

barrier, namely the plant cuticle is formed de novo during embryogenesis and was 

hypothesized to be controlled by a peptide hormone signaling pathway (Tanaka et al. 

2001, Tsuwamoto et al. 2008, Xing et al. 2013, Ingram and Nawrath 2017). Most plant 

developmental processes are controlled by peptide hormone signaling pathways that 

follow a basic, general principle: a larger peptide hormone precursor is cleaved by a 

protease to release a smaller, active peptide ligand (Matsubayashi 2011). The active 

peptide ligand binds to a receptor and triggers downstream signaling responses 

(Matsubayashi and Sakagami 2006). Although it was known, that a subtilisin-like serine 

protease, namely ALE1 (Tanaka et al. 2001) and two leucine rich repeat receptor like 

kinases, GSO1 and GSO2 (Tsuwamoto et al. 2008) are involved in embryonic cuticle 

formation, the peptide ligand of these receptors was unknown. The major aim of this work 

was to identify this peptide ligand and demonstrate that the corresponding precursor is 

a substrate of ALE1.  

For the identification of the peptide ligand, comparing the cuticle formation signaling 

pathway with another diffusion barrier formation pathway regulating root Casparian stip 

formation prooved to be a fruitful approach. Both of these pathways share the GSO1 

receptor, and in case of Casparian strip formation, the peptide ligands of GSO1 were 

known to be members of the CIF protein family (Doblas et al. 2017, Nakayama et al. 2017, 

Okuda et al. 2020). Therefore, the CIF-related TWS1 protein was a promising candidate 

for the missing element in the signaling pathway for embryonic cuticle formation.  



Introduction 
 

32 
 

Therewith the subordinated aims of the present work were (i) to test if TWS1 serves as a 

substrate of ALE1, (ii) to analyse the ALE1 cleavage site, and (iii) to characterize substrate 

requirements of ALE1.  

As it turned out that ALE1 is responsible for C-terminal cleavage of TWS1 and that TWS1 

was indeed the missing pathway element, the study was extended by the analysis of N-

terminal TWS1 processing. The N-terminus of TWS1 is of special interest because it 

shares a conserved DY sulfation motive with the mature CIF peptides. This brings up an 

interesting question that was investigated in the second part of this work. Which role does 

tyrosine sulfation play in substrate recognition and substrate processing? In order to 

answer this question it was aimed to:  

(i) find another seed expressed subtilase that is able to cleave the N-terminus of TWS1, 

(ii) analyse the expression pattern of that subtilase during seed development,  

(iii) compare N-terminal cleavage of tyrosine-sulfated with nonsulfated TWS1 substrate,  

(iv) create a 3D model of the subtilase with the N-terminal cleavage region of TWS1 in its 

active center and identify amino acids within the subtilase that interact with the sulfated 

tyrosine. It was speculated that a positively charged amino acid could interact with the 

negatively charged sulfate to strengthen substrate binding and potentially improve or 

even serve as a prerequisite for N-terminal cleavage.  

(v) To validate the 3D model, mutated subtilase versions should be created and tested for 

their ability to cleave the TWS1 precursor. 

On a more general note, the study aimed to find out more about the general regulatory 

mechanisms behind plant diffusion barrier formation. Comparing embryonic cuticle 

formation in the seed to Casparian strip formation in the root, general principles of 

diffusion barrier formation should be elaborated. Besides, embryonic cuticle formation 

addresses diverse, interesting aspects of peptide hormone signaling including inter-tissue 

communication and feedback control by spatial separation of pathway elements. In this 

context, this work aimed to enlarge the knowledge of peptide hormone signaling with a 

special focus on peptide hormone precursor processing including the development of 

technical tools for the analysis of processing.
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2 Results  

2.1 A two-way molecular dialogue between embryo and endosperm is required for 

seed development 

The plant cuticle is one of the key inventions that made plant life outside of water possible. This 

hydrophobic diffusion barrier is built de novo in early plant life and its formation is initiated by a 

peptide receptor signalling pathway in angiosperm seeds. The pathway involves communication 

between two different seed tissues: the embryo and the endosperm. It is coordinated by the 

endosperm specific expressed subtilase ABNORMAL LEAF SHAPE1 (ALE1), two LRR-receptor-like 

kinases GASSHO1 and GASSHO2, which reside along the membranes of embryo epidermal cells and 

an unknown pathway element, which was speculated to serve as ALE1 substrate and GASSHO ligand. 

We uncovered the identity of the unknown pathway element as a sulfated peptide hormone 

precursor called TWISTED SEED1 (TWS1). We could show that embryo-derived TWS1 is processed 

by ALE1 to release a mature, bioactive peptide that binds to the GASSHO receptors and activates 

cuticle repair mechanisms. The bidirectional pathway between embryo and endosperm provides a 

turn off mechanism in which signalling is terminated, as soon as ALE1 is separated from the signal 

source by complete sealing of the cuticle.   

Since the publisher (American Association for the Advancement of Science, AAAS) prohibits 

reproduction of the full article, I present here (chapter 2.1) an abstract of the publication, which 

differs from the published version. The definitive version of the article was published in Science: Doll 

NM, Royek S, Fujita S, Okuda S, Chamot S, Stintzi A, Widiez T, Hothorn M, Schaller A, Geldner N, Ingram 

G (2020). A two-way molecular dialogue between embryo and endosperm is required for seed 

development. Science 367 (6476): 431–435. DOI: 10.1126/science.aaz4131. 

 

Own contributions: 

-Co-expression of ALE1 and TWS1 in tobacco (Fig. 1P, Supplement pp. 7-9). 

-Analysis of TWS1 cleavage products by mass spectrometry (Supplement pp. 9f, Fig. S6 p.23). (The 

excised gelband was prepared for mass spectrometry. MS analysis was performed by members of the 

Hohenheim Core Facility). 

-Cloning and site-directed mutagenesis of GST-TWS1 for expression in E. coli (Supplement pp. 10f). 

-Purification of ALE1-6xHis (Supplement p. 11). 

-In vitro digestion of GST-TWS1 C-terminal mutants with ALE1 (Fig. 1Q, Supplement p. 11). 
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2.2 Processing of a plant peptide hormone precursor facilitated by 

posttranslational tyrosine sulfation 

 

Royek S, Bayer M, Pfannstiel J, Pleiss J, Ingram G, Stintzi A, Schaller A (2022). Processing 

of a plant peptide hormone precursor facilitated by posttranslational tyrosine sulfation. 

Proc Natl Acad Sci U S A 119 (16): e2201195119. DOI: 10.1073/pnas.2201195119. 

 

This is an open access article. “PNAS authors need to cite the full journal reference, but 

need not obtain permission for including their articles as part of their dissertations.” 

(https://www.pnas.org/about/rights-permissions, November 20, 2022).  

 

Own contributions: 

-Promoter:reporter construct cloning and transformation in Arabidopsis.  

(Confocal imaging was performed by M. Bayer).  

-Subtilase expression constructs (all except SBT5.4) (Supplement pp. 2f). 

-Expression und purification of subtilases (all except SBT5.4) (Supplement pp. 3f). 

-TWS1 expression constructs (Supplement p. 4). 

-Expression and purification of GST-TWS1 fusion proteins (Supplement p. 5). 

-In vitro digests of recombinant substrate proteins (Fig. 1D, 2A, 2C, 2E, 2F, Supplement p. 

5). (Excised gelbands were prepared for mass spectrometry and analysed by J. Pfannstiel 

with technical assistance of B. Würtz). 

-In vitro digests of synthetic peptides (Fig. 1C, 2B, Supplement pp. 5f). (Mass spectrometry 

was performed by J. Pfannstiel with technical assistance of B. Würtz).  

-Structural modeling was performed with the help of A. Schaller and in collaboration with 

J. Pleiss. (Supplement pp. 7f). 
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Dataset S1: Epression levels of TWS1 and Arabidopsis SBTs co-expressed with ALE1 or 

TWS1 in developing seeds. 
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Dataset S2: Yasara modeling report. The file can be accessed online at 

https://www.pnas.org/doi/10.1073/pnas.2201195119 
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2.3 Improved identification of protease cleavage sites by in-gel reductive 

dimethylation 

 

This chapter provides the manuscript version of the book chapter “Improved 

identification of protease cleavage sites by in-gel reductive dimethylation” the original 

version is published in the volume “Plant Proteostasis 2581” of “Methods in Molecular 

Biology”. Publication of this manuscript on our OPUS server is kindly approved by 

Springer Nature. https://www.springer.com.  

  

Royek S., Brück S., Pfannstiel J., Stintzi A., Schaller A. Improved identification of protease 

cleavage sites by in-gel reductive dimethylation. Published 2022 by Springer Nature. 

Meth. Mol. Biol.: Vol 2581, pp. 337-349. DOI: 10.1007/978-1-0716-2784-6_24.  

 

 

Own contributions: 

-In-gel reductive dimethylation (Materials 3.2). 

(The alkylation of cysteines, tryptic digestion and mass spectrometry was performed by 

members of the Hohenheim Core Facility). 

-Quantification of identified N-terminally modified peptides (Fig. 1D, Materials 3.3) 

 

Acknowledgments:  

This work was supported by a grant from the German Research Foundation (DFG) to 

Andreas Schaller (SCHA 591/17-1). MS analyses were performed by the Core Facility 

Hohenheim, Mass Spectrometry Unit (University of Hohenheim, Stuttgart, Germany). The 

Exploris 480 MS was funded in part by the German Research Foundation (DFG-INST 

36/171-1 FUGG). 

 

https://www.springer.com/


Results 

52 
 

Improved identification of protease cleavage sites by in-gel reductive dimethylation  

 

Stefanie Royek1, Stefanie Brück1, Jens Pfannstiel2, Annick Stintzi1 and Andreas Schaller1 

 

1 University of Hohenheim, Department of Plant Physiology and Biochemistry, 70593 Stuttgart, 

Germany 

2 University of Hohenheim, Core Facility Hohenheim, Mass Spectrometry Unit, 70593 Stuttgart, 

Germany 

 

Corresponding author: 

Andreas Schaller 

Email: andreas.schaller@uni-hohenheim.de  

 

 

Running title: Cleavage sites identified by in-gel reductive dimethylation 

 

Key words: cleavage specificity, mass spectrometry, N-terminus, precursor processing, 

proteolysis, reductive dimethylation, SDS-PAGE   

 

 

 

 

  



Results 
 

53 
 

Summary 

A critical step in the functional characterization of proteases is the identification of physiologically 

relevant substrates, which often starts with a collection of candidate proteins. To test these 

candidates and identify specific processing sites, in-vitro cleavage assays are typically used, 

followed by polyacrylamide gel electrophoresis (SDS-PAGE) to separate and visualize the cleavage 

products. For the identification of cleavage sites, the sequences at the N- or C-terminal ends of the 

cleavage products need to be identified, which is the most challenging step in this procedure. Here 

we describe a method for the reliable identification of the N-termini of polypeptides after 

separation by SDS-PAGE. The procedure relies on in-gel labelling of the N-terminal free amino 

group by reductive dimethylation, followed by tryptic digestion and analysis of resulting peptides 

by mass spectrometry. N-terminal peptides are readily identified by the 28 Da mass dimethyl tag 

linked to their first amino acid.        

