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Zusammenfassung 

Es wird weitestgehend akzeptiert, dass Green Leaf Volatiles (GLVs) eine 

Schlüsselrolle im Priming Prozess und in der pflanzlichen Verteidigung gegen 

Schädlinge und Pathogene spielen. Ein Vertreter der GLVs, das cis-3-hexenal (Z-3-

hexenal) aktiviert äußerst effizient den Abbau der Aktinfilamente gefolgt von 

Zelltod. Dies wurde sowohl in Weinblättern als auch in Tabak (BY-2) und Vitis 

Zellen, die einen fluoreszenten Aktin-Marker produzieren, beobachtet. Daher gehen 

wir davon aus, dass Z-3-hexenal einen spezifischen Signalweg aktiviert, der 

schlussendlich zu programmiertem Zelltod (engl. PCD) führt. 

 

PCD ist ein unentbehrlicher Prozess, der durch stringente intrazelluläre Programme 

reguliert wird. Die Kontrolle von PCD ist ein ausschlaggebend für die Fitness der 

Pflanzen, sollten diese extrinsischem Stress ausgesetzt sein. Hierfür sind die 

Metacaspasen (MCs), eine Familie von cystein-abhängigen Proteasen mit Caspase-

ähnlicher Aktivität potenzielle Regulatoren. Sie sind in die, bei Verteidigungs-

Reaktionen auftretende Hypersensitive Response (HR) involviert. 

 

In dieser Arbeit charakterisierten wir die Vitis rupestris Metacaspase 5 (VrMC5). 

Sie war nicht nur in Cytoplasma und Nukleus zu finden, sondern co lokalisierte sich 

spezifisch mit Mikrotubuli. Heterologe Überexpression von VrMC5 in der BY2 

Tabak Zelllinie offenbarte eine dramatische Erhöhung des durch Z-3-hexenal 

ausgelösten, Verteidigung assoziierten Zelltods. VrMC5 wird der Metacaspase Typ 

II Familie zugeordnet, welche zwingend für ihre Aktivierung eine intermolekulare 

Spaltung benötigen. Hier konnten wir einige mögliche Stellen zur Auto-Lysis 
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identifizieren und entsprechende funktionelle Mutationen generieren, um die Rolle 

von VrMC5 in den von Z-3-hexenal aktivierten Signalwegen zu studieren. Durch die  

Beobachtung der Aktivität der Rekombinanten von VrMC5 und deren Mutations-

Varianten konnten Abhängigkeiten von Kalzium, der katalytischen Cys-139 und 

Spaltungsproteinstelle Arg-226 festgestellt werden. Des Weiteren konnte die äußere 

Anwendung von Jasmonsäure (JA) den Z-3-hexenal induzierten Zelltod in den 

VrMC5 Überexpressions-Linien reduzieren, indem die Salicylsäure-Synthese und 

der dazugehörige Signalweg unterdrückt wurde. Zusammen implizieren die 

Ergebnisse, dass VrMC5 HR-assoziierten Zelltod, ausgelöst durch Z-3-hexenal 

positiv reguliert und in den SA-Crosstalk involviert ist.  
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Abstract 

It is widely accepted that green leaf volatiles (GLVs) play a key role in plant defence 

responses to pathogens or herbivores and plants priming. One type of GLVs, cis-3-

hexenal (Z-3-hexenal) is highly efficient in activating disassembly of actin followed 

by cell death. This has been observed both in tobacco BY-2 cells and Vitis cell 

expressing a fluorescent actin marker, as well as in real grape leaves. Therefore, we 

assumed that Z-3-hexenal triggers a specific signalling pathway leading to 

programmed cell death (PCD).  

 

PCD is an indispensable process that is strictly controlled by an intracellular program. 

The regulation of PCD is crucial for the fitness of plants when encountering extrinsic 

stress. Here, potential regulators of this signalling, are metacaspases (MC), a family 

of cysteine-dependent proteases with caspase-like activity, which are involved in 

defence-related hypersensitive response (HR).  

 

In this study, we characterized Vitis rupestris Metacaspase 5 (VrMC5). It not only 

locates in the cytoplasm and nucleus but specifically co-localizes with microtubules. 

Heterologous overexpression of VrMC5 in the BY-2 tobacco cell line exhibits a 

dramatic increase in defence-triggered cell death induced by Z-3-hexenal. VrMC5 

belongs to the metacaspase type II family, which requires intermolecular cleavage 

of itself for activation. Here we predict a few autolysis sites in VrMC5 and generate 

functional mutations to study the role of VrMC5 in the Z-3-hexenal triggered 

signalling pathway. Meanwhile, the activity of the recombinants of VrMC5 and its 

variant-proteins are analyzed in vitro, revealing calcium-dependent protease activity 

of VrMC5. The catalytic site Cys-139, as well as cleavage site Arg-226 are essential 
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for VrMC5 autolysis and activity. Furthermore, exogenous jasmonic acid (JA) 

application could inhibit Z-3-hexenal triggered-cell death in VrMC5 overexpressor 

by suppressing salicylic acid (SA) synthesis and responsivee pathway. Taken 

together, these results indicate that VrMC5 positively regulates HR related cell death 

induced by Z-3-hexenal and is involved in SA crosstalk. 
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1 Introduction 

1.1 Green Leaf Volatiles and Hydroperoxy lyase 
Plants cannot move to avoid being attacked by pathogens and herbivores, thus they 

evolve to protect themselves with molecular weapons against enemies. Green leaf 

volatiles (GLVs) are metabolites which are commonly emitted by almost every 

green plant. GLVs consist of a family of C6 and C9 compounds, including alcohols, 

aldehydes and esters (Matsui, 2006). Unlike other volatiles, GLVs are released 

immediately upon various stresses challenge and function as an instant and priming 

signal for adaption in plant defense (Scala et al., 2013a).  

 

1.1.1 GLVs biosynthesis and hydroperoxy lyase 

Green leaf volatiles are synthesized through the oxylipin pathway derived from C18 

fatty acids (Matsui, 2006). Two polyunsaturated fatty acids (PUFAs) are formed 

from membrane lipids catalyzed by lipases, that is linoleic acid and α-linolenic acid, 

serve as the precursor of saturated and unsaturated (most abundant) C6 volatiles 

respectively. 13-lipoxygenases (LOXs) generates 13-hydroperoxides (13-HPOT) by 

introducing oxygen to α-linolenic acid (Matsui et al., 2000). 13-hydroperoxides are 

the same substrate for the formation of GLVs and jasmonates converted by 

hydroperoxide lyase (HPL) and allene oxide synthase (AOS), respectively 

(Kombrink, 2012). 

 

In the branch to synthesize GLVs, 13-hydroperoxides are cleaved into a C9 

compound 9Z-raumatin and a C6 compound varies depending on its precursor α-

linolenic acid and linoleic acid, leading to the formation is either unsaturated Z-3-

hexenal or saturated n-hexanal (Scala et al., 2013a). Z-3-hexenal is relatively 
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unstable and is converted to E-2-hexenal spontaneously or through the activity of 

(3Z):(2E)-enal isomerase (Allmann & Baldwin, 2010; Kunishima et al., 2016). 

These C6 aldehydes can be reduced and further transformed to their corresponding 

alcohols and esters through the activity of alcohol dehydrogenase (ADH) and 

alcohol acyltransferase (AAT), or E-2-hexenal can be conjugated to glutathione 

(GSH) (Matsui, 2006; D'Auria et al., 2007; ul Hassan et al., 2015). Describing above 

is the widely accepted GLVs synthesis pathway that HPL utilizes the hydroperoxides 

as the substrates. In fact, it has been reported when Arabidopsis leaf tissues are 

damaged by mechanical wounding or herbivore attack, GLVs can also be formed 

without cleavage from membrane lipids via a lipase-independent pathway. In that 

case, the enzymes in the oxylipin pathway show a wider range of catalytic activity 

toward substrates, HPL is able to use to lipid HPOs as substrates to form volatile C6 

aldehydes to make quick response to stress (Nakashima et al., 2013) (Figure 1.1). 

 

1.1.2 Green leaf volatiles in plant defense 

So far, GLVs have been reported as a key role in plant direct defense. In the early 

studies show that GLVs have antibacterial activity against both Gram-positive and 

Gram-negative bacteria (Nakamura & Hatanaka, 2002). E-2-hexenal is a C6 

aldehyde with the highest antimicrobial activity among C6 GLVs, which is widely 

reported. For instance, E-2-hexenal emitted by Arabidopsis in response to herbivore 

damage is identified to increase resistance against a fungal pathogen Botrytis cinerea 

(Shiojiri et al., 2006). Upon Pseudomonas infection, Lima bean leaves release 

sufficient amount of E-2-hexenal and Z-3-hexenol to suppress bacterial growth in 

vitro (Croft et al., 1993). Moreover, the n-hexenal and E-2-hexenal extracted from 

wound cotton leaves inhibited completely the growth of the fungus Aspergillus 

flavus (Zeringue & McCormick, 1989).  
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Figure 1.1 Overview of biosynthetic pathways leading to green leaf volatiles (GLVs). This 

pathway mainly shows the formation of the most abundant unsaturated C6 volatiles. GLVs and 

their derivatives are labeled in green. LOX, lipoxygenase; HPL, hydroperoxide lyase; ADH, 

alcohol dehydrogenase; AKR, aldo-keto reductase; ADR, aldehyde reductase; AAT, alcohol acetyl 

Transferase (Ameye et al., 2018). 

 

In order to respond to herbivores, plants produce GLVs to activate its own defense 

signalling pathway or attract the natural enemies of herbivores. The biosynthesis of 

GLVs is initiated at the site attacked by herbivores or mechanical wounding, the 

emission of GLVs induces indirect defense by activating defense-related gene 

expression and attracting predators to locate their prey on herbivore-attacked plants 



 Introduction  

 4 

(Halitschke et al., 2007). When maize plants are exposed to Z-3-hexenol, a strong 

defense is elicited and numerous genes involved in direct and indirect defense has 

been up-regulated this effect is even more active than common defense signals like 

methyl jasmonate, methyl salicylate, and ethylene(Heil et al., 2013). In addition, 

GLVs are effective in reducing tobacco aphid (Myzus nicotianae) population and act 

antagonistically on the attraction of insects to pheromones resulting in a repellent 

effect on insects searching for mating partners (Hildebrand et al., 1993; Reddy & 

Guerrero, 2004). 

 

GLVs participate in plant priming, serve as aerial messengers from a damaged or 

infected plant to warn neighbouring plants to defend themselves against upcoming 

challenges. Maize plants exposed with GLVs (Z-3-hexenal, Z-3-hexenol, and Z-3-

hexenyl acetate) collected from maize plants infested by caterpillars, subsequently 

produced more JA than the control plants. While with the same volatiles from only 

mechanical wounding plants failed to induce more JA levels, indicating that maize 

plants recognize signals coming from plants in biotic stress and initiate signal 

transduction for priming itself (Engelberth et al., 2004). A series of GLVs including 

Z-3-hexenol, Z-3-hexenyl acetate, E-2-hexenal from clipped sagebrush prime 

primed the tobacco trypsin proteinase inhibitor induction resulting high resistant 

against herbivory (Karban et al., 2000; Kessler et al., 2006). 

 

GLVs have been shown direct influence on phytohormonal signalling pathway. 

Exogenous E-2-hexenal increases susceptibility of Arabidopsis to Pseudomonas 

syringae pv. tomato by activating the JA-dependent signalling pathway mediated by 

ORA59, a key transcription factor in the JA pathway (Scala et al., 2013b). Volatile 

hormone ethylene is found that promotes the emission of volatiles induced by E-2-



 Introduction  

 5 

hexenol and genes involved in ethylene biosynthesis expression are induced by 

GLVs in lima bean (Arimura et al., 2001; Ruther & Kleier, 2005). 

 

1.2 Plant immune system  
Plants as sessile organisms have evolved multiple layers of defense strategies, called 

plant immunity, to prevent various invasion. The first layer is mechanical barriers, 

plant’s structures such as waxy surface, thorns or spines, and thickened or lignified 

cell wall compose of the intact and impenetrable barrier (War et al., 2014). Once 

pathogens overcome the first layer, they will face the second layer, plant innate 

immune system including at least two major layers, PAMP-triggered immunity (PTI) 

and effector-triggered immunity (ETI). 