1. Introduction 

Proteases are critically involved in virtually all aspects of plant growth and development. In 

addition to the rather unselective turnover of damaged, misfolded and potentially harmful 

proteins, limited proteolysis at specific processing sites controls the function of many proteins 

including enzymes, receptors, and transcription factors. Highly selective proteases also facilitate 

subcellular targeting and protein assembly, and they are required for the formation of growth 

factors, peptide hormones, phytocytokines and other danger signals by site-specific processing of 

larger precursor proteins (1-4). However, for most proteases the specific in vivo substrates are 

still unknown and, vice versa, only few of the processing proteases needed for post-translational 

regulation of other proteins, or the maturation of peptide signals from their precursors, have been 

identified. In fact, the linking of orphan proteases with their physiological substrates may well be 

the most challenging task in protease research (5, 6).   

An important step on the path towards the identification of physiological substrates are in-vitro 

assays, in which the protease of interest is challenged with candidate substrates, followed by the 
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identification and characterization of cleavage products. This typically involves the expression of 

protease and substrate proteins in suitable heterologous expression systems, followed by the 

purification of the recombinant proteins, which are then combined for the in-vitro cleavage assay. 

Reaction products are then separated by SDS-PAGE to visualize cleavage of the substrate protein 

by the candidate protease.  If the in-vitro digestion is performed as a time series, or with increasing 

concentrations of the protease, gradual disappearance of the substrate protein can be observed, 

with the concomitant increase of lower molecular weight bands corresponding to the cleavage 

products (Fig. 1b). We used this type of assay to confirm the precursors of the Arabidopsis peptide 

hormones IDA (Inflorescence Deficient in Abscission), TWS1 (Twisted Seed 1), and PSK 

(phytosulfokine) as substrates for the subtilisin-like processing proteases SBT4.12, 4.13 and 5.2 

(7), SBT2.4 (8), and SBT3.8 (9), respectively.  Likewise, the precursor of the tomato phytocytokine 

systemin was confirmed as a substrate for processing by phytaspases (10).   

To assess whether or not cleavage occurred at a physiologically relevant site, or to characterize 

cleavage specificity of the processing protease, the lower molecular weight bands need to be 

identified. Of particular interest are the N- and C-termini of these bands, as they represent the site 

of cleavage within the precursor protein. In a previous volume of this series, we recently published 

a protocol that can be used for this purpose (11). Briefly, the bands are cut out from the gel, the 

proteins are in-gel digested with a proteomics grade protease (usually trypsin), and the resulting 

peptides are identified by mass spectrometry (MS). Internal peptides can be identified easily, as 

they are characterized tryptic cleavage sites at either end. Trypsin cuts after Lys and Arg residues. 

Internal peptides are thus flanked by Lys or Arg on both sides (Fig. 1c). In contrast, terminal 

peptides result from tryptic cleavage at one side, and cleavage by the protease of interest at the 

other. Terminal peptides are thus characterized by a non-tryptic cleavage site at either the N-

terminus (for the N-terminal peptide), or the C-terminus (for the C-terminal peptide; Fig. 1c). 

However, while these semi-tryptic peptides are readily identified by MS/MS analysis, they may 

include false positives resulting from mis-cleavage that is occasionally observed even for 

proteomics-grade trypsin. Another limitation of this method is that it fails to identify terminal 
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peptides if the protease of interest resembles trypsin in cleavage specificity. These shortcomings 

are addressed in the protocol we present here. We propose to chemically modify the N-terminal 

free amino group by reductive dimethylation prior to the in-gel tryptic digest, allowing 

unequivocal identification of the N-terminal peptide in subsequent MS/MS analysis.  

Peptide primary amines react with formaldehyde to generate a Schiff base that is rapidly reduced 

by cyanoborohydride to the dimethylamine. Thereby, all primary amines (the N terminus and the 

side chain of lysine residues) are converted to dimethylamines (12). This results in a mass 

increase of 28 Da per primary amine per peptide, or 32 Da if deuterated formaldehyde is used. 

Therefore, different mass tags can be added to different samples of peptides, and the method has 

thus been widely adopted in quantitative proteomics to compare peptide abundance across 

samples (12). In a variation of this theme, we use in-gel reductive dimethylation to label neo N-

termini generated by the protease of interest prior to the tryptic digest. N-terminal peptides can 

thus be distinguished from other tryptic peptides by the 28 Da-mass increase at the first residue. 

In the experiment shown in Fig. 1, we used this method to identify the N-termini of cleavage 

products generated from the recombinant GST- and His-tagged CIF4 (Casparian strip Integrity 

Factor 4) precursor (Fig. 1a) by the processing subtilase SBT5.4. Digests were separated by SDS-

PAGE (section 3.1; Fig. 1b) and indicated cleavage products were cut out from the gel. Gel slices 

were subjected to in-gel reductive dimethylation followed by trypsin digestion (section 3.2). N-

terminal peptides of the four protein bands were then identified by MS/MS analysis (section 3.3; 

Figs. 1d and 2). Results indicate that the polypeptides contained in bands 1, 2, and 4 comprise the 

native N-terminus of the fusion protein. The start methionine or serine in position two were 

identified as the N-terminal amino acids for these polypeptides. Translation in prokaryotes 

initiates with formylmethionine, which is converted to methionine by formylmethionine 

deformylase. The N-terminal methionine is removed post-translationally by methionine 

aminopeptidase, if it is followed by a small residue (glycine, alanine, serine, threonine, cysteine, 

proline or valine) (13). When recombinant proteins are expressed in E. coli, trimming of the N-

terminal methionine often is incomplete, presumably due to saturation of methionine 



Results 
 

56 
 

aminopeptidase or depletion of required metal cofactors (13). Hence, Met and Ser were expected 

as the N-terminal residues for the full-length protein, and for cleavage products that contain the 

native N-terminus. Gly212 was identified as the N-terminal residue of band 3, indicating cleavage 

of the GST-CIF4-His fusion between Gly211 and Gly212. The data show that N-terminal amino 

acids and, hence, cleavage sites in proteins and their cleavage products, can be identified reliably 

after SDS-PAGE by the described method for in-gel reductive dimethylation.   
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Fig. 1: Identification of N-terminal residues in cleavage products of the GST-CIF4 precursor 

fusion. (a) Schematic of the CIF4 precursor (proCIF4) that was expressed as a N-terminal GST 

fusion with a C-terminal 6xHis-tag (H6) in E. coli. (b) Cleavage of GST-proCIF4-H6 by SBT5.4. The 

recombinant substrate protein (2.5 µg) was incubated with increasing concentrations of SBT5.4 

(molar protease:substrate ratio ranging from 1:3000 to 1:3 as indicated) for 2 hours at 25 °C. 

The reaction was terminated by addition of loading buffer, and reaction products were analyzed 

by SDS-PAGE, as described in section 3.1. A Coomassie Brilliant-Blue stained gel is shown. 

Yellow boxes mark protein bands 1 to 4 that were excised from the gel for further analysis. (c) 
Result of the tryptic digest shown schematically. Internal peptides result from tryptic cleavage 

after Lys (K) or Arg (R; black arrow heads) at either end. Terminal peptides are semi-tryptic, 

with one of the cleavage sites generated by the protease of interest (red arrow head). (d) 

Identification of N-termini. Protein bands 1 to 4 were subjected to reductive dimethylation und 

trypsin digestion (described in section 3.2), followed by MS/MS analysis (described in section 

3.3). The sum of ion intensities for peptides dimethylated at the indicated amino acids is shown. 

Panels 1 to 4 correspond to bands 1 to 4 in panel (b). 
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 Fig. 2: MS/MS identification of N-terminal peptides. MS/MS analysis of the precursor ions of the 

most abundant N-terminal peptides as shown in Fig. 1d. Panels (a) to (c) correspond to the N-

terminal peptides identified for protein bands 1 to 4 in Fig. 1b, respectively. Identity and 

sequence of the N-terminal peptides were confirmed by the almost complete y-ion series (blue), 

and additional ions from the b series (red). Dimethylated N-terminal residues and lysines are 

indicated (di).  
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2. Materials 

2.1 Equipment 

1. Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) system. 

2. Rocking shaker for staining of gels 

3. Incubation shaker for microfuge tubes  

4. Vacuum concentrator 

5. High resolution tandem mass spectrometer (e.g., Orbitrap Exploris 480; Thermo Fisher 

Scientific, Germany) linked to a nano-high performance liquid chromatography (nano-HPLC) 

system (e.g., Ultimate 3000 RSLCnano; Dionex, Thermo Fisher Scientific). 

6. Trap (e.g. µ-precolumn C18 PepMap100, 300µm, 100Å, 5µm x 5mm; Thermo Fisher Scientific) 

and analytical (e.g. NanoEase M/Z HSS C18 T3, 1.8 µm 100 Å 75 µm x 250 mm, Waters, Germany) 

reverse-phase chromatography columns suitable for the used nano-HPLC system.  

7. Personal computer with software package for peptide identification by MS/MS (e.g. Mascot 2.6; 

Matrix Science Ltd, London, UK), peptide quantification (e.g. Xcalibur; Themo Fisher Scientific), 

and data visualization (e.g. Scaffold; Proteome Software, Portland, OR). 

2.2 SDS-PAGE 

1. 40 % (w/v) acrylamide/bis-acrylamide (19/1) solution 

2. Stacking gel buffer: 0.5 M Tris/HCl pH 6.8, 0.4 % (w/v) sodium dodecylsulfate (SDS) 

3. Separating gel buffer: 1.5 M Tris/HCl pH 8.8, 0.4 % (w/v) SDS 

4. 10 % (w/v) ammonium persulfate (APS; see Note 1) 

5. N,N,N’,N’-tetramethylethylenediamine (TEMED)  

6. Loading buffer (4x): 200 mM Tris/HCl pH 6.8, 400 mM 1,4-dithiothreitol, 8 % (w/v) SDS, 0.4 % 

(w/v) bromophenol blue, 40 % (v/v) glycerol.  

7. Running buffer: 25 mM Tris/HCl pH 8.3, 192 mM glycine, 0.1 % (w/v) SDS.  

8. Protein size marker (pre-stained). 
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9. Mass spectrometry-compatible colloidal Coomassie staining solution, mix 10 ml 5x stock 

solution (vortex before use) with 30 ml ddH20 and 10 ml methanol; add a stir bar and leave on the 

magnetic stirrer for several hours. 

10. Destaining solution: 20 % (v/v) methanol. 

2.3 In-gel reductive dimethylation und tryptic digest 

1. 1M and 200 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), pH 7.5  

2. Acetonitrile, LC-MS grade (see Note 2) 

3. 1 M sodium cyanoborohydride (NaBH3CN), freshly prepared. (see Note 3)  

4. 36.5 % (v/v) formaldehyde, for molecular biology. (see Note 4).  

5. 100 mM glycine. 

6. Trypsin, proteomics grade 

7. 100 %, 50 %, 0.1 % (v/v) formic acid, MS grade (see Note 5). 

8. Solutions for in gel digest: 40 mM NH4HCO3; 100 mM NH4HCO3; 100 mM NH4HCO3, 10 mM 1,4-

dithiothreitol (DTT); 100 mM NH4HCO3, 55 mM iodoacetamide (see Note 6). Prepared from 1 M 

NH4HCO3 and 1 M DTT stock solutions. 

9. 0.1 % (v/v) trifluoroacetic acid, eluent additive, LC-MS grade 

2.4 MS analysis 

1. solvent A: 0.1 % (v/v) formic acid, in HPLC-grade water   

2: solvent B: 0.1 % (v/v) formic acid in 80 % (v/v) acetonitrile, in HPLC-grade water   

3. Methods 

The methods described in section 3.1 and section 3.2 are used here to analyze the cleavage 

products that are generated from the recombinant GST-CIF4-His fusion protein upon incubation 

with the subtilase SBT5.4 from Arabidopsis. However, the method is suitable for the analysis of 

any protease/substrate pair, and which proteins are chosen depends on the specific research 

question. Also, the conditions of the in-vitro digest depend on the protease under study and are 



Results 
 

61 
 

thus not described here. We start with the protocol for SDS-PAGE analysis of the in-vitro digest, 

which will be the same, irrespective of the protease/substrate pair under study.  

3.1 SDS-PAGE analysis of cleavage products 

1. Mix the samples of the in-vitro digest with 1/3 vol of 4x loading buffer.  

2. Denature samples at 95 °C for 5 min, then chill on ice. 

3. Mix 6.75 ml acrylamide solution with 4.5 ml separating gel buffer and 6.75 ml ddH2O. Add 180 

µl 10 % APS and 18 µl TEMED, mix well and cast the separating gel (15 %; volumes are sufficient 

for two mini gels; about 8 x 7 cm; 1.5 mm thick) using a mini gel casting system or glass plates and 

spacers. Overlay with isopropanol. Allow the gel to polymerize for at least 1 hour. Remove 

isopropanol. Overlay with stacking gel consisting of 1.7 ml stacking gel buffer, 0.75 ml acrylamide 

solution, 4.25 ml ddH2O mixed with 70 µl 10 % APS and 12 µl TEMED. Insert 1.5 mm 10-well 

sample comb, and allow to polymerize for at least one hour.  

4. Remove the sample comb, place the gel into the electrophoresis cell, add running buffer, and 

rinse the wells with running buffer. 

5. Carefully load the samples (from step 3 above) into the wells, using a yellow-tip pipette. 

6. Run the gel at 120 V until the dye front leaves the gel.  

7. Stop electrophoresis; dismantle the gel assembly, remove the upper plate, cut off the stacking 

gel.  

8. Place the gel (see Note 7) in a dish containing approximately 100 ml Coomassie-staining 

solution. Place on a rocking shaker at room temperature for 1 hr.  

9. Remove the Coomassie-staining solution (can be reused) and replace by destaining solution; 

change several times until proteins are visible as blue bands against a clear background.      

3.2 In-gel reductive dimethylation und tryptic digest  

1. Transfer the gel (from step 7 above) into a clean dish with ddH2O; equilibrate for at least 30 min 

at room temperature. 
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2. Use a scalpel to cut out desired protein bands from the submerged gel (bands labeled 1 to 4 in 

Fig. 1b); cut the band into small pieces and transfer to a 1.5 ml microfuge tube (see Note 8).   

3. Add 200 μl ddH2O, shake at 1000 rpm for 5 min at room temperature. 

4. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature.  

5. Discard the supernatant, add 100 μl 200 mM HEPES pH 7.5, and shake at 1000 rpm for 10 min 

at room temperature. 

6. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature.  

7. Discard the supernatant and add 200 µl of the following premixed solution: 2 µl formaldehyde 

(from 36.5 % stock, final 50 mM), 25 µl sodium cyanoborohydride (from 1 M stock, freshly 

prepared in H2O, final 50 mM) in 500 µl 200 mM HEPES pH 7.5, shake at 1000 rpm for 30 min at 

room temperature (see Note 9). 

8. Discard the supernatant, add 200 µl of the previous premixed solution, and shake at 1000 rpm 

for 60 min at room temperature. 

9. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature.  

10. Discard the supernatant, add 100 µl 100 mM glycine, and shake at 1000 rpm for 30 min at 

room temperature. 

11. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature.  

12a. If you choose to omit alkylation of cysteines: discard the supernatant, add 150 μl 100 mM 

NH4HCO3, and shake at 1000 rpm for 10 min at room temperature. Proceed to step17.  

12b. Alternatively, if optional iodoacetamide treatment is included, follow steps 12b - 16 (see Note 

10). Discard the supernatant, add 150 μl 100 mM NH4HCO3, 10 mM DTT, and shake at 1000 rpm 

for 30 min at 56 °C.  
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13. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature.  

14. Discard the supernatant, add 85 μl 100 mM NH4HCO3, 55 mM iodoacetamide, and incubate for 

20 min in the dark. 

15. Discard the supernatant, add 150 μl 100 mM NH4HCO3, and shake at 1000 rpm for 10 min at 

room temperature.  

16. Discard the supernatant, add 150 μl acetonitrile, and shake at 1000 rpm for 10 min at room 

temperature. 

17. Discard the supernatant, place tubes on ice, add 250 ng trypsin in 25 µl 40 mM NH4HCO3, and 

incubate on ice for 30 min. 

18. Check the liquid level and if necessary add 40 mM NH4HCO3 until gel pieces are covered, and 

incubate at 37 °C over-night. 

19. Add 2 μl 50 % formic acid, vortex, spin down, pass the supernatant into a new microfuge tube.  

20. For faint bands, do a second elution of the gel fragments by adding 60 μl of 66 % acetonitrile 

/ 1.7 % acetic acid, shake at 1000 rpm for 15 min at 37 °C, recover the supernatant and combine 

with the first eluate in the same new microfuge tube 

21. Evaporate until dry in vacuum centrifuge, resuspend the residue in 15 μl 0.1 % (v/v) formic 

acid or 0.1 % (w/v) trifluoroacetic acid. 

22. Analyze sample by nano-LC-ESI-MS/MS or store at -20 °C until further analysis. 

3.3 nano-LC-ESI-MS/MS analysis  

The exact procedure needs to be adjusted to the equipment available at the local mass 

spectrometry facility. Here we used an Ultimate 3000 RSLCnano system (Dionex, Thermo Fisher 

Scientific) with a precolumn (µ-precolumn C18 PepMap100, 300 µm, 100 Å, 5 µm x 5 mm, Thermo 

Fisher Scientific) and a NanoEase analytical column (NanoEase M/Z HSS C18 T3, 1.8 µm, 100 Å, 

75 µm x 250 mm column, Waters) operated at constant temperature of 35 °C. The RSLCnano 

system was coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific) 

using a NanosprayFlex source (Thermo Fisher Scientific). The Orbitrap Exploris 480 was operated 
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under the control of Xcalibur software (version 4.4., Thermo Fisher Scientific). Internal calibration 

was performed using lock-mass ions from ambient air (14). 

1. Adjust the flow rate to 300 nl/min solvent A. 

2. Inject samples (1 µl from step 18 above) directly into the precolumn. 

4. Perform gradient elution with the following profile using solvent B: 2 % - 55 % in 30 min, 55 % 

- 95 % in 10 min, 5 min isocratic at 95%, 10 min from 95 % to 2 % and then re-equilibration for 

10 min with 2 % solvent B. 

5. Collect survey spectra (m/z = 200-2000) at a resolution of 60.000 at m/z = 200.  

6. Generate data-dependent MS/MS mass spectra for the 30 most abundant peptide precursors 

using high energy collision dissociation (HCD) fragmentation at a resolution of 15000 with 

normalized collision energy of 30.  

7. Use the Mascot 2.6 (Matrix Science)(see Note 11) search engine for peptide identification, by 

searching spectra against a custom specific protein database (here the GST- and His-tagged CIF4 

precursor peptide as shown in Fig. 1a) including a suitable Uniprot database as background (here 

the Arabidopsis thaliana protein database).  

8. As search parameters, do not specify a specific enzyme or the number of missed cleavages, as 

you search for peptides resulting from one cleavage by trypsin, the other cleavage by the protease 

under study. Set mass tolerance at 5 ppm for peptide precursors and 0.02 Da for fragment ions. 

Set carbamidomethylation of cysteine as fixed modification, if iodoacetamide treatment was 

included (see Note 10).  Allow methionine oxidation and dimethylation of any residue (M+28) as 

variable modifications. 

9. Transfer Mascot search results to ScaffoldTM 4.10.0 (Proteome Software) for visualization (see 

Note 12). 

10. Compare results from the database search with expected cleavage products (here tryptic and 

semi-tryptic peptides expected for the GST-CIF4-His fusion protein). Identify N-terminal peptides 

on basis of the +28 Da variable modification at the first residue. m/z values of product peptides 
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should match the expectation within the specified mass accuracy. Validate results using MS/MS 

spectra recorded for N-terminally dimethylated peptides (as shown in Fig. 2).   

11. Quantify the identified N-terminally modified peptides on the basis of MS-signal intensity of 

the respective ion in the extracted ion chromatogram. Peak ion intensities can be used, or 

alternatively, the area under the chromatographic peak of the precursor ion.  

12. Several related peptides are expected that are characterized by the same dimethylated N-

terminus (e.g. peptides with/without methionine oxidation, or with/without missed cleavages). 

Add up ion intensities for these peptides for data presentation (as shown in Fig. 1d). 

4. Notes: 

1. Always prepare fresh. 

2. Softeners in laboratory plasticware may dissolve in acetonitrile. Use plasticware with a track 

record of acetonitrile compatibility (e.g., from Eppendorf).  

3. Ready to use commercial solutions are available e.g. ALD coupling solution or 1 M NaBH3CN in 

THF. Stability of NaBH3CN in solution is limited; keep at 4 °C, store under inert gas, do not use past 

the expiry date. 

4. Formaldehyde fumes are toxic; prepare in fume hood.  

5. Formic acid is corrosive; wear gloves and avoid inhalation of fumes.  

6. Solutions containing iodoacetamide should be prepared freshly and used immediately; 

iodoactamide is toxic; handle with care. 

7. Make sure to always wear gloves when handling the gel, the tools and dishes, and while cutting 

out the bands of interest.  

8. Use high quality microfuge tubes (e.g. the original Eppendorf tubes) to avoid any plasticizer 

leaking into the sample, which is detrimental to subsequent MS analysis.   

9. Toxic hydrogen cyanide is released in low concentration during the labeling process; perform 

steps 7 to 9 in a fume hood. 
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10. Iodoacetamide treatment can be omitted for proteins that do not contain cysteine residues. 

For proteins that do, iodoacetamide treatment should be included to alkylate cysteines, in order 

to facilitate the identification of all peptides (15).    

11. Mascot Server is a commercial product from Matrix Science Ltd. (London, UK). For the analysis 

of low complexity samples like peptide mass fingerprints, Mascot Server can be used on the 

company’s server without purchasing a license. However, this is of limited value for the LC-MS 

experiments described here, because the “no enzyme” function is only available in the licensed 

version of Mascot. MS data analysis can also be performed using other commercial search 

algorithms (Sequest (Thermo Fisher Scientific), Byonic (Protein Metrics)) or freeware programs 

like Andromeda/MaxQuant, X! Tandem, or MSFragger/FragPipe.   

12. This step is not essential but facilitates the analysis.    
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2.4 Identification of cognate protease/substrate pairs by use of class-specific 

inhibitors 

The following book chapter is part of  

Marina Klemenčič et al. (eds.), Plant Proteases and Plant Cell Death: Methods and 

Protocols, Methods in Molecular Biology, vol. 2447, published by Springer Nature. 

 

Stintzi A., Stührwohldt N., Royek S., Schaller A. Identification of cognate 

protease/substrate pairs by use of class-specific inhibitors. Published 2022. Meth. Mol. 

Biol.: Vol 2447, pp. 67-81, © The Author(s), under exclusive license to Springer 

Science+Business Media, LLC, part of Springer Nature 2022. 

https://doi.org/10.1007/978-1-0716-2079-3_6.  

 

“Authors have the right to reuse their article’s Version of Record, in whole or in part, in 

their own thesis. Additionally, they may reproduce and make available their thesis, 

including Springer Nature content, as required by their awarding academic institution. 

Authors must properly cite the published article in their thesis according to current 

citation standards.” (https://www.springer.com/gp/rights-permissions/obtaining-

permissions/882, November 20, 2022). 