 

1.2.1 PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) 

Plant pattern-recognition receptors (PRRs) on membrane surface recognize 

microbes via conserved pathogen- or microbial-associated molecular patterns 

(PAMPs and MAMPs), such as flagellin, leading to PAMP-triggered immunity (PTI) 

known as plant basal immunity (Ausubel, 2005; Zipfel & Felix, 2005). Meanwhile, 

pathogens secrete virulence molecules (effectors) and deliver in the extracellular 

matrix or into the plant cell in order to adapt plant basal immunity, effectors 

effectively interfere with PTI resulting in effector-triggered susceptibility (ETS) of 

host plants (Abramovitch et al., 2006; Cook et al., 2015).  

 

Plants also have co-evolved strategy to recognize introduced effectors by resistance 

(R) proteins, such as one of the NB-LRR (nucleotide-binding site-leucine-rich repeat) 

receptor (NLR), and deploy the second level immunity referred to as effector-

triggered immunity (ETI) (Dodds & Rathjen, 2010). ETI accelerates and amplifies 
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PTI response to enhance diseases resistance and generally accompanied with 

programmed cell death, hypersensitive response (HR) at the infection site to prevent 

pathogens further colonization(Greenberg & Yao, 2004; Truman et al., 2006). To 

avoid ETI, the pathogens either eliminate or diversify the recognized effector or 

acquire additional effectors that inhibit ETI under natural selection. Natural selection 

drives new NLR alleles that respond to new effectors so that ETI could be rapidly 

activated again. The well-known zig-zag model provides the interaction between 

pathogens and plant immune system (Jones & Dangl, 2006).  

 

 

Figure 1.2 A zigzag model illustrates the quantitative output of the plant immune system. 

PAMPs, pathogen-associated molecular patterns; PTI, PAMP-triggered immunity; ETS, effector-

triggered susceptibility; ETI, effector-triggered immunity, R, NLR-type resistance (R) proteins 

(Jones & Dangl, 2006). 
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1.2.2. Salicylic acid and jasmonate in plant immunity  

Downstream of pathogens perception, diverse phytohormones are extensively 

upregulated and deployed to modulate plant immune signalling network (De Vos et 

al., 2005; Bari & Jones, 2009; Dodds & Rathjen, 2010). Salicylic acid (SA) and 

jasmonic acid (JA) with its derivatives (jasmonates) are the major hormones that 

regulate defense responses (Vlot et al., 2009; Robert-Seilaniantz et al., 2011). SA 

typically plays a role in defense against biotrophic or hemibiotrophic pathogens 

while JA signalling commonly is involved in basal immunity against necrotrophs 

(Glazebrook, 2005). Many studies support a conception over the years that 

antagonism between SA and JA pathways in plant immune signalling network 

(Koornneef & Pieterse, 2008; Diezel et al., 2009; Van der Does et al., 2013), 

however a study using quadruple mutant defected in SA, JA and ET pathway showed 

the synergistic interaction among SA, JA, and ET signalling pathways, which 

contribute positively to flg22-triggered immunity response (Tsuda et al., 2009). 

 

Following pathogen perception, SA is produced from primary metabolite chorismate 

via two pathway: the Isochorismate synthase (ICS) pathway and the Phenylalanine 

Ammonia Lyase (PAL) pathway (Garcion & Métraux, 2007). Once SA is 

synthesized, the downstream signalling is tightly controlled by regulatory protein 

NON-EXPRESSOR OF PR GENES1 (NPR1) (Moore et al., 2011). Redox change 

occurred in NPR1 results in its translocation to the nucleus and activates the 

expression of SA-responsive genes, like PR (Pathogenesis-Related), leading to cell 

death or cell survival depending on SA level (Dong, 2004; Tada et al., 2008; Yan & 

Dong, 2014).  

 

JA biosynthesis starts with the release of α-linolenic acid (α-LA) via oxylipin 

pathway catalyzed by AOS in the plastid. JA can be readily converted to methyl 
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jasmonate (MeJA) or conjugated with isoleucine to generate the bioactive form JA-

Ile (Seo et al., 2001; Fonseca et al., 2009). Although JA is prominent in defense 

against necrotrophs and herbivores, some virulence factors produced by biotrophic 

or hemibiotrophic pathogens could suppress host defense by utilizing the antagonism 

between JA and SA pathways and activate JA signalling (Gimenez-Ibanez et al., 

2014; Fyans et al., 2015). For instance, the virulence factor coronatine (COR) 

produced by P. syringae pv. tomato strain DC3000 (PtoDC3000), showing much 

more effective in inducing JAZ (Jasmonate ZIM domain, transcriptional repressors 

of JA signalling) degradation and activating JA signalling (Katsir et al., 2008). 

 

1.3 Programmed cell death 
Programmed cell death (PCD) is a fundamental process of living organisms. This 

process commonly occurs during growth and development, as well as in the response 

to various environmental stresses and pathogens infection (Jones, 2001). PCD is a 

genetically programmed cell suicide process occurring in a sequence of organized 

destructive events (Lockshin & Zakeri, 2004). In animal cells, apoptosis, autophagy 

and necroptosis are main forms of PCD (Lockshin & Zakeri, 2004; Degterev et al., 

2005). Apoptosis is the most well-understanding PCD in mammals, characterized 

by some typical morphological changes such as membrane blebbing, cell shrinkage, 

chromatin condensation and DNA fragmentation, and eventually the breakup of the 

cell into apoptotic bodies that will be subsequently hydrolyzed by lysosomal 

enzymes (Adrain & Martin, 2001). Various types of PCD in plants are classified into 

two groups of PCD in plants: autolytic and non-autolytic PCD, differ in that rapid 

cytoplasm clearance after tonoplast rupture occurs in former while not accompanies 

with the latter (van Doorn, 2011). 
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1.3.1 Hypersensitive response (HR) 

Hypersensitive response (HR) usually occurs at the site of pathogens infection 

following with rapid cell death and prevents pathogens further spread (Levine et al., 

1996; Mittler et al., 1997). It is one example of non-autolytic PCD, instead of rapid 

clearance of cytoplasm, it undergoes swelling of organelles and without an increase 

in vacuolar volume (van Doorn, 2011). Morphological hallmarks of HR include 

reorganization of cytoskeleton, cytoplasmic shrinkage, chromatin condensation, 

mitochondrial swelling, and vacuolar collapse as well as chloroplast disruption 

during the final stages (Mur et al., 2008; Higaki et al., 2011) (Figure 1.3 A). 

 

In the initiation of plant ETI processing, the “(R)gene-for-(Avr)gene” concept was 

proposed that described the avirulence (Avr) pathogen effector was recognized by 

Resistant (R) protein of host plant leading to HR (Flor, 1971). Ca2+ influx is one of 

the earliest response triggered by pathogenic signal (Seybold et al., 2014). Following 

signal events such as reactive oxygen species (ROS), reactive nitrogen species (RNS) 

and the downstream defense hormones SA and JA are produced in chloroplast and 

mitochondria and induce defense-related genes expression (Torres et al., 2005; Coll 

et al., 2011)(Figure 1.3 A). 
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Figure 1.3 Characteristic features comparison of different types of PCD between plants and 

mammals. A, HR cell death in plants. B, Pyroptosis in mammalian cells. C, Necroptosis in 

mammalian cells (Coll et al., 2011). 

 

1.3.2 Executioners of hypersensitive response 

During the apoptosis in mammals, cellular destruction is driven by a family of 

cysteine-dependent proteases known as caspases. They could activate other caspases 

and activate degradative enzymes or proteins to amplify the apoptotic signalling 

resulting in PCD morphological changes (Cohen, 1997). For instance, pyroptosis is 

caspase-1-dependent cell death in macrophages (Brennan & Cookson, 2000) 

(Figure 1.3 B). However, plants do not possess any caspase, while some proteases 

with caspase-like activities have been identified to be involved in the execution of 

PCD, including vacuolar processing enzyme (VPE), phytaspase and proteasome 

subunit β1 (PBA1). 

 

VPE localizes in the vacuole and it has been confirmed has the ability to cleave the 

caspase-1 substrate YVAD. The YVADase activity of VPE has been clearly 
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associated with the regulation of PCD during stresses and development via vacuolar 

collapse (Hatsugai et al., 2004). VPEs function in activating other hydrolases and 

inducing further disruption of tonoplast and degradation of the cellular components 

(Hatsugai et al., 2006). During the ER stress-induced PCD in Arabidopsis triggered 

by mutualistic fungi Piriformospora indica, VPE positively regulates this processing 

by causing vacuole collapse and a reduced vacuolar membrane collapse is displayed 

in VPE-null mutant line (Qiang et al., 2012). On the other hand, phytaspase is a 

serine protease of the subtilisin-like family which was first isolated from tobacco. 

Phytaspase has been reported it is synthesized as a zymogen and generate the mature 

enzyme after autocatalytical processing. Mature phytaspase localizes in the apoplast 

but it is reimported into the cell when PCD is occurring (Chichkova et al., 2010). 

Forward genetic analysis shows that phytaspase with caspase-6-like activity is 

essential for PCD-related responses to tobacco mosaic virus (TMV) and abiotic 

stresses (Chichkova et al., 2010). Proteasome subunit β1 (PBA1) is identified to be 

a positive regulator of ROS generation during HR and specifically required for 

tonoplast fusion with the plasma membrane at the early stage of the process (Lequeu 

et al., 2005; Hatsugai et al., 2009). 

 

1.4 Metacaspase 
Another type of caspase-like protease with similar caspase catalytic domains called 

metacaspases (MCs) have been identified in plants, fungi, protozoa and 

cyanobacteria (Uren, 2000). In the past several years, metacaspases have been 

reported as regulators of plants PCD. 
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1.4.1 Structure of metacaspases 

Metacaspases are distantly related to animal caspases while they have a few common 

structural features. Caspases are synthesized as inactive zymogens form and undergo 

proteolytic cleavage to release two subunits around ~20 kD and ~10 kD (p20 and 

p10), after which become active mature enzymes. According to sequence similarities 

and structural properties, metacaspases are grouped into types I, II, and III, only type 

I and type II metacaspases exist in higher plants (Figure 1.4A).  

 

Type I metacaspases are widespread in various organisms including plants, 

protozoan parasites, fungi, unicellular photosynthetic planktons and many species of 

cyanobacteria (Jiang et al., 2010; Tsiatsiani et al., 2011). In the higher plants, type I 

metacaspases have a N-terminal extension of 60-133 amino acids. This pro-domain 

usually contains a zinc-finger motif as well as a proline-rich repeat motif, while the 

pro-domain is much more variable in non-plant species, sometimes lack zinc-finger 

motif (Klemencic & Funk, 2019). The zinc-finger motifs of type I metacaspase 

AtMC1 and AtMC2 in Arabidopsis were found to be homologous to the negative 

cell death regulator LSD1(Coll et al., 2010). 

 

In the contrast, a linker region ranging from 90 ~150 amino acids connects the 

catalytic p20 and the regulatory p10 domain in type II metacaspases. They do not 

contain any N-terminal extensions but a ~50 amino acids conserved central core 

region exists within linker region. Most of metacaspases contain the major catalytic 

cysteine near the C-terminal of the p20 subunit (Cys1-1 for type I metacaspases and 

Cys2-1 for type II metacaspases), and another conserved cysteine residue near the 

N-terminus (Cys1-2 for type I metacaspases and Cys2-2 for type II metacaspases) 

(Lam & Zhang, 2012). (Figure 1.4B). 
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Figure 1.4 Structural comparison between caspase and metacaspase.  A,The p20 subunits and 

p10 subunits of these proteases are represented in yellow and blue. The conserved His and Cys in 

the catalytic p20 region is indicated. Metacaspase-like proteases/orthocaspases contain an N-

terminal linker or a C-terminal extension, but they lack p10 region. Type I metacaspases contain 

an N-terminal domain and without linker between the p20 and p10 domains. Type II metacaspases 

generally contain a long linker region between the p20 and p10 domains. In type III metacaspases, 

the p10 domain is located N-terminally to the p20 domain and shorter linker in front of the p10 

domain. B, Most of metacaspases contain the catalytic His–Cysdyad in red and a conserved Cys 

residue in orange at the N-terminus of the p20 domain and the conserved repeat of Asp residues is 

in green (Klemencic & Funk, 2019).  