 

 

Own contributions: 

-Analysis of ALE1-mediated processing of proTWS1 (Fig. 1C; Materials 2.3, 2.4, 2.6; 

Method 3.2) 
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3 Discussion 

With the conquest of terrestrial habitats, the plant cuticle became essential for plant 

survival. Whereas a basic cuticle biosynthetic machinery is already found in bryophytes, 

cuticle and wax biosynthesis genes have largely expanded during plant evolution (Kong 

et al. 2020). Embryonic cuticle formation in angiosperms is a highly coordinated process, 

that involves signaling between neighboring seed tissues (Moussu et al. 2013, Xing et al. 

2013, Doll et al. 2020). This work contributed to the elucidation of the embryonic cuticle 

formation pathway in Arabidopsis, by revealing the long-sought missing element of the 

pathway. It provides additional insights into peptide hormone signaling, especially the 

maturation of peptide hormones, and addresses the largely unknown role of tyrosine 

sulfation in substrate recognition and proteolytic processing. This peptide hormone 

signaling pathway is of special interest, as it comprises inter-tissue communication and a 

surveillance system, based on negative feedback control by spatially separated pathway 

elements (Doll et al. 2020). Remarkably, the embryonic cuticle formation pathway shows 

some similarities to Casparian strip formation with the GSO receptor as a shared pathway 

element. Combining the data that are now available for both pathways, allows the 

identification of general mechanisms of diffusion barrier formation. This knowledge can 

be used to support the investigation of other plant diffusion barriers.  

3.1 Maturation and identification of peptide hormones  

In this work it was hypothesized that embryonic cuticle formation is mediated by a 

peptide hormone signaling pathway involving the subtilisin-like serine protease ALE1 

and the LRR-RLKs GSO1 and GSO2. Plant peptide signaling generally plays an important 

role in plant growth and development (Matsubayashi and Sakagami 2006). Many plant 

peptides are secreted and act in cell-to-cell communication by interaction with 

membrane-localized receptor kinases (Matsubayashi and Sakagami 2006). One category 

of secreted plant peptide hormones, the small post-translationally modified peptides, 

requires post-translational modification and maturation from larger precursor proteins 

by extensive proteolytic processing (Matsubayashi 2011). In this work, it has been 

demonstrated that TWS1 belongs into this category of plant peptide hormones. Subtilisin-

like serine proteases (subtilases) appear to play a predominant role in peptide hormone 

processing (reviewed in Schaller et al. 2018). One prominent example for subtilase-

dependent precursor processing is the maturation of INFLORESCENCE DEFICIENT IN 

https://dict.leo.org/englisch-deutsch/conquest
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ABSCISSION (IDA) (Schardon et al. 2016). IDA regulates floral organ abscission (Butenko 

et al. 2003) by interaction with the LRR-RLKs HAESA, HAESA-like2 and the SOMATIC 

EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK1) coreceptor (Cho et al. 2008, Stenvik 

et al. 2008, Santiago et al. 2016). IDA maturation and floral organ abscission depend on 

SBT activity in abscission zones, which was demonstrated by tissue-specific expression of 

SBT-specific Kazal inhibitors (EPI1a and EPI10) (Schardon et al. 2016). Like floral 

abscission, embryonic cuticle formation depends on subtilase (ALE1) activity (Tanaka et 

al. 2001). In this work, it was investigated if TWS1 serves as a substrate of ALE1.  

Prooving the linkage of proteases to their physiological substrates is a challenging task in 

protease research, and for most proteases specific in-vivo substrates have not been 

identified yet. In chapter 2.4 we have described methods how to identify protease specific 

cleavage sites within putative protease substrates. These methods, discussed in the 

following, proved to be convenient for the analysis and confirmation of diverse subtilase-

substrate pairs, including IDA and the subtilases 4.12, 4.13 and 5.2 (Schardon et al. 2016), 

PSK and SBT3.8 (Stührwohldt et al. 2021), and the herein examined TWS1 and ALE1 (Doll 

et al. 2020). To find protease-substrate pairs, putative substrate candidates are exposed 

to the protease of interest, either in planta or in vitro, and the cleavage products generated 

by the protease of interest are analysed (chapter 2.4). For in-vitro cleavage assays, 

substrate candidate proteins and the protease of interest need to be expressed in suitable 

heterologous expression systems. As subtilases comprise post-translational 

modifications, such as N-glycosylation and disulfide bonds (Cedzich et al. 2009, 

Murayama et al. 2012), the expression system of choice is eukaryotic. Transient subtilase 

expression in Nicotiana benthamiana, mediated by agroinfiltration (Gleave 1992, 

Shamloul et al. 2014), proved to be a suitable method applied in this work. With this 

approach, His-tagged ALE1 was either coexpressed with its putative substrate TWS1 in N. 

benthamiana, or purified from apoplastic cell wall extracts for in-vitro cleavage of 

recombinant TWS1 (chapter 2.1). To facilitate the purification of recombinant proteins 

they are typically fused to a N-terminal and/ or C-terminal tag (reviewed in Kimple et al. 

2013). In this context, it needs to be considered that the tag must not interfere with either 

protease activity, or substrate cleavage site accessibility. In case of subtilases, one has to 

be aware that their signal peptide and their prodomain are cleaved off during secretion 

(Cedzich et al. 2009). Hence, N-terminal tags need to be added after the subtilase 

prodomain. In our lab, we made generally good experience with a C-terminal 6xHis tag for 

https://dict.leo.org/englisch-deutsch/accessibility
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subtilase purification without losing enzyme activity. The optimal tag position for 

substrate candidates may vary from protein to protein and depends on the number and 

position of expected cleavage sites. According to our experience, the linker region 

between the substrate and the tag is rather susceptible to protease cleavage and, 

therefore, is better kept short. Cleavage products are often too small for detection by 

sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The extension of 

substrate candidates with large tags (e.g. GST, GFP, MBP), makes their detection possible 

(chapter 2.4). Besides, it allows to pull down cleavage products or to detect them by 

western blot (chapter 2.4).  

 

In this work TWS1-sfGFP-6xHis was coexpressed with ALE1-6xHis or an empty vector 

control in N. benthamiana. Therefore, agrobacteria containing either subtilase or 

substrate expression constructs were coinfiltrated in N. benthamiana leaves (chapter 2.1). 

An ALE1-specific TWS1 cleavage product could be detected in the protein extract of the 

coinfiltrated leaves by western blot with anti His antibodies (chapter 2.1). To identify the 

cleavage product, GFP-tagged proteins were pulled down from the protein extract with 

GFP-Trap (chapter 2.1, 2.4). Subsequently, they were separated by SDS-PAGE and the 

cleavage product- containing gel band was cut out and analysed by mass spectrometry 

(chapter 2.1, 2.4). Although this approach worked well for the identification of the ALE1-

specific TWS1 cleavage product, coexpression of subtilases and substrate candidates in N. 

bentamiana does not always deliver satisfactory results. The presence of endogenous 

tobacco proteases could cause the degradation of substrate candidates, the generation of 

additional unspecific cleavage products, or lead to the removal of tags. Besides, the 

successful identification of cleavage products strongly depends on the expression level of 

substrate candidates and subtilases.  

 

An easier way to identify cleavage products is by in-vitro cleavage assays (chapter 2.3, 

2.4). In-vitro cleavage assays allow for a controlled setting, in which protease to substrate 

ratio, digestion time, temperature and buffer conditions can be adjusted to obtain 

sufficient amounts of cleavage product for successful identification. A common approach 

to identify cleavage products from in-vitro cleavage assays, is to separate them by SDS-

PAGE and analyse cleavage product-containing gel bands by mass spectrometry (MS) 

(Granvogl et al. 2007, chapter 2.3). For MS analysis excised gel bands are subjected to in-
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gel digestion with highly specific proteases (typically trypsin) (Granvogl et al. 2007, 

chapter 2.3, 2.4). Trypsin cleaves after lysine and arginine and generates peptide 

fragments with a suitable mass range for mass spectrometry (Granvogl et al. 2007).  

 

Identification of cleavage sites generated by the protease of interest is achieved by 

deductive reasoning: all peptides containing non-tryptic termini potentially result from 

cleavage by the protease of interest (chapter 2.3). However, we were often facing the 

problem that many peptides with non-tryptic termini are identified by MS analysis, 

making it difficult to discriminate real cleavage sites from false positives (chapter 2.3). 

False positives can result from trypsin mis-cleavage (even by usage of proteomics-grade 

trypsin) or incorrect peptide to mass assignment of poorly fragmented peptides 

(Bogdanow et al. 2016, Kim et al. 2016, Walmsley et al. 2013). In this work, a method has 

been established that overcomes this problem and enables the unequivocal identification 

of N-terminal cleavage sites (chapter 2.3). In this method, N-terminal free amino groups 

are chemically modified by reductive in-gel dimethylation. Dimethylation is achieved by 

treatment of the gel band with formaldehyde and cyanoborohydride prior to in-gel tryptic 

digest (chapter 2.3). Primary amines at the N-terminus of the cleavage product and at the 

side chain of lysine residues react with formaldehyde to generate a Schiff base, which is 

reduced by cyanoborohydride to dimethylamine (Boersema et al. 2009). Each 

dimethylation causes a mass increase of 28 Dalton (Da), allowing to rapidly indentify 

peptides with a dimethylated N-terminus (chapter 2.3). As neo N-termini generated by 

the protease of interest are chemically modified before tryptic digestion, peptides with a 

28 Da mass increase at the N-terminus can be clearly assigned to cleavage by the protease 

of interest (chapter 2.3). A side effect of this method is that dimethylation of lysine side 

chains prevents tryptic cleavage after lysine (chapter 2.3). This could be advantageous in 

cases were cleavage after arginine and lysine produces peptides that are too small for MS 

analysis. Besides, in cases were the protease of interest has a trypsin-like cleavage 

specificity, cleavage after lysine by the protease of interest could be distinguished from 

trypsin activity (chapter 2.3). Chemical modification of amino termini is not a new 

technique. It has been used in diverse proteomic applications for example in PICS assays 

(a proteomic assay for the identification of cleavage sites) (Schilling et al. 2011) or in 

peptide quantification by isotope dimethyl labeling (Boersema et al. 2009). In Royek et al. 

2022 we provide a protocol for reductive dimethylation in gel and demonstrate how it 

https://dict.leo.org/englisch-deutsch/reasoning
https://dict.leo.org/englisch-deutsch/unequivocal
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can be used to label neo N-termini generated by the protease of interest. The protocol is 

compatible with standard preparation of gel bands for MS analysis.  

3.2 C-terminal processing of TWS1 

As described above, it was found, that TWS1 is processed by ALE1 in vitro and in planta. 

The ALE1 cleavage site was identified to be 27 amino acids upstream of the TWS1 C-

terminal end, between histidine and glycine. This cleavage site position fits well to the 

mature CIF1, CIF2 (Nakayama et al. 2017, Doblas et al. 2017), and to structure-guided 

prediction of CIF3 and CIF4 peptides (Okuda et al. 2020), which are ligands of the GSO 

receptors in another biological context. Whereas, CIF1 and CIF2 interact with GSO1 to 

mediate Casparian strip formation (Doblas et al. 2017, Nakayama et al. 2017), the 

biological relevance of other CIF GSO receptor interactions, is unknown to date (Okuda et 

al. 2020). The mature TWS1 and CIF peptides all end with either asparagine or histidine 

(Doll et al. 2020). The C-terminal end of peptide hormone ligands, was found to be crucial 

for LRRXI receptor binding (Song et al. 2016). The LRRXI subfamily of LRR-RLKs, which 

includes GSO1 and GSO2, comprise a RxR motif that is largely conserved in this subfamily 

(Song et al. 2016). It is thought that small peptides with a free C-terminal histidine or 

asparagine can be recognized by LRRXI LRR-RLKs via their RxR motif (Song et al. 2016). 

Besides, the RxR motif and the endmost C-terminal residue of the ligand, can recruit 

SERKs as co-receptors (Song et al. 2016). Fitting into this concept, it has been 

demonstrated that SERK1 and SERK3 tightly interact with CIF-associated GSO receptors 

(Okuda et al. 2020). In case of PEPR1, the closest homolog of the GSO receptors in 

Arabidopsis, the C-terminal residue of the PEPR1 ligand AtPep1 exhibits extensive 

interactions with its receptor and is crucial for ligand recognition (Tang et al. 2015). These 

interactions include salt bridges with one of the PEPR1 receptor arginines that are part of 

the RxR motif (Tang et al. 2015). The contribution of the GSO1 RxR motif to CIF2 binding 

is only moderate. However, mutation of that motif attenuates the in-vivo function of GSO1 

(Okuda et al. 2020).  

The length of peptide ligands is considered as a critical factor for recognition by the 

dedicated receptor. It is thought, that LRRs act as molecular rulers which measure the size 

of mature peptide ligands, by specific interactions with the C-terminus of peptide ligands 

(Hohmann et al. 2017). In agreement with this, our cooperation partners found that a 3 

https://dict.leo.org/englisch-deutsch/standard
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amino acid C-terminal extension of mature TWS1 peptide reduced the binding affinity to 

GSO1 and GSO2, which demonstrates the biological relevance of ALE1-mediated C-

terminal TWS1 processing (Doll et al. 2020). Whereas CIF1 and CIF2 are C-terminally 

encoded peptides that do not require any C-terminal processing, TWS1, and presumably 

also CIF3 and CIF4, need to be cleaved at their C-termini. The residues directly 

neighbouring the TWS1 cleavage site were found to be important for ALE1 cleavage site 

selection, as ALE1-dependent cleavage was not observed when either histidine or glycine 

were substituted by site-directed mutagenesis. The cuticle defective phenotype of ale1 is 

considerably weaker than that of tws1 or gso1gso2 (Tanaka et al. 2001, Tsuwamoto et al. 

2008, Xing et al. 2013, Fiume et al. 2016, Doll et al. 2020). This suggests that besides ALE1, 

other subtilases act redundantly in TWS1 C-terminal processing. Besides, release of the 

mature TWS1 ligand requires additional N-terminal processing. In this work, SBT1.8 was 

identified as another seed-expressed subtilase, which is able to perform both, C-terminal 

and N-terminal processing of TWS1. 

3.3 The role of tyrosine sulfation in N-terminal processing of TWS1 

The pedicted N-terminus of the mature TWS1 peptide shares a conserved DY sulfation 

motive with the mature CIF peptides (Doll et al. 2020). Such a sulfation motif is also part 

of other tyrosine sulfated peptides, including ROOT GROWTH FACTORs (RGFs), 

PHYTOSULFOKINEs (PSKs) and PLANT PEPTIDE CONTAINING SULFATED TYROSINE 

(PSY1) (Matsubayashi and Sakagami 1996, Amano et al. 2007, Komori et al. 2009, 

Matsuzaki et al. 2010). Tyrosine sulfation is an irreversible post-translational 

modification (PTM) that is stable, even at harsh acidic conditions (Balsved et al. 2007). 

Therewith, this PTM assures that sulfated peptides are stable in the acidic environment 

of the apoplastic space. Tyrosine sulfation is also known to contribute to ligand-receptor 

recognition and strongly affects ligand-receptor binding affinity (Wang et al. 2015, Song 

et al. 2016, Okuda et al. 2020). Tyrosine sulfation considerably increases the binding 

affinity of peptide ligands, to their corresponding receptors, compared to nonsulfated 

versions of the same peptide ligands (Wang et al. 2015, Song et al. 2016, Okuda et al. 2020, 

Doll et al. 2020). However, treatment of mutants with nonsulfated peptide ligands 

demonstrates that these peptides may retain enough bioactivity to partially restore 

phenotypes (Doblas et al. 2017, Doll et al. 2020). Regarding the differences in receptor 

binding affinities of sulfated versus nonsulfated peptide ligands, it seems that dosage, the 
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endogenous ligand concentration, finally determines the necessity of tyrosine sulfation in 

vivo. Whereas a role for tyrosine-sulfation in ligand-receptor recognition has been 

demonstrated for diverse sulfated peptides, a potential role in substrate recognition by 

proteases has not been addressed so far. One aim of this thesis was to find out more about 

the role of tyrosine sulfation in substrate recognition and substrate processing. N-

terminal cleavage of TWS1 by SBT1.8 was intensively examined to pursue this aim.  

SBT1.8 was identified as a candidate for TWS1 processing in a search within publicly 

available databases for proteases co-expressed with ALE1 in the Arabidopsis seed 

endosperm (chapter 2.2). The expression of SBT1.8 in the endosperm was confirmed by 

our cooperation partner by promoter::reporter gene analysis (chapter 2.2). In addition to 

the endosperm, weaker expression of SBT1.8 in the suspensor and provascular tissues of 

the embryo was observed (chapter 2.2). To check whether SBT1.8 is able to cleave TWS1, 

two synthetic TWS1 peptides (Figure 15) were subjected to SBT1.8 in an on bead in-vitro 

digestion assay (chapter 2.2).  

 

Figure 15: Cleavage sites within TWS1 

Detected ALE1 and SBT1.8 cleavage sites within TWS1. The mature TWS1 peptide is shown in bold. 

Sulfated P2´ tyrosine is labeled by an asterisk. Amino acids with similarity to the mature CIF peptides 

are colored. Synthetic TWS1 peptides used for in-vitro digestion assays are framed. The main SBT1.8 

cleavage sites that were identified by in-vitro digestion assays are marked by black triangles. Putative 

additional cleavage sites (corresponding to cleavage products that were detected in low abundance) 

are marked by grey triangles. TWS1 miscleavage after DY was mainly observed for nonsulfated TWS1 

and is indicated by a red triangle.  

One synthetic peptide (PGPIEH~GTPLNPYIP) contained the C-terminal processing site of 

TWS1 between H and G, the other synthetic peptide (SEMKVGLE~DYNFPVD; sulfo-

tyrosine underlined) was tyrosine-sulfated and contained the N-terminal processing site 

of TWS1 between E and D. SBT1.8-6xHis was expressed in N. benthamiana (as described 

above) and purified from cell wall extracts by nickel affinity chromatography. Nickel 

agarose beads with immobilized SBT1.8-His were incubated with either the C- or N-

terminal synthetic peptides (chapter 2.2). Mass spectrometry analysis of the peptide 

digestion products revealed that SBT1.8 was able to cleave both peptides (chapter 2.2). 

https://dict.leo.org/englisch-deutsch/intensively
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The C-terminal peptide was turned over into different cleavage products, indicating a C-

terminal trimming by SBT1.8 up to the H~G bond marking the mature TWS1 C-terminus 

(chapter 2.2). The N-terminal peptide was cleaved at the expected cleavage site between 

E and D. Thus, SBT1.8 prooved to be a suitable protease to examine the influence of 

tyrosine sulfation on TWS1 substrate recognition and processing (chapter 2.2).  

To compare cleavage of sulfated to nonsulfated TWS1, recombinant sulfated and 

nonsulfated GST-TWS1-6xHis was expressed and purified from Escherichia coli (chapter 

2.2). Conventional protein expression in prokaryotes, would not allow producing 

tyrosine-sulfated protein. Hence, an expanded genetic code was used (Liu et al. 2009), 

which enabled to introduce sulfo-tyrosine at the P2´ position of TWS1, two amino acids 

downstream of the predicted N-terminal TWS1 cleavage site (named according to 

Schechter and Berger 1967, Figure 16). To make use of the expanded genetic code, the 

tyrosine codon was replaced by an amber-stop codon “TAG”. The plasmid coding for 

amber-stop GST-TWS1-6xHis, was cotransformed with a plasmid coding for an amber 

suppressor tRNA and an aminoacyl-tRNA synthetase (Young et al. 2010). The amber 

suppressor tRNA, loaded by an engineered aminoacyl-tRNA synthetase with chemically 

synthesized sulfo-tyrosine, recognizes the amber-stop codon resulting in the co-

translational incorporation of sulfo-tyrosine at the genetically encoded position (Liu et al. 

2009). This approach succeeded in the production of tyrosine-sulfated GST-TWS1-6xHis, 

however, accompanied by the production of a shorter, truncated GST-TWS1 protein 

ending at P1´. The attempt to get rid of the shortened, truncated protein, by purifying the 

full-length GST-TWS1-6xHis protein via nickel affinity chromatography failed, due to the 

dimerization of GST. Hence, it needs to be noted that in-vitro cleavage assays were 

performed with a mixture of full-length and truncated protein as source material.  

In-vitro digestions of the nonsulfated versus sulfated GST-TWS1-6xHis from E. coli were 

performed with SBT1.8-6xHis, expressed and purified from N. benthamiana. At first 

glance, it seemed that nonsulfated TWS1 is cleaved at its C-terminus only, whereas the 

sulfated TWS1 version is cleaved additionally at its N-terminus. However, long-term 

digestion or digestion with a high subtilase to substrate ratio (1/11 molar), revealed that 

nonsulfated TWS1 can be cleaved at its N-terminus as well. In case of sulfated TWS1, it 

could not be excluded that in addition to full-length sulfated GST-TWS1-6xHis, the 

truncated GST-TWS1 was used as an additional substrate by SBT1.8. Additional C-

https://dict.leo.org/englisch-deutsch/unexpected
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terminal trimming of truncated GST-TWS1 by one amino acid would also result in the 

production of the N-terminal cleavage product.  

Deeper insight was gained by another in-vitro digestion of tyrosine-sulfated and 

nonsulfated synthetic TWS1 “SEMKVGLEDYNFPVD” peptides. TWS1 cleavage products 

were observed “SEMKVGLE”, which corresponds to the predicted N-terminal cleavage site 

of TWS1, and “SEMKVGLEDY”, which was cleaved two amino acids downstream. Whereas 

digestion of sulfated peptide substrate mainly resulted in the production of “SEMKVGLE”, 

digestion of the nonsulfated peptide substrate mainly resulted in the production of 

“SEMKVGLEDY”. The cleavage product ratio of “SEMKVGLEDY” to “SEMKVGLE”, after 30 

minutes digestion of nonsulfated peptide substrate, was about 1/0.7, indicating that a 

considerably high amount of nonsulfated TWS1 substrate was miscleaved after Y. Taken 

together, these results suggest that tyrosine sulfation is not absolutely necessary for N-

terminal cleavage of TWS1, however it is important for SBT1.8 cleavage site selection. 

This is reminiscent of proteolytic processing of human progastrin, where the ratio of two 

different cleavage products (gastrin-34 and gastrin-17), depends on the sulfation state of 

Tyr66 (Bundgaard et al. 1995). It should be noted that in comparison to TWS1, the 

sulfated tyrosine is far away from the gastrin17 cleavage site. Progastrin is processed by 

prohormone convertases into a number of bioactive peptides that exist in sulfated as well 

as nonsulfated variants (reviewed in Rehfeld et al. 2007). In the diverse gastrin peptides, 

the partly sulfated Tyr66 residue is part of their C-terminal bioactive hexasequence, and 

its impact on the bioactivity of different gastrin peptides was more in the focus of research 

than its impact on progastrin processing (Rehfeld et al. 2007).  