 

1.4.2 Activation mechanism of metacaspases 

Not like caspases, which cleave target proteins only after aspartate at the P1 position, 

metacaspases prefer to target substrates either lysine or arginine residue at the P1 

position (Vercammen et al., 2004; Watanabe & Lam, 2005). Both type metacaspases 

undergo proteolytic processing during activation. In type I pathway, experiments in 

vitro performed with recombinant zymogens indicate the N-terminal domain of type 

I and type III metacaspases is removed in the starting of activation, while this 

cleavage does not seem to be a prerequisite, it is required for their optimal activity 
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(Figure 1.5). The recombinant type I metacaspase TbMC2 from Trypanosoma 

brucei, pro-domain is cleaved after lysines 55 and 268 (Moss et al., 2007). Although 

unprocessed TbMC2 can cleave synthetic substrates, only processed TbMC2 have 

activity towards large substrates such as asocasein (Gilio et al., 2017).  

 

Similar to type I, most of type II metacaspases are calcium-dependent and are 

capable of undergoing autocatalytic processing during activation. The presence of 

calcium facilitates the cleavage within the long linker region in order to form the 

proper dimer conformation and activate proteases. For example, upon calcium 

stimulation, AtMC4 zymogen can be rapidly cleaved into putative large p20 and 

small p10 fragments during activation (Watanabe & Lam, 2011b; Machado et al., 

2013), while the AtMC9, with a very short linker comprising essentially only the 

core region, exhibits the calcium independency for activation and so can rapidly 

convert to its active form in vitro (Vercammen et al., 2004). In the Ca2+-dependent 

metacaspases, there are four conserved aspartic residues within the p20 domain and 

these Asp coordinate one Ca2+ binding site with high affinity (Machado et al., 2013), 

and the other one in low-affinity Ca2+ binding site is assumed formed by two 

negatively charged regions, one each within the p20 and p10 domains (McLuskey et 

al., 2012)(Figure 1.5). 
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Figure 1.5 Proposed activation mechanism of metacaspases. Catalytic p20 domain (dark grey), 

which contains the two catalytic residues, a cysteine and a histidine, and a regulatory p10 domain 

(light grey) of metacaspases. The N-terminal pro-domain of type I and type III metacaspases 

indicated by the chain of grey dots. In vitro, this pro-domain is removed but this cleavage does not 

seem to be a prerequisite, it is required for their optimal activity. While the activity of type II 

metacaspases, strictly depends on cleavage within the linker region (also grey dots). In the Ca2+-

dependent activation, the green region labelled Ca2+ shows one calcium-binding site located in the 

p20 domain and most likely constantly occupied by one calcium ion. The second binding site is 

proposed to be formed by two loops, one each in the p20 and the p10 domains (shown as red 

regions) (Klemencic & Funk, 2019). 

 

1.4.3 Roles of metacaspases in defense PCD  

Numerous studies have demonstrated that metacaspases are multifunctional 

regulator during programmed cell death, stress response, protein aggregation and 

cell proliferation. In this thesis, we mainly focus on their function in defense related 

PCD. 

 

In Arabidopsis, the nine metacaspases are well investigated. The first genetically 

dissected Arabidopsis metacaspase in vivo is AtMC8, a type II metacaspase acts as 
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a positive regulator in ROS induced cell death. It is specifically upregulated by UVC 

and oxidative stresses in Arabidopsis seedlings (He et al., 2008). The other type II 

metacaspase in Arabidopsis, AtMC4, has been found that its-deficient mutant 

compromises in fumonisin B1 (FB1, a fungal toxin) induced-cell death whereas 

overexpressors exhibited heightened cell death responses. This work has further 

shown that the conversion of AtMC4 zymogen to active protease is accelerated 

during cell death activation by FB1 and during HR activation, contributing as a 

positive player to cell death (Watanabe & Lam, 2011a; Watanabe & Lam, 2011b). 

It has been previously reported among type I metacaspase that AtMC1 is a positive 

regulator of HR by interacting with negative regulator LSD1 with its N-terminal pro-

domain, whereas AtMC2 was found to counteract the function of AtMC1 in an 

enigmatic mechanism, either interacts with LSD1 or AtMC1(Coll et al., 2010; Coll 

et al., 2014).  

 

Apart from defense related PCD, metacaspases also play the roles in developmental 

PCD. For instance, a Type II metacaspase in Norway spruce (Picea abies), McII-Pa, 

silencing of mcII-Pa suppresses terminal cell differentiation and programmed cell 

death in the early stage of embryogenesis (Bozhkov et al., 2005). Moreover, 

Arabidopsis AtMC9 was found to be upregulated in the developing xylem vessel and 

triggered cell death in the tracheary element (TE) during differentiation (Bollhoner 

et al., 2013). 

 

1.5 Cell penetrating peptides 

1.5.1 Chemical engineering 

Genetic engineering such as overexpression, gene knock-out, and knock-down, acts 

as a classical and widely used tool to control and manipulate protein function and 
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generates molecular diversity in living organisms. While this approach suffers from 

several flaws, like lack of temporal control, lethality, genetic redundancy or the 

modulation of target protein requires the correct folding and transports to the proper 

site. Another practical limitation is the transformation processing is much more 

complex in other plants than the models. Thus, chemical engineering is developed 

as an alternative method to unravel biological processes. 

 

Chemical engineering is termed that the application of small bioactive molecules to 

alter protein function and thereby explore biological roles of target proteins in 

networks. Therefore, chemical engineering can be the tool to overcome genetic 

redundancy. Screened bioactive small molecules are used to identify novel signalling 

pathway and clarify redundant networks. The chemicals work in two way, either the 

compound inhibits multiple components in the network (Robert et al., 2008; De 

Rybel et al., 2009) or the compound activates a specific component of the network 

(Park et al., 2009) (Figure 1.6 C and D) For example, a small molecule bikinin 

inhibits multiple GSK3-kinases (Glycogen synthase kinase 3) as an ATP competitor 

to activate BR (brassinosteroid) signalling downstream of the BR receptor. 

Inhibition of GSK3 is regarded as the only activation mode of BR signalling in 

Arabidopsis, that makes bikinin become a useful tool to reveal further BR regulatory 

mechanisms (De Rybel et al., 2009).   

 

1.5.2 Cell penetrating peptides (CPPs) 

Cell membrane selective permeability plays an important function in molecular 

exchanges between the cytosol and the extracellular environment,  which challenges 

the active uptake and transport of bioactive compounds to reach their targets within 
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the organism. Therefore, the specific carriers are essential for facilitating compounds 

pass through cell membrane, they are so called cell penetrating peptides (CPPs). 

 

 

Figure 1.6 Chemical genetics overcomes genetic redundancy. A, General redundant signalling 

networks. B, Classical forward genetic screens to unravel redundant networks. C, General 

antagonists that inhibit multiple components can block redundant networks. D, Specific agonist 

activates only one of the components in the pathway to trigger the response in the absence of signal 

(Tóth & van der Hoorn, 2010). 

 

Classification of CPPs 

CPPs are short peptides composed 5–30 amino acids that are capable to deliver 

compounds including small molecule compounds, nucleic acids, proteins, viruses 

and drugs inside the cells (Heitz et al., 2009). CPPs are classified into cationic, 

amphipathic and hydrophobic CPPs according to their physical and chemical 

properties (Pooga & Langel, 2015). Typical cationic CPPs are classified only 

peptides that contain a continuous stretch of basic amino acids. The polycationic 

regions are considered to be responsible for the cellular uptake of the peptide, and 

not contribute to a helical conformation of the peptide. For instance, the nuclear 

localization sequences (NLS) are a special group of short cationic CPPs containing 

rich lysine, arginine sequence (Ragin et al., 2002). The amphipathic CPPs are most 
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abundant CPPs that possess both polar/ hydrophilic and nonpolar/ hydrophobic 

regions, are mainly participate the intracellular transport and accumulate 

preferentially in the nucleus (Milletti, 2012). Hydrophobic CPPs consist of either 

only nonpolar or very few cationic amino acids, and they are rarely used for cargo 

delivery but used to produce chemically modified hydrophobic, such as structurally 

stabilized α-helical peptide to increase resistance to proteolysis (Dietrich et al., 

2017).  

 

The mechanism of cellular uptake 

On the basis of the use of energy, single CPP enters into cell in two principal 

mechanisms: direct translocation without any energy consumption and endocytosis 

in an energy-dependent manner (Figure 1.7)(Kauffman et al., 2015). 

 

There are three proposed models explain the uptake of CPPs by direct penetration. 

The first one is called carpet-like model, When CPPs concentration reaches critical 

level, CPPs rotate themselves resulting in a phospholipids remodelling that elevates 

membrane fluidity and the formation of micelles and pores in it (Shai, 1999). In the 

second model “toroidal pore”, the CPP is orientated parallel to the bilayer at low 

levels. At high concentrations, the CPP is orientated perpendicularly to the bilayer 

and induce membrane to adopt a transient multi-pore state then translocate itself into 

inner monolayer (Zhao et al., 2003). The last is barrel-stave pore model, in the model 

peptides first assemble in the surface of the outer membrane, then form a transient 

internal pore in the lipid of the membrane following recruitment of additional 

monomers (Shai, 1999). 

 

CPPs internalized processing includes all major endocytosis routes: clathrin- or 

caveolin-dependent endocytosis and macropinocytosis. 
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Figure 1.7 Schematic model for internalization of several cargo types delivered by CPPs.  

Mechanisms including endocytosis (clathrin mediated endocytosis, caveolae mediated endocytosis, 

clathrin/caveolae indipendent) and direct traslocation (carpet like model, toroidal pore model) 

(Borrelli et al., 2018).  

 

The major endocytic route for internalization CPPs is clathrin-mediated endocytosis. 

Clathrin-coated endocytic vesicles are transiently assembled on the inner surface of 

plasma membrane initiated by clathrin, the coated vesicles are separated from the 

membrane by the scission and release coat of clathrin proteins and fused with an 
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early endosome that can participate in intracellular membrane trafficking events 

(Kaksonen & Roux, 2018). In caveolin-dependent endocytosis, caveolae buds from 

invaginations of the plasma membrane binding with actin and trap CPP with its 

cargo, internalization of caveolae is facilitated by the actin depolymerization and 

GTPase activity (Le & Nabi, 2003). Macropinocytosis mediates a non-selective 

uptake of extracellular molecules and it is an actin-dependent process begins with 

formation and mature of macropinosomes, the large endocytic vacuoles (Lim & 

Gleeson, 2011). 

 

1.6 Scope of study 
As the metabolic weapon against various stresses, GLVs have been shown that are 

involved in physiological responses causing from complex signals network in plants. 

The previous work in our lab suggested that Z-3-hexenal is related to cytoskeleton 

depolymerization during cell death in suspension grapevine and tobacco cell. 

Meantime, a promising metacaspase VrMC5 isolated from V. rupestris has been 

identified as the potential target in defense-triggered cell death. Therefore, the 

general aim of this study is to characterize the role of VrMC5 in the response to Z-

3-hexenal-induced PCD. To approach this objective, these specific questions are 

brought up: 

1. What are the early signals mediating the Z-3-hexenal triggered responses? 

The actin disassembly indicates a role for the NADPH oxidase Respiratory burst 

oxidase Homolog. This can be tested by specific inhibitors DPI, but also by 

measuring the level of reactive oxygen species (ROS) via fluorescent probes. 

Analysis of defense-related gene of the early stage will be also performed. 

 

2. What is the role of VrMC5 in regulating plant PCD? 



 Introduction  

 22 

The tools to manipulate VrMC5 activity and test whether this allows manipulating 

defense-related PCD in response to different elicitors: gain of function by 

overexpression of VrMC5 in suspension BY-2 cell or loss of function by cell 

permeating peptides functionalised with a metacaspase-inhibiting functionality. 

Analysis of VrMC5 biological characterizations and cellular responses during 

various stress inductions will be performed. 

 

3. The activation mechanism of VrMC5 during PCD activation. 

Mutations in catalytic site and putative cleaved site will be generated and explore if 

these mutant overexpressors would have high PCD level in BY-2 under inducers. In 

addition, recombinant VrMC5 and its variants will be purified from E.coli and their 

enzymatic activity will be evaluated. 