Another of the few examples, in which the role of tyrosine sulfation in substrate 

recognition and processing was examined, is the processing of tyrosine-sulfated C4 by the 

serine protease C1s. C1s is a catalytic subunit of the tetrameric C1 complex. C1 and C4 are 

components of the human complement system, involved in innate immune responses 

(reviewed in Bajic et al. 2015). The activation of the complement system is triggered by 

recognition of molecular patterns, such as those associated with microorganisms (Bajic et 

al. 2015). One of the early events in the classical pathway of complement system 

activation is the proteolytic cleavage of C4 into two fragments (C4a and C4b) by the 

activated serine protease C1s (Hortin et al. 1989, Bajic et al. 2015). It was found that in 

comparison to sulfated C4, the hemolytic activity of nonsulfated C4 is decreased and it 
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was suggested, that the reduced activity was caused by impaired interaction of C4 and C1s 

(Hortin et al. 1989). In comparison to sulfated C4, cleavage of nonsulfated C4 by C1s was 

found to be about 10-fold reduced (Hortin et al. 1989). Distant to the C4 cleavage site, C4 

contains three sulfated tyrosine residues, closely positioned to each other within a stretch 

of additional glutamate and aspartate residues, to form a negatively charged loop region 

(Duncan et al. 2012, Kidmose et al. 2012). The C4 tyrosine residues interact with a sulfate-

binding pocket, composed of four positively charged lysine and arginine residues, in an 

exosite of C1s (Duncan et al. 2012). Single mutations of the positively charged residues of 

the C1s exosite, reduced the ability of C1s to cleave C4 but not other peptide substrates 

(Duncan et al. 2012). It was found that binding of the sulfo-tyrosine loop by the C1s exosite 

occurred simultaneously with binding of the C4 cleavage site by the C1s active center 

(Duncan et al. 2012). MBL-ASSOCIATED SERINE PROTEASE-2 (MASP-2) is a paralogue of 

C1s, that acts as a catalytic subunit of another complex in the lectin pathway of 

complement system activation (reviwed in Bajic et al. 2015). Like C1s, MASP-2 recognizes 

the negatively charged C4 domain, containing the three sulfated tyrosines, by a positively 

charged exosite (Kidmose et al. 2012). Mutations in C4 and MASP-2 at this contact 

interface, inhibited MASP-2 C4 interaction and C4 cleavage (Kidmose et al. 2012). 

Regarding the close proximity of sulfo-tyrosine in TWS1 to the N-terminal TWS1 scissile 

bond, recognition of the sulfation is supposed to be mediated by residues of the SBT1.8 

active center instead of a SBT1.8 exosite. The cleavage product analysis of SBT1.8 digested 

TWS1 peptides demonstrated, that SBT1.8 cleavage site selection is influenced by the 

sulfation state of TWS1. In what way cleavage site selection by SBT1.8 is influenced by 

tyrosine-sulfation, was addressed by structural modeling and is discussed in chapter 3.4. 

Mis-cleavage of  nonsulfated TWS1 peptide by SBT1.8 resulted in a certain portion of 

correctly processed but nonsulfated TWS1, while a big fraction is lost for the production 

of a bioactive peptide ligand (assumed that “NFPVDPGPIEH” is not bioactive). In 

agreement with this is the relatively weak cuticle defect of tpst (tyrosylprotein 

sulfotransferase) mutants (Doll et al. 2020). It seems that, in this mutant background, a 

certain portion of TWS1 is processed, despite the lack of sulfation and a peptide ligand is 

released, which is able to trigger receptor mediated signaling. The weak cuticle defects of 

tpst could be caused partly by miscleavage of nonsulfated TWS1 and partly by reduced 

receptor affinity, as both processes are impaired by the lack of tyrosine sulfation. In this 

case, the phenotypic appearance of tpst reflects dose-dependent receptor activation.   
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3.4 The role of tyrosine sulfation in SBT1.8 substrate recognition 

To find out in which way the tyrosine sulfation of TWS1 contributes to substrate 

recognition and cleavage site selectivity of SBT1.8, structural modeling was performed, in 

collaboration with Prof. Dr. Jürgen Pleiss (Institute of Biochemistry and Technical 

Biochemistry, University of Stuttgart). A homology-based SBT1.8 model, in complex with 

the N-terminal cleavage region of TWS1, was built using YASARA Structure and PyMOL 

software (chapter 2.2). Potential templates for SBT1.8 structural modeling are plant 

subtilases with a known crystal structure. This limited the choice of a suitable template to 

the following two subtilases: Tomato SBT3 in complex with a peptide-chloromethyl 

ketone inhibitor (Phe-Glu-Lys-Ala-CMK) (PDB ID: 3I74; Ottmann et al. 2009), and melon 

fruit cucumisin in complex with its inhibitory prodomain (PDB ID: 4YN3; Sotokawauchi 

et al. 2017). Among the available structures, SlSBT3 in complex with peptide-

chloromethyl ketone inhibitor was selected by the YASARA software as the most suitable 

template for AtSBT1.8 modeling. SlSBT3 is most similar to AtSBT1.8 and in contrast to 

bacterial subtilisin, it includes the plant typical subtilase domains: PA domain and C-

terminal Fn III domain (Cedzich et al. 2009, Ottmann et al. 2009, Rose et al. 2010). As the 

signal peptide and the prodomain of subtilases are cleaved off during secretion (Cedzich 

et al. 2009), these regions were excluded from modeling. The chloromethyl ketone 

inhibitor binds to SlSBT3 in a substrate-like manner (Ottmann et al. 2009), ensuring that 

the subtilase template is captured in a substrate-binding-like conformation. To insert the 

TWS1 substrate into the model, the inhibitor could have been substituted by the TWS1 

substrate peptide. However, both the chloromethyl ketone inhibitor of SlSBT3 (Ottmann 

et al. 2009), and the prodomain in the cucumisin structure (Sotokawauchi et al. 2017), 

occupy only the non-prime side of the subtilase active site cleft and provide no 

information about prime side interactions. Yet for our model, the prime side interactions 

were of special interest because the sulfated tyrosine of TWS1 is located at the P2´ 

position (Figure 16).  
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Figure 16: Schechter and Berger nomenclature for protease-substrate interaction 

The positions of amino acid residues are numbered in ascending order, beginning at the residues next 

to the scissile peptide bond. Residues located on the amino-side, upstream of the scissile peptide bond, 

are designated as non-prime residues. Residues located on the carboxy-side, downstream of the 

scissile bond, are designated as prime side residues. The amino acid residue positions of the substrate 

are indicated by P/P´, the corresponding binding pockets in the active site cleft of the protease are 

indicates by S/S´ (subsite). The shown amino acid sequence represents the N-terminal cleavage region 

of TWS1 with the scissile peptide bond marked by an arrow. The nomenclature is derived from 

Schechter and Berger 1967.  

 

Further, it has been shown for soybean protease C1 that both non-prime and prime-side 

residues contribute to C1 cleavage efficiency (Boyd et al. 2002, Tan-Wilson et al. 2012). 

Inspired by the research group around Tan-Wilson, that characterized prime side 

interactions of soybean protease C1 and its substrate β-conglycinin by structural 

modeling (Tan-Wilson et al. 2012), the crystal structure of the barley chymotrypsin 

inhibitor 2 (bound to subtilisin BPN) was used as template to model the TWS1 substrate. 

In contrast to the chloromethyl ketone inhibitor, the barley chymotrypsin inhibitor 2 

(PDB ID: 1Y1K; Radisky et al. 2005) spans the entire active site cleft of subtilisin BPN 

(Radisky et al. 2005, Tan-Wilson et al. 2012) and therewith provides the necessary 

information about prime side interactions. In addition, the barley chymotrypsin inhibitor 

contained already a tyrosine at the P2´ position that could be modified into sulfo-tyrosine 

with the PyMOL builder tool. The barley chymotrypsin inhibitor 2 residues P4-P4´ were 

replaced by the P4-P4´ residues, representing the TWS1 N-terminal cleavage region, using 

PyMOL mutagenesis wizard (chapter 2.2). The substrate was modeled with and without 

tyrosine sulfation, to distinguish tyrosine sulfation-dependent, from sulfation-

independent SBT1.8-TWS1 interactions. As the modeled active site cleft of SBT1.8 is, 

according to its template SlSBT3, characterized by a 90° kink (Ottmann et al. 2009), a γ-

turn was introduced into the TWS1 substrate structure (chapter 2.2). Therewith, TWS1 

was modeled in a conformation, which would allow substrate entry into the kinked active 

site. To combine the barley chymotrypsin inhibitor-based model of TWS1 with the 

SlSBT3-based model of AtSBT1.8, and to place the modeled TWS1 substrate at the proper 

position within the active site cleft of AtSBT1.8, the homology-built model of AtSBT1.8 

https://context.reverso.net/übersetzung/englisch-deutsch/numbered+in+ascending+order
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was superposed onto the crystal structure of subtilisin BPN (co-crystallized with the 

barley chymotrypsin inhibitor 2). The model was refined by energy minimization and 

checked for geometry and conformation. Modeling details are described in chapter 2.2.  
 

The created SBT1.8 model, in complex with the N-terminal cleavage region of TWS1, was 

analysed with the Yasara software to find interactions between subtilase and substrate 

that are facilitated by P2´ tyrosine sulfation. The backbone nitrogen of P2´ tyrosine was 

found to be involved in the formation of a hydrogen bond with S431 of SBT1.8 (chapter 

2.2). The side chain of P2´ tyrosine was found to interact with the aromatic ring of F381, 

in the hydrophobic S2´ pocket of SBT1.8, by π-stacking (chapter 2.2). Whereas these 

interactions are independent of the tyrosine sulfation state, tyrosine sulfation was found 

to strengthen substrate binding by ionic interaction and the formation of two additional 

hydrogen bonds (chapter 2.2). The residue responsible for these sulfation-dependent 

interactions is the positively charged R302, which can well interact with the negatively 

charged sulfate. R302 is part of the SBT1.8 PA domain. This is in agreement with the study 

of Tan Wilson, which demonstrated that PA domains can contribute to substrate 

recognition. In case of protease C1, some PA domain residues form a part of the S4´ 

binding pocket and in case of SlSBT3 the corresponding PA domain residues contribute to 

the S2´ binding pocket (Tan-Wilson et al. 2012).   

The role of SBT1.8 R302 in substrate binding and recognition, suggested by the structural 

model, was confirmed by site-directed mutagenesis. Mutated SBT1.8 versions, in which 

R302 was replaced by I, K, E, S, M or V were examined for their ability to cleave 

recombinant, sulfated GST-TWS1-6xHis in vitro (chapter 2.2). The N-terminal TWS1 

cleavage product, generated by WT SBT1.8, was no longer observed when R302 was 

substituted (chapter 2.2). Importantly, all of the mutants were able to perform C-terminal 

cleavage of TWS1, assuring that general protease activity is retained in these mutants 

(chapter 2.2). This supports the role of R302 in substrate binding and recognition of the 

N-terminal TWS1 cleavage site. Replacement of R302, by another positively charged but 

shorter amino acid (lysine), was not sufficient to compensate for arginine (chapter 2.2), 

indicating that not only the positive charge at position 302 is required for correct N-

terminal processing of TWS1, but also its close proximity to the sulfate moiety of the P2´ 

tyrosine.  
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Considering the miscleavage of nonsulfated TWS1 at the EDY~N bond (chapter 3.3), it is 

possible that R302 substitution may also lead to N-terminal miscleavage. However, 

potential miscleavage products produced by the R302 mutants, were not detectable in the 

performed in-vitro cleavage assay for technical reasons. The similar size of potential 

miscleavage products (ending at EDY) and truncated TWS1 protein (ending at ED) 

(chapter 3.3), does not allow the discrimination of EDY-terminated bands by SDS-PAGE, 

as these would probably be masked by ED-terminated bands.  

Two other Arabidopsis subtilases (SBT1.1 and SBT5.4) that are also expressed in the seed 

endosperm and which also feature an arginine residue at the position corresponding to 

R302 in SBT1.8 were challenged with the recombinant GST-TWS1-6xHis substrate by in-

vitro cleavage assays (chapter 2.2). However, the N-terminal TWS1 cleavage product, 

generated by SBT1.8, was not observed for SBT1.1 and SBT5.4 (chapter 2.2). This 

indicates that the sole presence of an arginine (at the position corresponding to R302) is 

not sufficient for N-terminal cleavage site recognition. Additional specificity may be 

provided by a SBT1.8 serine residue (S333) that interacts with P3´ asparagine of the 

TWS1 substrate (chapter 2.2). S333 is not conserved in SBT1.1 or SBT5.4, which might 

explain why these proteases, in contrast to SBT1.8, are not able to perform N-terminal 

processing of TWS1. Besides its interaction with S333, the TWS1 P3´ asparagine residue 

interacts with the side chains of SBT1.8 R302 (chapter 2.2), further strengthening the role 

of R302 in substrate recognition. Remarkably, P3´ asparagine is unique for TWS1 and in 

the four CIF protein family members replaced by a nonpolar, smaller glycine. This 

observation might indicate that SBT1.8 interacts specifically with TWS1 and despite the 

similar DY sulfation motive in the CIFs, is not involved in N-terminal CIF processing. While 

it has been demonstrated that SBT1.8 is able to cleave TWS1 in vitro, the biological 

relevance of SBT1.8 in embryonic cuticle formation is not yet clarified. Besides ALE1, 

SBT1.8, SBT1.1 and SBT5.4 other proteases are present in the seed, which might act 

redundantly in TWS1 processing.  

Independent of SBT1.8`s biological relevance, it was demonstrated that tyrosine sulfation 

can contribute to substrate binding and cleavage site recognition. Protease sulfate 

interactions within the active center, as demonstrated in this work for SBT1.8 and TWS1 

(chapter 2.2), or interactions at exosites, as in the case of C1s or MASP-2 interaction with 

C4 (Duncan et al. 2012, Kidmose et al. 2012), were shown to influence substrate cleavage 
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specificity (chapter 2.2) or efficiency (Hortin et al. 1989, Duncan et al. 2012, Kidmose et 

al. 2012). Considering that tyrosine sulfation could play a general role in substrate 

recognition by proteases, it would be crucial to include tyrosine sulfation whenever 

protease substrate pairs are studied. Besides tyrosine sulfation, other post-translational 

modifications can affect protease-mediated substrate processing as well. For instance, 

differential processing of proline hydroxylated versus nonhydroxylated CLAVATA3/ESR-

RELATED 40 (CLE40) peptide precursors has been demonstrated (Stührwohldt et al. 

2020). In case of CLE40, proline hydroxylation protects the precursor from internal 

cleavage within the mature peptide, therewith assuring the generation and maintenance 

of bioactive CLE40 peptide (Stührwohldt et al. 2020). Altogether, the results imply that 

for future studies of potential protease substrate pairs, it will be crucial to pay more 

attention to all kinds of post-translational modifications.  

In the preceding chapters, general precursor processing and methods how to identify 

protease specific cleavage sites within putative protease substrates have been discussed. 

A role of tyrosine sulfation in substrate recognition and processing was demonstrated for 

the SBT1.8-TWS1 subtilase-substrate pair. Moreover, TWS1 has been identified to be the 

missing link in the ALE1-GSO pathway for embryonic cuticle formation. In the following 

chapters, the characteristics of embryonic cuticle formation and Casparian strip 

formation are discussed and compared to elaborate putative general features of plant 

diffusion barrier formation.  

3.5 The superordinate role of diffusion barriers  

Diffusion barriers prevent leakage between cells. Thus, they are critical for a controlled 

exchange of cell material, such as ions and signaling molecules. In this context, not only 

the quality, but also the quantity of signaling molecules or ions can be regulated. This is 

crucial for all processes that rely on a concentration gradient. Different tissue types or 

organs rely on such a boundary for their differentiation and confinement. Based on 

genetic relationships, it is thought that for example epidermis formation and 

maintenance, depends on the embryonic cuticle in its capacity of acting as a diffusion 

barrier (Moussu et al. 2013). Protodermal cell fate and maintenance is regulated by the 

HOMEO DOMAIN LEUCINE ZIPPER CLASS IV (HD-ZIP IV) transcription factors 

Arabidopsis thaliana MERISTEM LAYER1 (AtML1) and PROTODERMAL FACTOR2 (PDF2) 

https://dict.leo.org/englisch-deutsch/preceding
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(Abe et al. 2003). These transcription factors in turn, are regulated by the receptor kinase 

ARABIDOPSIS CRINKLY4 (ACR4) in a central ACR4–ATML1/PDF2 feedback loop, 

established during early embryogenesis (San-Bento et al. 2014). It has been observed that 

ale1 acr4 double mutants are impaired in developing a uniform, outermost cell layer and 

do not express the protodermal marker genes FIDDLEHEAD (FDH) and AtML1 (Tanaka et 

al. 2007). As ATML1, PDF2 and ACR4 transcription levels are not changed in ale1 or gso1 

gso2 mutants, the effect of the ALE1-GSO1 pathway on epidermis formation is considered 

to be indirect (San-Bento et al. 2014). It is thought that the receptor kinase ACR4 

perceives a ligand, which in the absence of an intact apoplastic diffusion barrier, would 

move away from the embryo, causing the level of ACR4 ligand concentration to drop 

under the threshold, necessary for stabilization of epidermal cell fate (Moussu et al. 2013). 

This example demonstrates that diffusion barriers could indirectly affect other signaling 

pathways. Therewith their function in preventing diffusion of molecules can be regarded 

as superordinate.  

3.6 Diffusion barrier formation is coordinated by inter tissue communication  

Adjacent cells or tissues need to communicate with each other, to assure that diffusion 

barriers are established at the correct developmental time point -not until certain 

conditions in neighboring cells or tissues are given. In this work, it was shown that the 

embryonic cuticle formation pathway comprises such an inter tissue communication. 

Whereas one pathway component (TWS1) is expressed in the embryo (Fiume et al. 2016, 

Doll et al. 2020), the pathway component necessary for processing TWS1 at its C-terminus 

(ALE1), is expressed in the embryo surrounding endosperm tissue (Tanaka et al. 2001). 

As processing of TWS1 is a prerequisite to release a mature, active signaling molecule, 

proteins of two different tissues need to come in contact with each other, to allow the 

formation of a continuous cuticle. TWS1 and ALE1 are secreted, to encounter each other 

in the apoplastic space between embryo and endosperm. Therefore, at least one of these 

pathway elements has to cross the region, where the diffusion barrier is about to be built 

(Doll et al. 2020). As soon as the diffusion barrier is sealed, the two pathway components 

get separated from each other, causing termination of barrier formation signaling (Doll et 

al. 2020). A similar control mechanism, involving spatial separation of pathway elements, 

originating from different plant tissues, was shown to regulate Casparian strip formation 

(Doblas et al. 2017, Fujita et al. 2020). In this case, the peptide precursor is expressed in 
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the root stele (Doblas et al. 2017, Nakayama et al. 2017) and processed to a mature 

peptide ligand by unknown proteases. The peptide ligand has to pass the Casparian strip 

domain, in order to reach the GSO1-SGN1 signaling complex (Doblas et al. 2017, Fujita et 

al. 2020). As soon as the Casparian strip is sealed, the route to the signaling complex is 

blocked and signaling is terminated. The spatial separation of pathway components by 

the diffusion barrier itself, is regarded as a barrier surveillance system (Doblas et al. 

2017). In case of diffusion barrier damage, this system would allow for a fast, local gap 

repair (Fujita et al. 2020). The mechanism of signaling termination by diffusion barrier 

sealing seems to be a crucial element in both barrier formation pathways. In agreement 

with this, it was found by our cooperation partners, that ectopic expression of ALE1, 

together with its substrate TWS1, in the embryo, causes premature embryo arrest, 

probably as a result of constitutive signaling (Doll et al. 2020). Likewise apolar 

localization of SGN1 causes constitutive barrier defect signaling, resulting in ectopic lignin 

deposition and precocious suberization (Fujita et al. 2020).  

3.7 The GSO receptors as a common element in diffusion barrier formation  

Ligand perception, in two different diffusion barrier formation pathways, is mediated by 

the LRR-XI-receptor-like kinase GSO1. Whereas root endodermal barrier formation is a 

specific, non-redundant activity of GSO1 (Pfister et al. 2014), its function in embryonic 

cuticle formation is redundant with its homolog GSO2 (Tsuwamoto et al. 2008). The wide 

expression pattern of the GSO receptors and the pleiotropic phenotypes of gso1 gso2 

double mutants (Tsuwamoto et al. 2008) suggest, that these receptors have additional 

functions beyond embryonic cuticle and Casparian strip formation. Considering that the 

function in monitoring the formation of apoplastic diffusion barriers is conserved in GSO 

receptors, they might act in additional plant diffusion barrier pathways as a general 

element. Besides root endodermis and seed embryo, the GSOs are expressed in flower 

buds, where GSO1 expression is found in filaments and stigmas and GSO2 expression in 

pollen grains and in the separation layer between bud and peduncle (Tsuwamoto et al. 

2008). Notably, TWS1 and some CIF protein family members are also expressed in 

reproductive tissues (Fiume et al. 2016, BAR eFP browser: 

http://bar.utoronto.ca/efp_arabidopsis/). Hence, these could potentially serve as GSO 

ligands in the context of, as yet, unidentified diffusion barrier mechanisms in reproductive 

organs.  
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3.8 GSO signaling regulates chemically different cell wall modifications 

GSO receptor signalling in response to CIF1/2 and TWS1 peptides mediates the formation 

of diffusion barriers that are chemically distinct: the Casparian strip, made of lignin 

(Naseer et al. 2012) and the embryonic cuticle, made of cutin (Jeffree, 2006). However, 

the signaling output seems to be independent of the ligand itself. Thus, application of 

synthetic TWS1 peptide to roots causes, GSO1-dependent, ectopic endodermal 

lignification (Doll et al. 2020), a signaling output similar to that of CIF1 and CIF2 peptides 

(Doblas et al. 2017). This suggests that the signaling output of GSO receptors depends on 

their “environment” -meaning the availability of downstream signaling components. 

In the root, GSO1 forms a signaling module with the membrane-anchored receptor-like 

cytoplasmic kinase SGN1 (Doblas et al. 2017, Fujita et al. 2020). The position of Casparian 

strip deposition is determined by a highly scaffolded membrane domain, formed by CASP 

proteins (Roppolo et al. 2011). The formation and maintenance of a continuous CASP 

scaffold is mediated by the CIF-GSO1-SGN1 pathway, that induces de novo synthesis of 

CASP proteins (Nakayama et al. 2017, Fujita et al. 2020). The CASP scaffold serves as 

platform for the NADPH oxidase RBOHF (Lee et al. 2013). Downstream of GSO1, a 

phospho-relay activates RBOHF (Fujita et al. 2020), to produce ROS for mono-lignol 

radical coupling (Lee et al. 2013). The phospho-relay is mediated by SGN1, which is 

phosphorylated by GSO1 upon CIF binding (Fujita et al. 2020). SGN1 in turn, 

phosphorylates NADPH oxidases like RBOHF and RBOHD (Fujita et al. 2020). In contrast 

to roots, GSO1 function in seeds does not rely on SGN1. Besides, there is no indication for 

CASP proteins, CASP homologs or membrane domains, being involved in embryonic 

cuticle formation (Pfister et al. 2014). All these components seem to be specific for 

localized ROS production and therewith lignin biosynthesis. There is also ROS 

independent GSO1 downstream signaling in the root, leading to MAP kinase-dependent 

activation of gene expression (Fujita et al. 2020). In the context of CIF-regulated gene 

expression, SGN1 is considered as “an important, yet not absolutely required downstream 

component” of GSO1 (Fujita et al. 2020). Further, as indicated by CIF-dependent 

interactions of GSO1 with SERK1 and SERK3, it seems that SERK family members 

additionally serve as GSO coreceptors (Okuda et al. 2020). As a late response to CIF2 in 

roots, suberin biosynthesis and transport genes are upregulated (Fujita et al. 2020). 