 

 

 

  



 Materials and Methods  

 23 

2 Materials and Methods 

2.1 Cell culture 
Suspension cells of Nicotiana tabacum L. cv. 'Bright Yellow 2' (BY-2, Nagata et al., 

1992) were cultivated in liquid medium containing 4.3 g/L Murashige and Skoog 

salts (Duchefa, Haarlem, The Netherlands), 30 g/L sucrose, 200 mg/L KH2PO4, 100 

mg/L inositol, 1 mg/L thiamine, and 0.2 mg/L  2,4-dichlorophenoxyacetic acid (2,4-

D), pH 5.8. Cells were subcultured weekly by inoculating 1.5 ml of stationary cells 

into 30 ml fresh medium in 100 ml Erlenmeyer flasks. The cells were then incubated 

on a horizontal shaker (KS250 basic, IKA Labortechnik, Staufen, Germany) at 150 

rpm and 25°C in darkness. Transgenic suspension cells microtubule marker line 

TuA3 (Kumagai et al., 2001), actin marker line GF11(Sano et al., 2005), 

overexpressing lines VrMC5-GFP and its variants lines were subcultivated in the 

same medium as mentioned above, but supplemented with either 25 mg/L 

Kanamycin or 30 mg/L  Hygromycin (more details in Appendix). 

 
2.2 Construction of VrMC5 overexpressor variants  
Three mutant forms of VrMC5 (C139A, S190A, R226G) were constructed using 

site-directed mutagenesis method. The full plasmid amplification was carried out 

using Q5 Phusion High-Fidelity DNA polymerase (NEB, Germany) via PCR. A set 

of primers (Appendix table 5.1) containing the desired mutation was designed and a 

constructed plasmid pH7FWG2.0/ VrMC5 was used as template to create mutants. 

The PCR reaction mixture was optimally set as: 14.7 μL nuclease-free H2O, 5 μL 

Q5 buffer, 1.0 μL dNTP (10 mM), 0.9 μL forward primer (10 μM), 0.9 μL reverse 

primer (10 μM), 1.5 μL DMSO and 0.5 μL Q5 Polymerase, and 0.5 μL template. 

PCR thermal program consisted one cycle of 98°C for 3 min and 17 cycles of 98°C 
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for 10 s, annealing at 55°C for 30 s, and prolongation at 72°C for 5 min. PCR 

products were digested by 1 μL of Dpn I restriction enzyme (10 U/μL, NEB, 

Germany) at 37°C for 3 hours to eliminate the non-mutated parental plasmid. 

Products were subsequently transformed into Escherichia coli DH5α for DNA 

sequencing (GATC Biotech, Cologne, Germany) and the verified amplicons were 

then used for stable transformation of tobacco BY-2 cells.  

 

2.3 Stable transgenic tobacco BY-2 cell establishment 
2.3.1 Agrobacterium tumefaciens transformation 

Purified constructed plasmid was transformed into Chemo-competent Agrobacteria 

LBA4404 (Invitrogen Corporation, Paisley, UK) strain by using freeze-thaw method. 

The reaction mixture of 100 μL thawed LBA4404 competent cell and 500 ng 

plasmid was kept on ice for 30 minutes, freezed cells in liquid nitrogen for 5 minutes 

and heat shock cells at 37°C by water bath for 10 minutes. 1 mL LB medium was 

added into the mixture and incubate shaking for 4 hours at 28 °C. The culture was 

spread on LB agar plates containing 50 μg/mL rifampicin + 300 μg/mL streptomycin 

+ 100 μg/mL spectinomycin and incubated at 28°C for 3 days. Positive 

transformants were verified using colony PCR.  

 

2.3.2 Agrobacterium-mediated transformation of BY-2 cell 

The BY-2 stable overexpressing VrMC5 variants lines were generated according to 

Agrobacterium-mediated transient transformation (Buschmann et al., 2011) with 

slight modification.  

 

A single transformants colony was inoculated into 5 mL of LB liquid medium 

supplied with antibiotics and incubated in a shaker (250 rpm) at 28°C overnight. 
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1mL overnight culture was inoculated into 5 mL of fresh LB-medium (without 

antibiotics) then cultivated for further 4-5 h at 28°C until the OD600 had reached 0.8-

1.0. 6 mL suspension Agrobacteria were harvested and spun down at 8000 g 

(Heraeus Pico 17 Centrifuge, 600 Thermo Scientific, Langenselbold, Germany) for 

8 min in a 50 mL Falcon tube at room temperature. Removed the supernatant and 

resuspended the bacteria in 180 μL Paul’s medium (4.3 g/L MS salts with 1% sucrose, 

pH 5.8) by vortexing vigorously to homogenize the suspension.  

 

Normally during 3-4 days after subcultivation wild type (wt) tobacco BY-2 cells 

were used for transformation. 30mL cells were washed five times with 300 mL of 

Paul’s medium using sterile filter holder (Scientific Nalgene® Filter Holder, Thermo 

Scientific, Langenselbold, Germany) combined with a sterilized Nylon mesh (Eggert 

Mehlsiebe, Waldkirch, Germany) with a mesh size of 70 μm. The washed cells were 

then resuspended in 6 mL of Paul’s medium yielding a 5-fold concentrated cell 

suspension. 5 mL concentrated cell suspension was mixed with 180 μL of 

Agrobacteria prepared as above for cocultivation. 

 

The mixture of bacteria and cell prepared in a Falcon tube on an orbital shaker (100 

rpm) for 10 min. The mixture was inoculated onto Paul’s agar (Paul’s media with 

0.5% Phytagel without any antibiotics) with sterile cut tips. The plates were then 

incubated for 3 days at 22°C in the dark. Cells were subsequently transferred onto 

MS agar plates (MS medium with 0.8% Danish agar) containing 60 μg/mL 

hygromycin to select transformed tobacco cells, and 300 μg/mL cefotaxime to 

eliminate Agrobacteria. After incubation at 26°C in the dark for 3 weeks, resistant 

calli had appeared and were transferred onto fresh MS agar plates (with antibiotics) 

for further growth. Finally, the sufficient size calli were inoculated into liquid 

medium to establish suspension culture. 
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2.4 Stress and inhibitor treatments 
2.4.1 Z3HAL and harpin treatment 

To activate cell-death related defence, the elicitor harpin derived from the 

phytopathogenic bacterium Erwinia amylovora was used at a final concentration of 

30 μg/mL (stock solution of 300 mg/mL solved in water with 1% effective 

concentration, Pflanzenhilfsmittel, ProAct, Germany), this treatment was applied at 

the time of subcultivation. The samples for RNA extraction were collected after 6 h, 

the cell mortality and protein extraction were checked after 24 h. 

The biological effect of cis-3-hexenal (50% purified in triacetin, Sigma-Aldrich), 

and trans-2-hexenal (98% purified, Sigma-Aldrich) were tested in signalling and 

defence responses. Cells were collected at day 3 after subcultivation and incubated 

with 12.5 μM volatiles. The samples for RNA extraction were collected after 30 min, 

the cell mortality and protein extraction were checked after 15 min. 

 

2.4.2 Inhibitor treatment 

In some experiments, inhibitors were pretreated on cell for proper time. An inhibitor 

of actin polymerisation Latrunculin B (Lat B, Sigma-Aldrich, Germany), which can 

disrupt actin filament organisation, was applied on GF11 for 1 h with 10 μM 

concentration (stock solution 1 mM in DMSO). Phalloidin (Sigma-Aldrich, 

Germany), which has a strong affinity with microfilaments, but does not bind to actin 

monomers, so it can facilitate microfilaments remains stable. Like Latrunculin B, 

the suspension cells were pretreated with phalloidin at a concentration of 1μM (stock 

solution 1mM in ethanol) for 1 h.  

 

To test the role of microtubules, oryzalin (Sigma-Aldrich, Germany) acts as an 

inhibitor of microtubules organization. Microtubule-marker line TuA3 was tested by 
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pretreatment with 10 μM of oryzalin (stock solution 1 mM in DMSO) over 1 h. Taxol 

(Sigma-Aldrich, Germany) is a microtubule-stabilizing agent binding to the β-

tubulin subunits. Suspension cells were pretreated with taxol at a concentration of 

10 μM (stock solution 1mM in DMSO) for 1 h.  

 

All the tests were set up with solvent control to eliminate the side effect of the solvent.  

 

2.4.3 Anti-metacaspase peptide treatment 

To measure the time course of uptake, the cells were incubated with 1 μM LMTP-

peptide conjugated rhodamine B for 15, 30, 60, 120, 180 min in the dark under 

continuous shaking and then washed three times before observation.  

 

To assess the localization of peptide in relation to cytoskeleton and VrMC5 in vivo, 

the conjugated peptides were incubated with the 3-day old transgenic tobacco TuA3, 

GF11 and VrMC5 cell line for 2 h, washed as described above and viewed under a 

microscope immediately. Ikarugamycin (IKA, Sigma-Aldrich, Germany) 

specifically inhibited clathrin-dependent endocytosis, 10 μM IKA was pre-incubated 

on cells for 30 min before peptide application to test if the uptake of peptide 

depended on endocytosis. 

 

2.5 Microscopy of VrMC5 localization and response to stresses 
All the confocal files were recorded with an AxioObserver Z1 (Zeiss, Jena, Germany) 

inverted microscope equipped with a laser dual spinning disc scan head from 

Yokogawa (Yokogawa CSU-X1 Spinning Disk Unit, Yokogawa Electric 

Corporation, Tokyo, Japan), and a cooled digital CCD camera (AxioCamMRm; 

Zeiss), using a 63 × LCI-Neofluar Imm Corr DIC objective (NA 1.3). Two filter 
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channels were used: EGFP (excitation 488 nm, emission 509 nm) and RFP 

(excitation 561 nm, emission 610 nm). The images were processed with the ZEN 

2012 (Bule edition) software to generate orthogonal projections from the recorded 

stacks and to export in TIFF format.  

 

2.5.1 Microtubule visualization 

Microtubules were stained by indirect immunofluorescence using a monoclonal 

antibody against α-tubulin (ATT, Sigma, Germany), and a secondary anti-mouse 

IgG antibody conjugated to Tetramethylrhodamine (TRITC; Sigma; Germany) 

following the protocol published by Eggenberger et al. (2007). Cells were fixed in 

3.7 % (w/v) paraformaldehyde in microtubule stabilising buffer (MSB: 50 mM 

PIPES, 2 mM EGTA, 2 mM MgSO4, 0.1% Triton X-100, pH 6.9) in custom-made 

micro-staining chambers (Nick et al., 2000) for 30 min, and then washed with MSB 

three times for 5 min. The cell wall was perforated using 1 % (w/v) Macerozym 

(Duchefa, Haarlem, Netherlands) and 0.2 % (w/v) Pectolyase (Fluka, Taufkirchen, 

Germany) in MSB for 5 min, and unspecific binding sites were blocked with 0.5 % 

(w/v) bovine serum albumin (BSA) dissolved in PBS (150 mM NaCl, 2.7 mM KCl, 

1.2 mM KH2PO4, 6.5 mM NaH2PO4) for 30 min. After blocking, primary antibody 

was added at a 1:500 dilution into PBS at 4°C overnight. To remove unbound 

primary antibodies, cells were rinsed three times with PBS and incubated with a 

secondary anti-mouse IgG conjugated with TRITC at 1:250 dilution for 1 h at 37°C 

in a moist chamber. Unbound antibodies were removed by washing with PBS and 

cells were observed under spinning disc confocal microscopy with excitation at 561 

nm for imaging of TRITC signal.  

 

2.5.2 Actin visualization 
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For actin filaments visualization, BY-2 cells were stained with TRITC-phalloidin as 

described previously with slight modification (Maisch and Nick, 2007). Cells were 

fixed in 1.85 % (w/v) paraformaldehyde in standard buffer (0.1 M PIPES, pH 7.0, 

supplemented with 5 mM MgCl2 and 10 mM EGTA) for 10 min at room temperature 

and after a subsequent 10 min fixation in standard buffer containing 1% (v/v) 

glycerol. Then washed cells with standard buffer for 10 min twice. Subsequently, 

samples were stained with 0.66 μM TRITC-phalloidin (Sigma-Aldrich, Deisenhofen, 

Germany) for 30 min. Cells were then washed three times for 5 min in PBS and 

observed immediately using spinning disc microscope as described above.  

 

2.6 Determination of cell mortality 
Evans blue staining method was used To determine the cell viability (D.F.Gaff & 

O.Okong’O-Ogola, 1971). For each sample, aliquots of 250 μL cells were 

transferred into custom-made staining chambers with filtration mesh to remove the 

medium, incubated in 2.5% (w/v) Evans Blue solution for 3-5 min, and then washed 

with distilled water 3 times. Aliquots of 50 μL stained cells were microscopically 

observed using AxioImager Z.1 microscope (Zeiss, Jena, Germany), DIC 

illumination, 10 × objective. The membrane-impermeable dye can penetrate only 

into dead cells resulting in blue staining of the dead cell. Mortality was calculated as 

the ratio of dead cells over the total number of cells. Data represent a population of 

1500 cells scored over three independent experiments.  

 
2.7 Western blot 
The expression pattern of MC5 and its variants response to stresses was verified by 

Western blotting. The cells were collected by short-time vacuum and shock-frozen 

in liquid nitrogen and ground with mortar and pestle (both sterilised and precooled) 
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before extracting protein. Protein was extracted as following: cells were 

homogenized on ice for 15 min with the same volume of extraction buffer (25 mM 

morpholine ethanesulfonic acid, 5 mM EGTA, 5 mM MgCl2, pH 6.9) supplemented 

with 1 mM dithiothreitol (DTT), and 1 mM phenylmethylsulphonyl fluoride (PMSF). 

Cell lysates were centrifuged at 13000 g at 4°C for 15 min to isolate soluble extract 

containing cytosolic proteins. All samples were finally dissolved in loading buffer 

(50 mM Tris/HCl (pH 6.8), 30 % glycerol (v/v), 300 mM DTT, 6 % SDS (w/v), 

0.01 % bromophenol blue) and heated at 95 °C for 5 min.  

 

Proteins were separated by 10% SDS-PAGE gel (Table 2.1). Separated proteins 

were electrophoretically transferred to a PVDF membrane (0.45 μm, Roti®-PVDF, 

Carl Roth, Germany) with a semi-dry blotter (Trans-Blot® SD cell, Bio-Rad, 

Germany) followed as guide instruction.  Non-specific binding was blocked using 

5% w/v non-fat dry milk in TBST buffer (20 mM Tris/HCl, 300 mM NaCl, 0.1% 

w/v Tween-20, pH 7.4) for 1 h at room temperature. The target proteins were probed 

by monoclonal mouse antibodies against the GFP reporter (Anti-Green Fluorescent 

Protein antibody, Sigma-Aldrich, Germany) in a dilution of 1:1000 in TBS buffer 

(20 mM Tris/HCl, 300 mM NaCl, pH 7.4) and incubated at 4°C overnight, followed 

by washing three times with TBST buffer. For signal development, the secondary 

antibody, goat polyclonal anti-mouse IgG conjugated to alkaline phosphatase 

(Sigma-Aldrich, Germany) in a dilution of 1:25000 in TBS buffer was employed and 

incubated for 1.5 h at room temperature. After washing three times in TBS buffer, 

the protein bands were visualized on the PVDF membrane with BCIP/NBT liquid 

substrate reagent (Sigma-Aldrich, Germany).  
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Table 2.1 Formula of SDS-PAGE gels of different concentration 

 Con 30%AA/ml Separation 
gel buffer/ml ddH2O/ml 10%APs/μl TEMED/μl 

Separation 
gel 

5% 4,2 6,2 14,3 215,9 108 
7,5% 6,2 6,2 12,3 215,9 108 
10% 8,2 6,2 10,3 215,9 108 
15% 12,3 6,2 6,2 215,9 108 

Stacking 
gel 

 Stacking 
 gel buffer/ml 

 

4% 1,3 2,3 6,2 105,7 52,8 
 

2.8 EPC-affinity chromatography 
Carboxy-ethyl-N-phenylcarbamate (EPC) was synthesized as described in Mizuno 

(Koichi MIZUNO, 1981) and coupled to sepharose 4B (Sigma-Aldrich, Germany). 

EPC coupled sepharose 4B was filled onto glass wool and concentrated by 

centrifugation at 15000 g for 1 min into Eppendorf column. Total proteins were 

extracted as described above, then loaded through EPC-sepharose column pre-

equilibrated with MT-stabilizing buffer (25 mM MES, 5 mM EGTA, 5 mM MgCl2, 

1 M glycerol, 1 mM DTT, 1 mM phenylmethylsulphonyl fluoride, pH 6.9) to bind 

α-tubulin to EPC and discarded the filtration containing α-tubulin unbound proteins 

by centrifugation at 15000 g for 1 min. Fractions containing proteins bound to α-

tubulin were obtained through elution with KCl from low concentration to high 

concentration. The fractions were precipitated by trichloroacetic acid (Bensadoun & 

Weinstein, 1976) prior to processing for western blot and were probed by anti-GFP 

and ATT antibody. 

 

2.9 Recombinant expression of VrMC5 and its variants 
The coding sequence of the VrMC5 was inserted into the pET21b expression vector 

(Appendix 5.3). The resulting construct encoding the VrMC5 protein fused with 
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successive 6 histidine residues tag was expressed in E. coli strain BL21(DE3) 

following heat-shock transformation. The site-directed mutagenic VrMC5 variants 

were generated as described above. A single positive colony was inoculated into 50 

mL of LB liquid medium containing ampicillin (100 μg/mL) and grown at 37°C 

overnight. The entire volume of the pre-culture was inoculated into 3 L of LB 

medium complemented with 100 μg/mL of ampicillin at a starting OD600 of 0.1 and 

cultivated at 37°C, 200 rpm for 3-4 hr to achieve the final OD600 of 0.8-1.0. Cooled 

the culture in an ice-water bath for 15min and induce the expression with 80 μM 

isopropyl-β-D-thiogalactopyranoside (IPTG). The culture was subsequently 

incubated at 18°C, 200 rpm for 24 hr, the induced cell should have an OD600 over 2. 

Cells were harvested by centrifugation at 10000 g for 20 min at 4°C (Sorvall LYNX 

4000 Superspeed Centrifuge, Thermo Scientific, Germany). Proteins were extracted 

as following: The sedimented cells were suspended with 200 mL ground buffer (50 

mM Tris, 5 mM EDTA, 300 mM NaCl, 10%w/v glycerol, pH 7.8) centrifuged at 

10000 g for 10 min at 4°C again, and subsequently were resuspended in 60 mL 

ground buffer, then lysed twice using a French Press at 1000 bar/Psi. Cell debris was 

removed by first centrifugation at 15000 g for 30 min and second centrifugation for 

15 min, 4°C, and the supernatant fraction contained the soluble recombinant VrMC5.  

Protein was precipitated from supernatant at 4°C overnight with 70% 

ammoniumsulfat buffer without EDTA (3.3 M ammoniumsulfat, 50 mM Tris, pH 

7.8) and then added solid ammoniumsulfat to final concentration of 93%. For 

calculation of solid ammoniumsulfat amount, the online calculator could be used: 

http:www.encorbio.com/protocols/AM-SO4.htm . 

 

Precipitated protein was obtained by centrifugation at 10000 g for 30 min at 4°C and 

dissolved sedimented protein in 40 mL store buffer (50 mM Tris, 300 mM NaCl, 

10%w/v glycerol, pH 7.8). The solution containing soluble protein was applied onto 
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Ni-NTA agarose column, which was previously equilibrated with one volume of 

column distilled water and three-volume of column wash buffer (50 mM Tris, 300 

mM NaCl, 10 mM imidazol, 10%w/v glycerol, pH 7.8). Unbound proteins were 

washed out from the column with 2 L washing buffer and the His-tagged 

recombinant MC5 was eluted with elution buffer (50 mM Tris, 300 mM NaCl, 250 

mM imidazole, 10%w/v glycerol, pH 7.8). The eluted fractions were concentrated 

and precipitated by 70% ammoniumsulfat buffer with EDTA (3.3 M 

ammoniumsulfat, 5 mM EDTA, 50 mM Tris, pH 7.8) and used solid to get 93%, 

then centrifuged at 10000 g for 30 min at 4°C. Concentrated recombinant protein 

was dissolved with 2 mL ground buffer and stored at -80°C.  

 

2.10 Enzymatic activity assay  
Assessing the activity of VrMC5 and its mutants were achieved by measuring the 

release of the fluorescent group AMC from the hydrolysis of the peptide substrate 

Boc-GRR-AMC (Bachem) by the purified protein. The assays were carried out in 

100 μL total volume of reaction mixture which consists of 30 nM of purified 

recombinant protein, 100 μM of Boc-GRR-AMC and reaction buffer (50 mM Tris, 

100 mM NaCl, 5 mM DTT, 0 –50 mM CaCl2, pH 7.5). Each assay was set up in 

triplicates in 96-well plate and the release of AMC was continuously monitored 

every minute for 30 min at room temperature with a microtiter plate reader (Synergy 

HT, BIO-TEK) at an excitation wavelength of 360 nm and an emission wavelength 

of 460 nm. Data were read-out as increases in relative fluorescence as a function of 

time. The specific enzyme activity was calculated as nmol of substrate 

hydrolyzed/mg of protein/min using a standard curve of AMC in the enzyme 

reaction buffer (RFU).  
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2.11 RNA extraction and cDNA synthesis 
BY-2 cells were harvest at proper time point under various treatment condition using 

a Büchner funnel via short-time vacuum (10s), and shock-frozen immediately in 

liquid nitrogen. After homogenizing(TissueLyser, QIAGEN, Germany), total RNA 

was extracted using innuPREP RNA Mini Kit (Analytik Jena AG, Germany). The 

procedure followed as manual instruction and the potential genomic DNA 

contamination was removed by using the DNase (Invitrogen, Germany). These RNA 

quantity and quality were measured by Nanodrop spectrometer (Eppendorf 

BioSpectrometer basic, Germany), and were electrophoresed on a 1% agarose gel. 

The mRNA was transcribed into cDNA using the M-MuLV cDNA Synthesis Kit 

(New England BioLabs; Frankfurt am Main, Germany). 1 μg of purified RNA as 

template for reverse transcription. The two-step synthesis of cDNA are as follows: 

step one, 0.4 μL oligo-dT (100 μM) and 1 μL dNTP(10 mM) were mixed with 1 μg 

total RNA, and the final volume fill up with nuclease-free water was 16 μL. The 

reaction mixture was incubated at 70 °C for 5 min and put immediately on ice. Then 

step two, 2 μL 10×MULV buffer, 0.5 μL RNAase inhibitor (10 U/μL) and 0.25 μL 

MULV reverse transcriptase (200 U/μL) and 1.25 μL nuclease-free water was 

adequately mixed with reaction mixture from the first step and incubated at 42 °C 

for 1 hour, then 90 °C for 10 min to stop the reaction.  

 

2.12 Real-time PCR analysis 
Steady-state relative transcript abundance of the selected genes was measured by 

quantitative real-time PCR (qRT-PCR), reactions were performed using a CFX96TM 

real-time PCR cycler (Bio-RAD, USA). Primers and conditions of the genes PALA, 

PALB, ICS1, PR1a, EF1α were given in Appendix table 5.2. 
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The PCR condition was optimally set to 20 μL reaction mixture containing: 11.75 

μL nuclease-free H2O, 4 μL GoTaq buffer, 0.4 μL dNTP (10 mM), 0.4 μL forward 

primer (10 μM), 0.4 μL reverse primer (10 μM), 1 μL MgCl2 (50 mM), 0.95 μL 

SybrGreen and 0.1 μL GoTaq Pol, and 1 μL cDNA diluted 1:10. PCR thermal 

conditions consisted of one cycle of 95 °C for 3 min and followed by 40 cycles of 

95 °C for 15 sec, annealing at 60 °C for 45s. The homogeneity of the PCR products 

was confirmed by melting curve analyses. Quantification of the transcript level 

among different samples was conducted according to 2-∆∆ct method.  

 

A tobacco housekeeping gene Elongation factor 1α (EF1α) was used as an internal 

reference, to normalize the relative level of target gene expression by calculating 

△Ct, the difference in Ct value between the reference EF1α products and the target 

gene products calculated as △Ct=Ct(target)-Ct(reference). The difference in target 

gene expression between control and treated samples was expressed as 2–△△Ct   (△△

Ct = △Ct treated-△Ct control). The Final result was representative of three 

independent biological replicates, each was consist of three technical replicates.  
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3 Results 

3.1 Chapter 1: The role of VrMC5 in programmed cell death. 
A green leaf volatile cis-3-hexenal (Z-3-hexenal) plays as an important signal in the 

plant defence response and plants priming pathway. It has been reported that elicited 

a rapid response of actin filaments and HR-like cell death in BY-2 cells, which is 

one type of programmed cell death (PCD) (Akaberi et al., 2018). Meanwhile, 

metacaspases are thought to be executioners of cellular suicide in plants in the past 

decade years. To better understand of the roles of metacaspases in HR process, a 

vitis metacaspase VrMC5 from Vitis rupestris was identified and considered to be a 

potential regulator in harpin (a bacterial elicitor) induced cell death (Gong et al., 

2019). Therefore, in the current study, we focus on the specific roles of VrMC5 plays 

in Z-3-hexenal signal pathway. 