Suberin, cutin and waxes are synthesized from C16 and C18 fatty acid precursors, by a 

similar enzyme machinery (Yeats and Rose 2013, Vishwanath et al. 2015, Petit et al. 
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2017). Hence, it is likely, that cutin and wax biosynthesis in the embryonic epidermis 

could be triggered by TWS1-GSO signaling, in a similar fashion to suberin biosynthesis by 

CIF-GSO1 in the root. However, compared to GSO downstream signaling in roots, GSO 

downstream signaling in seeds is far less understood.  

It seems that, the effect of GSO signalling on cutin biosynthesis in seeds is limited. It is 

thought that, GSO regulates cuticle organisation or integrity rather than the quantity of 

cuticle components (Creff et al. 2019). The amount of total fatty acids in tws1 seeds is 

slightly, but significantly, reduced (Fiume et al. 2016). Similarly, the amount of 18:2-DCA 

(C18 α,ω-dicarboxylic acid), the major component of Arabidopsis cutin, is slightly reduced 

in gso1 gso2 cotyledons (Creff et al. 2019). In agreement with this, gso1 gso2 double 

mutants form a cuticle, but with a patchy, instead of a continuous organisation (Creff et 

al. 2019). The patchy cuticle appearance resembles that of CASP proteins in the root. In 

the root, there is a basal level of CASP proteins forming patch-like domains (Nakayama et 

al. 2017, Fujita et al. 2020). Upon CIF-GSO1 signaling, additional CASP proteins are 

synthesized, allowing CASP patches to fuse into contiguous bands (Pfister et al. 2014, 

Nakayama et al. 2017, Fujita et al. 2020). In the case of embryonic cuticle formation, it 

would be possible that a basal level of cutin, independent of GSO signaling, gives rise to 

the patchy cuticle phenotype of gso1 gso2 mutants. Increasing the cutin level by GSO 

signaling would result in filling these gaps. Alternatively, de novo cutin synthesis plays a 

minor role in this context and gap filling is achieved by restructuring of the available cutin. 

This might explain, why the expression of diverse cuticle biosynthesis or transport genes 

(LONG-CHAIN ACYL-COA SYNTHETASE2 (LACS2), FDH, GLYCOSYL-PHOSPHATIDYL-

INOSITOL-ANCHORED LIPID TRANSFER PROTEIN1 (LTPG1), BODYGUARD (BDG), 

LACERATA (LCR), ATP-BINDING CASSETTE ABC TRANSPORTER11 (ABCG11), was found to 

be unaltered in gso1 gso2 double mutants, as analysed by in situ hybridization (Creff et al. 

2019). Besides, it was demonstrated that cuticle permeability observed in ale1 and gso1 

gso2 mutants does not correlate with their cutin load (Creff et al. 2019). This leads to the 

assumption that cuticle permeability is determined by cuticle organisation or integrity, 

rather than by the amount of cuticle components, and that the GSO receptors regulate this 

kind of organisation or integrity (Creff et al. 2019). Genes downregulated in both, ale1 and 

gso1 gso2 mutants, show an overrepresentation of GO terms linked to abiotic and biotic 

stress responses (Creff et al. 2019). One (direct or indirect) downstream target of the GSO 

receptors in seeds is MITOGEN ACTIVATED PROTEIN KINASE6 (MPK6) (Creff et al. 2019). 

https://dict.leo.org/englisch-deutsch/similarly
https://dict.leo.org/englisch-deutsch/unaltered
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The degree of MPK6 phosphorylation was demonstrated to depend on the GSO receptors 

(Creff et al. 2019), and the expression of SWITCH/SUCROSE NONFERMENTING 3A 

(SWI3A), SIGMA FACTOR BINDING PROTEIN1 (SIB1), WRKY70, NIM1-INTERACTING1 

(NIMIN1) and NIMIN2 was found to be reduced in ale1, gso1 gso2 and mpk6 (Creff et al. 

2019). This indicates that these genes, acting in systemic acquired resistance, are 

controlled by the ALE1-GSO pathway, with MPK6 acting as a mediator (Creff et al. 2019). 

Other genes (WRKY33, WRKY46 and WRKY53) were found to be downregulated in gso1 

gso2 but not in mpk6, suggesting that transcriptional regulation downstream of the GSO 

receptors can also be mediated by other signaling components, acting in parallel with 

MPK6 (Creff et al. 2019). Regarding MAP kinase-dependent activation of gene expression, 

it seems that the mechanism of gene regulation by TWS1-GSO1/2 in the seed is similar to 

that of CIF-GSO1 in the root. However, it is still an open question how exactly GSO-

induced, stress-related genes could impact cuticle integrity by deposition and subsequent 

coalescence of patchy cuticle material. This leaves an interesting field for further research.  
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3.9 Diffusion barrier formation might have evolved from defense signaling  

It seems that developmental GSO signaling and defense-related signaling are strongly 

connected, which makes sense, as both processes can be linked to responsive cell wall 

modifications. Moreover, it is believed that a stress or defense-related signaling pathway 

has been hijacked in angiosperm seeds by endosperm-specific components (such as 

ALE1) to trigger an “auto-immune” type response for cuticle integrity regulation (Creff et 

al. 2019). From an evolutionary point of view, the emergence of key morphological 

innovations like the root, the seed or the flower is likely linked to the formation of novel 

diffusion barriers. Remarkable similarities between GSO receptor signaling and immune 

receptor signaling suggest, that diffusion barrier formation pathways may have evolved 

from immune signaling pathways (Creff et al. 2019, Fujita et al. 2020). One common 

feature of GSO receptor signaling and immune signaling is that the regulation of gene 

expression is mediated by MAP kinases (Fujita et al. 2020). Besides, GSO downstream 

signaling resembles that of pattern-triggered immune receptor signaling, in so far as 

structurally similar receptor kinases are involved in both processes, which interact with 

SERK family coreceptors (Okuda et al. 2020). Signal transduction is mediated by kinases 

of the RLCKVII family (which SGN1 belongs to) and these kinases activate NADPH 

oxidases like RBOHF and RBOHD for the production of ROS (Lee et al. 2013, Fujita et al. 

2020). The closest homologs of the GSO receptors in Arabidopsis, PEPR1 and PEPR2 that 

perceive plant-derived AtPEPs, are involved in innate immune responses by amplification 

of defense signaling (Huffaker et al. 2006, Ryan et al. 2007). MPK6, which acts 

downstream of the GSO receptors, is also acting downstream of the PEPR receptors (Creff 

et al. 2019). Hence, downstream GSO signaling may have been inherited from an ancient 

PEPR-mediated stress signaling pathway that was adopted for developmental functions 

in the context of angiosperm evolution (Creff et al. 2019). The endosperm, that is arising 

from double fertilization (Berger et al. 2008), and therewith ALE1 (Tanaka et al. 2001) as 

one of the embryonic cuticle formation pathway elements, are specific for angiosperms. 

Endosperm breakdown is coregulated with ALE1 by the ZHOUPI transcription factor 

(Yang et al. 2008, Xing et al. 2013), indicating that embryonic cuticle formation and 

endosperm development are tightly coordinated processes.  
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3.10 Summary and future perspective 

With the identification of TWS1 as the missing element of the embryonic cuticle formation 

pathway (chapter 3.1, 3.2), this work contributes to the elucidation of the regulatory 

mechanisms behind plant diffusion barrier establishment (chapters 3.6, 3.8, 3.9). The 

embryonic cuticle formation pathway addresses diverse, interesting aspects of peptide 

hormone signaling:  

First, TWS1 is a tyrosine sulfated peptide hormone precursor and the role of tyrosine 

sulfation in precursor processing is a largely unexplored field. In this work, it has been 

demonstrated that TWS1 tyrosine sulfation affects cleavage site selection by a subtilisin-

like serine protease (chapter 3.3). A 3D model of that subtilase interacting with TWS1 

could clarify in which way TWS1 tyrosine sulfation contributes to substrate binding and 

cleavage site selectivity (chapter 3.4).  

Second, the embryonic cuticle formation pathway relies on the communication between 

genetically distinct tissues. In this work, it has been shown that the endosperm-specific 

subtilase ALE1 is responsible for C-terminal processing of embryo-expressed TWS1 

precursor (chapter 3.2). Hence, to release an active peptide hormone, proteins from two 

different tissues need to interact with each other (chapter 3.6). This may serve as an 

example of how developmental processes in plants can be coordinated by inter-tissue 

communication. 

Third, the pathway for embryonic cuticle formation represents a barrier surveillance 

system. Complete sealing of the cuticle diffusion barrier leads to termination of peptide 

hormone signaling. This mechanism, which is based on the spatial separation of pathway 

elements, can be regarded as a new type of feedback control (chapter 3.6). Considering 

the similarities between root Casparian strip formation and embryonic cuticle formation, 

this may be a general mechanism for the regulation of plant diffusion barrier formation 

and, therewith, may facilitate the discovery of other, novel plant diffusion barriers 

(chapter 3.7).  

The plant cuticle is not an eclectic subject of basic research but rather is highly relevant 

for material research, crop protection and crop quality improvement. In fact, the demand 

for innovative solutions in crop improvement, attracted the attention of researchers to 

the properties of the cuticle (reviewed in Petit et al. 2017). Mechanical cuticle properties, 
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for example, have an impact on fruit cracking, an issue that causes severe economic losses 

in fleshy fruit farming (Petit et al. 2017). In addition, the plant cuticle with its specific 

properties provides protection from mechanical injuries, pests, pathogens and UV 

damage.  It also acts as a gas barrier, a fluid barrier and thermal regulator. These traits, 

together with its high bio-degradability and non-toxicity, make the cuticle highly 

interesting for material science and technical applications (Bargel et al. 2006). The self-

cleaning properties of the cuticle, for example, are mimicked to produce self-cleaning 

surfaces like facade paints, varnish, glass, metals or textiles (reviewed in Bargel et al. 

2006). Other potential applications inspired by the cuticle include membranes, UV filters, 

and packaging materials (Heredia-Guerrero et al. 2017). Some polymer scientists are 

inspired by this natural biopolymer, to create synthetic replica as a substitute for 

petroleum-based plastics (Heredia-Guerrero et al. 2017). Others aim to create fully 

degradable bioplastics from renewable biomass resources. Plant waste from agriculture, 

such as tomato peel or pomace, is considered as an available and cheap source material 

for bioplastic (Heredia-Guerrero et al. 2017, Petit et al. 2017).  

As the decline in fossil resources and the massive increase in environmental pollution by 

plastic waste ask for sustainable solutions, the future trend is likely going towards an 

increased usage of natural biopolymers (such as cutin, suberin and lignin) as source for 

the production of renewable materials (Heredia-Guerrero et al. 2017). A deeper 

understanding of the structure of these biopolymers and the regulatory mechanisms of 

polymer formation will be fundamental to master these future challenges.  
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