 

In the first part, work was started with the analysis of the subcellular localization of 

VrMC5 by microscopy and biochemical analysis, followed by cellular and 

molecular response of VrMC5 with Z-3-hexenal induction was investigated. 

Furthermore, the activation mechanism of VrMC5 was explored in vivo and in vitro. 

In the end, an assumptive link between Z-3-hexenal pathway and VrMC5 was 

established. 

 

3.1.1 Subcelluar localization of VrMC5 

To test the subcellular localization of VrMC5, a C-terminal fusion of VrMC5 with 

green fluorescent protein (GFP) was expressed under the control of the CaMV 35S 

promoter in tobacco BY-2 suspension cells. Green fluorescence of the fusion protein 
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was observed mainly in the cytoplasm and exhibited obvious morphological change 

in the nucleus during mitosis, the pattern observed reminded of microtubules.  

 

To verify if VrMC5 co-localized with microtubules, α-tubulin was visualized in a 

VrMC5-GFP (VrMC5) overexpression line through immunofluorescence probing 

with anti-tyr-α-tubulin antibody (ATT). When cells were in the interphase of mitosis, 

the central microtubules were co-localized with VrMC5 and cortical microtubules 

partially overlapped with VrMC5 (Figure 3.1 A). During mitosis, cortical 

microtubules reorganized into a dense ring-shaped preprophase band (PPB), and 

prenuclear microtubules started with the formation of a mitosis spindle and ended 

with the metaphase plate, and then phragmoplast formed in cytokinesis to assemble 

cell plate and separate cytoplasm. Although VrMC5 did not perform specifically at 

PPB region in the preprophase, its expression in the nucleus showed the same pattern 

as microtubules (Figure 3.1 B) in the other phases, which suggested the VrMC5 was 

partially co-localized with microtubules. 
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Figure 3.1 Immunofluorescence staining of microtubules (MTs) in VrMC5-GFP tobacco cell 

lines during the cell cycle. A, Central and cortical MTs were visualized in VrMC5-GFP in the 

interphase. B, MTs were visualized in VrMC5-GFP during different phases of mitosis. MTs are 

labelled using anti-tyr-α-tubulin antibody (ATT). Cells 3 days after subcultivation were stained. 

Scale bar=10 μm. 
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It is possible that the microtubules localization of GFP is due to truncation of the 

fusion proteins by internal cleavage at the C-terminal portion of VrMC5, because 

VrMC5 can perform autocleavage. Therefore, it is necessary to use biochemical 

approach to verify the microscopical readout. To examine the physical binding 

between VrMC5 and microtubules, ethyl-N-phenylcarbamate (EPC) affinity 

chromatography was applied. EPC is a microtubule polymerization blocker which 

binds to α-tubulin and coupled to sepharose 4B. The proteins with low affinity to 

MTs would be removed by washing steps with increasing concentration of KCl 

while proteins binding to MTs would stick longer to MT-EPC-sepharose 4B and 

then eluted by KCl solution of higher stringency. The eluted proteins were probed 

with anti-GFP and ATT antibodies to detect VrMC5-GFP and tubulins respectively 

(Figure 3.2). Multiple bands corresponding to various forms of VrMC5 were 

detectable after EPC-affinity chromatography by anti-GFP (Figure 3.2 A). Upper 

bands around 80 kDa represented full-length VrMC5-GFP, and the other lower 

bands represented cleaved form of VrMC5-GFP. Tyrosinated α-tubulin detected by 

ATT had a lower affinity with EPC sepharose and could be eluted at lower ionic 

stringency, by lower concentrations of KCl (0-0.25 M), whereas detyrosinated α-

tubulin could only be eluted by higher concentration of KCl (0.3-1.0 M). Both, 

tyrosinated α-tubulins and detyrosinated α-tubulins were detectable by ATT from 

EPC-affinity proteins (Figure 3.2 B). These results indicated that VrMC5 binds to 

microtubules, confirming its co-localization. 
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Figure 3.2 Isolation of MT-binding VrMC5. Total proteins were extracted from VrMC5-GFP 

cell line eluted with KCl from ethyl-N-phenylcarbamate (EPC) affinity chromatography column 

and were subjected to immunoblot analysis with anti-GFP and ATT antibody. A, Immunoblot 

analysis of VrMC5-GFP in VrMC5-GFP using anti-GFP antibody. B, Immunoblot analysis of α-

tubulins in VrMC5-GFP using ATT antibody. 

 

3.1.2 The response of cytoskeleton and VrMC5 in Z-3-hexenal signalling 

VrMC5 has been found to be a candidate regulator in programmed cell death, it was 

assumed to make response to inducers or participate in cellular morphological 

changes. Cytoskeleton reorganization act as an indicator during the PCD processing. 

The rapid disruption of actin filaments caused by cis-3-hexenal (Z-3-hexenal) has 

been reported as an early hallmark of programmed cell death (Akaberi et al., 2018), 

the reorganization of microtubules has also been reported in many studies, although 
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the effects of stresses on microtubule response were variable (Kobayashi I et al., 

1994; Takemoto et al., 2006; Guan et al., 2013).  

 

To find out which response of microtubules would be evoked by Z-3-hexenal, 

microtubule response to Z-3-hexenal along with solvent control was investigated in 

the tobacco microtubule marker cell line TuA3-GFP using a spinning disc confocal 

microscopy. In the solvent control, the microtubules remained overall their integrity, 

in contrast, a rapid and strong disintegration of the microtubule network was 

developed at 10 min after start of the treatment (Figure 3.3 A), like actin response 

to Z-3-hexenal (Figure 3.3 B). However, this microtubules depolymerization could 

be relieved by taxol, a microtubule stabilizing agent which binds to β-tubulin 

subunits (Figure 3.3 A), while the actin stabilizer phalloidin could not suppress actin 

disintegrate to Z-3-hexenal (Figure 3.3 B). The cytoskeleton depolymerization 

caused by Z-3-hexenal indicated that Z-3-hexenal might induce programmed cell 

death.  
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Figure 3.3 Microtubule and actin response to Z-3-hexenal were observed in cytoskeleton 

marker line TuA3-GFP and GF11 respectively. A, 7-day-old TuA3 cells were treated with 1) 

solvent control triacetin, 2) 12.5 μM Z-3-hexenal for 10 min, 3) 10 μM Taxol for 1 h, 4) pretreated 

with 10 μM Taxol for 1h then with 12.5 μM Z-3-hexenal for 10 min. B, 3-day-old GF11 cells were 

treated with 1) solvent control triacetin, 2) 12.5 μM Z-3-hexenal for 10 min, 3) 1μM phalloidin for 

2h, 4) pretreated with 1μM phalloidin for 2h then with 12.5 μM Z-3-hexenal for 10 min. Scale 

bar=10 μm. 



 Results  

 43 

To address the question whether VrMC5 is involved in Z-3-hexenal-induced 

signalling, VrMC5-GFP overexpression cell lines and wt were challenged with Z-3-

hexenal. VrMC5-GFP response to Z-3-hexenal along with solvent control was 

monitored under a confocal microscopy. A short-term Z-3-hexenal treatment was 

employed on 3-day-old VrMC5-GFP, it became evident that integrated VrMC5 

scattered as numerous spots throughout cell at early time (Figure 3.4 A), resembling 

microtubules depolymerization. This observation could be explained in two ways: 

(1) VrMC5 binds to microtubules and microtubules depolymerization induced by Z-

3-hexenal makes an impact on VrMC5-GFP localization pattern. (2) Z-3-hexenal 

directly affects VrMC5-GFP expression pattern. Since a cell-death related immunity 

elicitor harpin could cause a radial microtubule elimination, but cortical 

microtubules remained integrated (Guan et al., 2013), we treated VrMC5-GFP with 

saturated concentration harpin to observe the VrMC5 expression pattern. We found 

that VrMC5 lost the radial network structure when merging Z-stack of cell center 

sections in the majority of cells under saturated harpin treatment (Figure 3.4 A), but 

not the cortical VrMC5 that indicated the Z-3-hexenal affects VrMC5 localization 

pattern through depolymerizing microtubules. 

 

An increase of HR-like cell death induced by harpin in VrMC5-GFP overexpression 

line has been reported (Gong et al., 2019) and previous work implied Z-3-hexenal 

might induce cell death. VrMC5-GFP overexpression cells 3 days after 

subcultivation were treated with 12.5 μM Z-3-hexenal for 15 min and cell mortality 

was determined using Evans blue assay. Compared with wt cells, cell death 

significantly increased in the VrMC5-GFP cell line under Z-3-hexenal, even higher 

than harpin induction (Figure 3.4 B), which suggested VrMC5 plays a role in the Z-

3-hexenal signalling pathway. 
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As many studies in metacaspase have demonstrated that self-processing is required 

for activation of type II metacaspase (Vercammen et al., 2004; Watanabe & Lam, 

2005; Belenghi et al., 2007; Watanabe & Lam, 2011a), we wondered if VrMC5 self-

processing is correlated with induction of cell death by Z-3-hexenal. Cell samples 

were collected at time points challenged with Z-3-hexenal. In the VrMC5-GFP 

overexpression line, cleaved active forms of VrMC5 (approximately 57 and 52 kD) 

were detectable during Z-3-hexenal induction of HR cell death, although they were 

decreased during cell death processing, as well as the full-length form of VrMC5-

GFP (Figure 3.4 C). It is possible that VrMC5 undergoes fast-proteolysis when 

activated like other type II metacaspases, having an efficient and rapid self-

activation process suggests that activated VrMC5 will have a short functional half-

life. For anti-GFP which could detect the full-length or fragments of VrMC5 fused 

with C-terminal GFP, the decreased intensities of full-length form of VrMC5 

represents the more VrMC5 convert from the proenzyme form into catalytically 

active forms, and the decreased intensities of VrMC5 fragments suggested the 

activated VrMC5 go through fast-proteolysis. 
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Figure 3.4 Z-3-hexenal induced cell death in VrMC5 cell line. A, Responses of VrMC5 to Z-3-

hexenal (12.5 μM, 10 min) and harpin (90 μg/mL, 60 min) were visualized, disintegrated VrMC5 

were observed in the presence of Z-3-hexenal. Scale bar=10 μm. B, Cell mortality of VrMC5 cells 

under Z-3-hexenal (12.5 μM, 15 min) and harpin (30 μg/mL, 48 h) treatment. Data represent the 

mean ± standard error (SE) of four independent biological replicates, ** indicates significant 

difference value P< 0.01 (Student’s t-test). C, Self-processing of VrMC5 proteins during 12.5 μM 

Z-3-hexenal-induced cell death. Samples were collected at time point after incubation, immunoblot 

analysis using anti-GFP antibody.  
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3.1.3 Expression and subcellular localization of VrMC5 variants 

VrMC5 belongs to the Type II metacaspase family that has a highly conserved 

catalytic cysteine residue within its p20 subunit domain at position 139. The 

mutation at this active site cysteine of AtMC4, AtMC8 and AtMC9 was reported to 

abolish cell death stimulation activity (Vercammen et al., 2004; Watanabe & Lam, 

2011a).  Type II MCs have been reported to require autolytic cleavage of the 

zymogen for conversion into active enzymes. The peptide mapping has shown that 

a crucial arginine located within the Type II-specific linker region at site 183 (R183) 

is the key autolytic cleavage site in AtMC9 mutation at this site (R183A) would 

completely result in inactivation of recombinant zymogen (Vercammen et al., 2004), 

and its analogous residues lysine at position 225 (K225) in the core region of the 

linker of AtMC4 is essential for its activation (Watanabe & Lam, 2011b). An 

additional cleavage site of AtMC4 is arginine 190 (R190), instead of affecting 

zymogen activation directly, this site might be secondary cleavage sites after 

activation of AtMC4 in vitro (Watanabe & Lam, 2011b).  

 

Therefore, a set of primers to create corresponding analogous residues (C139, S190, 

R226) amino acid substitution were designed and the mutations were generated by 

site-directed mutagenesis technique. These constructs were named VrMC5C139A 

(C139A), VrMC5S190A (S190A) and VrMC5R226G (R226G) (Figure 3.5). 
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Figure 3.5 Schematic drawing of the constructs for functional analysis of VrMC5 in 

vivo in this study. 

 

To address the biological function of these sites, we overexpressed VrMC5 mutant 

constructs in BY-2 cell lines to create stable transgenic lines. We confirmed 

successful expression of these variants detecting the GFP signal using microscopy 

in suspension cells. The immunofluorescence assay of microtubules in VrMC5 

mutant lines indicated the VrMC5 mutants still bound to microtubules, the putative 

non-processed mutants did not exhibit any distinct localization, the mutated VrMC5 

proteins specifically overlapped with microtubules, especially central microtubules 

(Figure 3.6 A). The self-processing of VrMC5 variants was examined through 

western blot using anti-GFP antibody (Figure 3.6 B). Compared to original VrMC5, 

the zymogen and cleaved products form maintained the same in VrMC5S190A, the 

mutation at site S190 did not alter its autolysis pattern. In contrast, one of major 

cleaved bands could not be detected in VrMC5C139A and VrMC5R226G, as shown in 

Figure 3.6 B, specific self-processing of VrMC5 required both its catalytic active 

site (C139) and self-processing site (R225) because each mutant form exhibited 

similar non-specific degradation patterns. 
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Figure 3.6 Expression and localization of VrMC5-GFP mutant proteins in transgenic BY-2 

cells. A, Microtubule immunofluorescence images of VrMC5 mutants in stable overexpression 

transgenic cell lines. MTs are labelled using ATT. Cells 3 days after sub-cultivation were stained. 

Scale bar=10 μm. B, Characterization of VrMC5 mutants in overexpression transgenic cell line. 

Total proteins were extracted from 3-day-old cells and subjected to immunoblot analysis using 

anti-GFP antibody. MC5, VrMC5; C139A, VrMC5C139A; S190A, VrMC5S190A; R226G, VrMC5R226G. 

 

3.1.4 VrMC5 variants are deficient in the responses to Z-3-hexenal 

To determine whether the cleavage sites or catalytic site is functionally relevant for 

VrMC5 in vivo, the response of mutant cells to Z-3-hexenal and harpin was 

examined. Previously we found that Z-3-hexenal affected the subcellular expression 

pattern of VrMC5-GFP through microtubule depolymerization, therefore, we 

assumed the pattern of cells expressing VrMC5 variants to either Z-3-hexenal or 

harpin would be same as VrMC5-GFP. Consistent with VrMC5-GFP, a strong and 

rapid disintegration of its variants was observed early after Z-3-hexenal treatment 

and central radial structure was eliminated in the presence of harpin (Figure 3.7). 
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We further assessed the cell viability and autolytic processing of theses mutants 

when Z-3-hexenal and harpin treatment were conducted. VrMC5 variants 

overexpression cells were treated with 12.5 μM Z-3-hexenal for 15 min 3 days after 

subcultivation and cell mortality was determined using an Evans blue assay. 

Mortality was drastically reduced in variant cell lines in presence of Z-3-hexenal 

compared to VrMC5-GFP, close to the wt level (Figure 3.8 A). Immunoblot analysis 

was employed to investigate the autolysis process of VrMC5 variants induced by Z-

3-hexenal in vivo. As Figure 3.8 B shows, self-processed products of variants were 

still detectable while they were lacking in VrMC5 wild type form. That revealed the 

catalytic center C139, putative cleavage site R226 and site S190 are critical for cell 

death-inducing activity when challenged with Z-3-hexenal. 

 

However, the variants cells presented an opposite response to harpin. The induction 

of cell death was greatly elevated in mutant cell lines when applied with 30 μg/ml 

harpin for 48 h (Figure 3.8 C) and autolysis processing of proteins was not observed 

in response to harpin (Figure 3.8 D). Either VrMC5 wild type form or mutant forms 

maintained similar self-processing pattern as control condition. It might exist other 

executers in harpin signalling pathway that complement VrMC5 activity when its 

function is impaired. 
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Figure 3.7 Subcellular response of VrMC5 mutants to Z-3-hexenal and harpin. Disintegrated 

VrMC5-GFP variants were observed in the presence of Z-3-hexenal, whereas central radial pattern 

disappeared under harpin, wild type VrMC5 was performed as control. Cells were visualized after 

10 min and 60 min incubation with 12.5 μM Z-3-hexenal and 90 μg/ml harpin, respectively. MC5, 

VrMC5; C139A, VrMC5C139A; S190A, VrMC5S190A; R226G, VrMC5R226G. Scale bar=10 μm.  
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Figure 3.8 Response of VrMC5 mutant variants to Z-3-hexenal and harpin. A, C, Cell 

mortality of VrMC5 wild type and mutants challenged with Z-3-hexenal (12.5 μM, 15 min) and 

harpin (30 μg/ml, 48 h) treatment. Data represents the mean ± standard error (SE) of four 

independent biological replicates, ** indicates significant difference value P< 0.01 (Student’s t-

test). B, D, Self-processing of VrMC5 variants during Z-3-hexenal (12.5 μM, 30 min) and harpin-

induced (30 μg/ml, 6 h) cell death. Immunoblot analysis was performed using an anti-GFP 

antibody. 
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3.1.5 SA-related signalling response is induced by Z-3-hexenal in VrMC5 but 

not in its variants 

Since salicylic acid (SA) plays a key role in defense signalling, and commonly 

regulates cell death-related defense. Biotrophic pathogen infection would induce SA 

biosynthesis and accumulation, and SA accumulation is associated with 

hypersensitive response often induced during ETI (Vlot et al., 2009). Two pathways 

of SA biosynthesis have been clarified, one pathway forms SA from cinnamate 

produced by phenylalanine ammonium lyase (PAL), in the other pathway SA is 

synthesized from isochorismate and catalyzed by isochorismate synthase (ICS) 

(Chen et al., 2009). Therefore, the expression level of PAL and ICS transcripts can 

potentially indicate the accumulation of SA in response to stress. In addition we 

investigated the transcript levels of PR-1a (pathogenesis related 1) (Riviere et al., 

2008) as a readout for SA response.  

 

Cells were treated with 12.5 μM Z-3-hexenal for 30 min in parallel to a with solvent 

control, transcription of related genes was measured by qPCR. As shown in Figure 

3.9, the transcription of SA synthesis genes in VrMC5 was significantly upregulated 

by Z-3-hexenal, mainly in PALA, PALB, up to ~20 and ~10-fold, induction of ICS1 

was little weaker but activated up to ~6-fold. In comparison, transcription of SA 

synthesis genes in VrMC5 mutants was not conspicuously activated in response to 

Z-3-hexenal. That indicated that the activation of SA synthesis in VrMC5 was mainly 

through cinnamic acid pathway induced by Z-3-hexenal. As expected, PR1a as a SA 

responsive gene, the expression level was enhanced in VrMC5 compared with its 

three mutants (Figure 3.9 D). In summary, those results reflected that Z-3-hexenal 

activates SA signalling pathway associated to cell death in VrMC5. 
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Figure 3.9 Steady-state transcription of SA-related genes in VrMC5 and its variants induced 

by Z-3-hexenal. Induction levels for phenylammonium lyase A and B (PALA and PALB), 

isochorismate synthase1 (ICS1), and pathogenesis related-1a (PR1a) to Z-3-hexenal treatment 

(12.5 μM, 30 min) were estimated by qPCR and normalized to EF-1α as the internal standard. 

Data represents the mean ± standard error (SE) of three independent biological replicates, asterisks 

indicate significant differences with* P<0.05, ** P<0.01 and *** P<0.001 (Student’s t-test). 

 

 

Harpin is a strong elicitor, which can induce intense upregulation of PAL which 

reached more than 100-fold in our experiments. As a parallel experiment, harpin 

showed a similar effect of transcription of SA related genes as Z-3-hexenal. Cells 

were collected after 6h of harpin treatment and genes induction was analyzed. PALA 

and PALB were greatly activated in all the VrMC5 cell lines, no matter if wild type 

form or mutant form, but the induction was much higher in the mutant forms, ICS1 
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was slightly induced as well. In addition, PR1a was upregulated almost three times 

in VrMC5 variants as compared to VrMC5 (Figure 3.9). Summarized, the 

upregulated SA-related gene expression indicates SA signalling is activated and 

subsequently trigger spontaneous cell death, which was consistent with cell 

mortality to harpin. 

 

 

 
Figure 3.10 Steady-state transcription of SA-related genes in VrMC5 and its variants  

induced by harpin. Induction levels for PALA and PALB, ICS1and PR1a to harpin treatment (30 

μg/ml, 6 h) were estimated by qPCR and normalized to EF-1α as the internal standard. Data 

represents the mean ± standard error (SE) of three independent biological replicates, asterisks 

indicate significant differences with ** P<0.01 and *** P<0.001 (Student’s t-test). 
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3.1.6 JA mitigates Z-3-hexenal-triggered cell death and SA-related response 

Jasmonic acid (JA) is known to activate basal immunity, and interplay between JA 

and SA was demonstrated in many ways. For example, JA antagonizes SA-

dependent stress-induced accumulation of acidic PR proteins (Tomoya Niki, 1998) 

and high concentrations of JA and SA would result in a antagonistic effect on the 

JA- and SA-responsive genes PDF1.2 and PR-1, respectively (Mur et al., 2006). 

Besides, exogenous JA has been reported to act antagonistically to the HPL1 

overexpression to harpin response (Akaberi et al., 2018). Therefore, we wondered if 

JA could suppress the Z-3-hexenal-induced cell death response. 100 μM MeJA was 

added prior to Z-3-hexenal treatment, which remarkably inhibited the mortality 

caused by Z-3-hexenal in VrMC5 (Figure 3.11 A), even in VrMC5 mutants, this 

pretreatment reduced the low motality to even lower level. The suppression effect of 

JA on cell death was more significant when it was induced by harpin (Figure 3.11 

B).  
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Figure 3.11 Effect of jasmonic acid (JA, 100 μM) on cell mortality induced Z-3-hexenal and 

harpin. A, Cell mortality of VrMC5 mutants induced by 12.5 μM Z-3-hexenal, JA was applied 

into cells 30 min prior to addition of Z-3-hexenal, and mortality was scored after 15 min of 

treatment. B, Cell mortality of VrMC5 mutants induced by 30 μg/ml harpin, JA was applied with 

harpin simultaneously into cells, and mortality was scored after 48h of treatment. Data represents 

the mean ± standard error (SE) of three independent biological replicates, ** indicates significant 

difference value P< 0.01 (Student’s t-test). 

 

 

To investigate whether inhibitory effects of MeJA on Z-3-hexenal or harpin-induced 

cell death accompany the inhibition of SA-defense gene activation, we analyzed the 

expression level of genes we test above. JA or Z-3-hexenal alone made a similar 

activation pattern of PALA or PALB on cells, while the combination dramatically 

suppressed the expression (Figure 3.12 A, B). On the other hand, JA did not lead to 

accumulation of much ICS1 transcripts, although it downregulated ICS1 in VrMC5 

(Figure 3.12 C). In the JA pretreatment group, induction of SA responsive gene 

PR1a was reduced (Figure 3.12 D), revealing an antagonistic function of JA for the 

SA-activated signalling pathway triggered by Z-3-hexenal. Like the role JA played 

in Z-3-hexenal-triggered pathway, the same effect was shown in harpin-induced 

response, there was signficant expression inhibition between harpin treatment and 

JA-harpin combination (Figure 3.13). 
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Figure 3.12 Effect of JA on transcription of SA-related genes in VrMC5 and its variants 

induced by Z-3-hexenal. Induction levels for PALA and PALB, ICS1 and PR1 to Z-3-hexenal 

treatment (12.5 μM, 30 min) with 100 μM MeJA pretreatment for 30 min were estimated by qPCR 

and normalized to EF-1α as the internal standard. Data represents the mean ± standard error (SE) 

of three independent biological replicates, asterisks indicate significant differences with* P<0.05, 

** P<0.01 and *** P<0.001 (Student’s t-test). 
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Figure 3.13 Effect of JA on transcription of SA-related genes in VrMC5 and its variants 

induced by harpin. Induction levels for PALA and PALB, ICS1 and PR1 to harpin treatment (30 

μg/ml, 6 h) with 100 μM MeJA were estimated by qPCR and normalized to EF-1α as the internal 

standard. Data represents the mean ± standard error (SE) of three independent biological replicates, 

asterisks indicate significant differences with* P<0.05, ** P<0.01 and *** P<0.001 (Student’s t-

test). 

 

3.1.7 Ca2+ is required for VrMC5 self-processing and enzymatic activity 

Our experiments showed that VrMC5 is involved in Z-3-hexenal induced cell death 

signalling and its mutant forms are deficient in self-processing in vivo and response 

to Z-3-hexenal. To get insight into the biochemical characterization of VrMC5, 

heterologous expression of VrMC5 and its mutant forms in E.coli BL21(DE3) strain 

was necessary. The full-length coding sequence of VrMC5 and mutants were cloned 
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into pET21b vector to generate recombinant expression fused with a hexa-histidine 

tag at the C-terminus of the protein. Constructs used for purification are shown in 

Figure 3.14 A. 

 

 
Figure 3.14 Analysis of self-processing of VrMC5 and its mutants in vitro. A, constructs for 

biochemical analysis of VrMC5 used in this study were shown. These four constructs have the 

hexa-histidine sequences at the C-terminus. B, 10 μg of purified VrMC5 and its mutant forms 

(C139A, S190A, R226G) were separated on 12% SDS-PAGE, and bands were visualized by 

Coomassie Blue staining. 

 

The recombinant proteins were purified under native conditions using Ni-NTA 

agarose, purified proteins were then separated through 12% SDS-PAGE. The full-
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length recombinant VrMC5 with molecular weight of approximately 54 kDa, was 

also capable to autocleave itself. Consistent to their self-processing in vivo, one of 

major cleaved products of VrMC5 variants C139A and R226G were not detectable, 

approximately 25 kDa (Figure 3.14 B). 

 

Previous studies showed most of Type II metacaspases required Ca2+ for the 

autoprocessing activity in vitro, such as Arabidopsis metacaspase AtMCP2d, Yca1 

from Saccharomyces cerevisiae or MCA2 from Trypanosoma brucei (Watanabe & 

Lam, 2011b; McLuskey et al., 2012; Wong et al., 2012), suggesting a critical role 

for Ca2+ in the catalytic mechanism. To analyze VrMC5 Ca2+ dependent autolysis 

and activation, 10 μg purified VrMC5 was incubated in 100 μl enzyme reaction 

mixture with different concentration Ca2+ (from 1mM to 50 mM) for 20 min at room 

temperature. Upon incubation with Ca2+, full-length VrMC5 was further processed 

into a few fragments. The conversion of VrMC5 to smaller fragments became 

increasingly more complete at higher concentration of Ca2+ (Figure 3.15 A). 

 

We further examined whether Ca2+-dependent autolysis of VrMC5 is reversible, a 

strong Ca2+ specific chelating agent EGTA was added into reaction buffer. SDS-

PAGE confirmed EGTA directly inhibits Ca2+-dependent self-processing by 

chelating Ca2+, and it clearly depends on the ratio between [Ca2+] and [EGTA] added 

in the reaction mixtures (Figure 3.15 B). This indicated that chelation of Ca2+ by 

EGTA directly blocks further self-processing of Ca2+-activated VrMC5. 

 

Boc-GRR-AMC is the preferred synthetic metacaspase substrate (Vercammen et al., 

2004; He et al., 2008). VrMC5 theoretically was able to cleave after the arginine 

residue of GRR, releasing the fluorophore AMC. Therefore, we investigated the 

effects of Ca2+ concentration on VrMC5 Boc-GRR-AMC-hydrolyzing activity 
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(GRRase activity). The reaction was started by adding both Ca2+ and the substrate 

Boc-GRR-AMC simultaneously, 33 nM VrMC5 purified protein to catalyze the 

reaction. Data were monitored every min at room temperature and expressed as 

increase of relative fluorescence as a function of time. The enzymatic activities were 

recorded as nmol of substrate hydrolyzed/mg of protein/min (RFU). In the absence 

of Ca2+ or with a low concentration of Ca2+ (1 mM), no significant GRRase activity 

was detected during the reaction time, however, an intensive acceleration of the rate 

of AMC release was observed when Ca2+ concentration was more than 5 mM in the 

reaction. And this acceleration rapidly reached a plateau with higher Ca2+ 

concentration (Figure 3.15 C). Those results suggested that calcium is required not 

only for the autocatalytic processing of VrMC5, but also for the maintenance of its 

catalytic activity. 

 

3.1.8 C139 and R226 are essential for VrMC5 self-processing and enzymatic 

activity 

We further tested the autoprocessing and proteolytic activity of VrMC5 variants in 

the presence of Ca2+. Same reaction condition set as described above, 10 μg purified 

proteins and 5 mM Ca2+ were added and incubated at room temperature. Neither 

variant C139A or R226G showed any obvious Ca2+-induced processing patterns on 

SDS-PAGE, while variant S190A was activated by Ca2+ (Figure 3.16 A). In addition, 

GRRase activity assay exhibited that variant C139A and R226G showed null 

GRRase activity while this enzymatic activity was impaired in variant S190A 

(Figure 3.16 B). These results proved that Cys-139 and Arg-226 are critical for the 

self-processing and catalytic activity of VrMC5. 
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Figure 3.15 Ca2+ greatly facilitates the autolysis processing and GRRase activity of VrMC5. 

A, Calcium facilitates the autocatalytic processing of VrMC5 in a concentration-dependent manner. 

Mixtures were separated on 12% SDS-PAGE and bands were visualized by Coomassie Blue 

staining. B, Effect of EGTA on self-processing of VrMC5 in the presence of 5 mM Ca2+, full-

length VrMC5 bands significantly retained after sufficient EGTA addition. Mixtures were 

separated on 12% SDS-PAGE and bands were visualized by Coomassie Blue staining. C, VrMC5 

GRRase activity was readout as relative fluorescence units (RFU), Ca2+ dependent activation 

profile of GRRase activity. 
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Figure 3.16 Self-processing and proteolytic activity of VrMC5 depends on site Cys-139 and 

Arg-226. A, Ca2+ dependent autolysis of VrMC5 variants in vitro. Mixtures were separated on 12% 

SDS-PAGE and bands were visualized by Coomassie Blue staining. B, Relative GRRase activity 

of each variants in the presence of 10 mM Ca2+, mutants C139A and R226G completely lost 

catalytic activity, and GRRase activity was impaired in mutant S190A. 30-40 nM purified proteins 

were tested in enzymatic activity assay.
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3.2 Chapter 2: Cell permeating peptide inhibits VrMC5 activity. 
In the previous approach, I have used overexpression of VrMC5 are specific mutants 

thereof as gain of function strategy. This leads to the question, what the phenotype 

of a loss-of-function would be. To generate a VrMC5 defective mutant would require 

a targeted knock-out. While this would be principle possible using a CRISPR-Cas 

strategy, for BY-2 cells, the success of this approach has remained limited, 

culminating in complex chimeras, which had been proposed to be a consequence of 

the rapid division of those cells (Mercx et al., 2016). Hence, I decided to use 

chemical engineering as a novel strategy to control protein function. In order to 

deliver functional cargos into cells, cell-penetrating peptides (CPPs) serve as a 

vehicle to mediate the plasma membrane passage of those cargos to interact with 

their intracellular targets. 

 

3.2.1 Cellular uptake of LMTP-peptide in BY-2 cell 

Lipid-membrane-translocating peptide (LMTP) is one of most common and 

effective carriers that we used in this study. The polypeptide fragment applied in this 

study is derived from Apoptotic Suppressor p35, which could attack the catalytic 

cysteine of caspase 3 and denature it (Stefan J. Riedl, 2001; Matza-Porges et al., 

2003). We aimed to manipulate Vitis metacaspase 5 activity via delivering this 

LMTP-peptide (sequence: KKAAAVLLPVLLAAP-VDQMDG-amide) into BY-2 

cells.  

 

A time-course experiment was conducted with BY-2 wild type cells to gain insight 

into the cellular uptake aspect of LMTP-peptide. Rhodamine B conjugated with 

LMTP-peptide was utilized to visualize the uptake of the peptide. 3-day-old non-

transformed BY-2 cells were incubated with 1 μM Rhodamine B-LMTP-peptide and 
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the rhodamine signal was followed by spinning disc microscopy at an excitation 

wavelength of 561 nm. At the early stage of uptake (15 min and 30min), signal 

increased slowly but rapidly accumulated after the first hour. Signal in most of cells 

went up saturation at 2 h after incubation (Figure 3.17).  

 

 
Figure 3.17. Time course for the uptake of LMTP-peptide into non-transformed BY-2 cells. 

1 μM LMTP-peptide labelled with Rhodamine B incubated with 3-day-old cells. Observations are 

representative of three independent experiments with a population of 100 individual cells for each 

biological experiment. Exposure time was fixed as 500 ms. Scale bar=10 μm. 

 

3.2.2 Subcellular localization of LMTP-peptide 

The LMTP-peptide was designed to bind to metacaspase conserved catalytic site, 

therefore we verified the LMTP-peptide subcellular localization in VrMC5-GFP 

overexpression cells. 1 μM Rhodamine B-LMTP-peptide was incubated in VrMC5-

GFP for 2h and washed thoroughly, the rhodamine signal was observed throughout 

the cytoplasm and overlapped with filamentary structure (Figure 3.18 A). Moreover, 

there were two localization patterns in TuA3-GFP, one was like in VrMC5 (Figure 
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3.18 B), the other was specifically co-localized with microtubule filaments (Figure 

3.18 C). 

 

Since LMTP-peptide could bind to microtubules, we further investigated the peptide 

performance in TuA3-GFP during mitosis. 1 μM LMTP-peptide coupled to 

Rhodamine B was incubated in active proliferation status TuA3-GFP cells. The clear 

co-localization between microtubules and LMTP-peptide was shown in Figure 3.19 

This tight relevance was recorded in both proliferating or the stationary phases of 

the cell, except in cytokinesis phase. And this only was observed in TuA3, not in 

other cell lines, like wt or GF11 (Figure 3.17 and Figure 3.22 A-C). 
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Figure 3.18 Localization of the LMTP-peptide in transformed BY-2 cells. A, Localization of 

LMTP-peptide in VrMC5-GFP cells. B and C, Localization of LMTP-peptide in TuA3-GFP cells. 

1 μM LMTP-peptide was incubated in cells for 2 hours. The representative cells showed merged 

z-stack of confocal sections from mid-plane. Scale bar=10 μm. 

 
 

 

Figure 3.19 Localization of the LMTP-peptide in TuA3-GFP during mitosis. Peptide was 

visualized in 5-day-old TuA3-GFP cells during different phases of mitosis. 1 μM LMTP-peptide 

was incubated in cells for 2 hours. The representative cells showed merged z-stack of confocal 

sections from mid-plane. Scale bar=10 μm. 
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3.2.3 LMTP-peptide is taken up into cell through endocytosis  

To find out whether endocytosis is required for cellular uptake of the peptide, we 

used an endocytosis inhibitor to disrupt the processing passage. Ikarugamycin (IKA) 

could specifically block clathrin-mediated endocytosis, but not other endocytosis 

pathways (Elkin et al., 2016). TuA3-GFP cells at day 7 after subcultivation were 

pretreated with 10 μM Ikarugamycin for 30 min, and further incubated with 1 μM 

LMTP-peptide for additional 2 h to ensure that the peptide was fully taken up. In 

contrast to complete uptake of the peptide (Figure 3.20 A-C), pretreatment with 

Ikarugamycin evidently showed that the uptake of the LMTP-peptide was blocked 

efficiently, signal was predominantly confined in the cell wall (Figure 3.20 D-F). 

These results showed that the uptake of LMTP-peptide into cell depends on 

endocytosis. 
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Figure 3.20 Inhibitors of endocytosis impair the cellular uptake of LMTP-peptide into TuA3-

GFP cell. Control cells (A-C) showed co-localization of microtubules and LMTP-peptide, in 

comparison to cells that were pretreated with endocytosis inhibitor 10 μM Ikarugamycin for 30 

min (D-F). The GFP signal indicated tubulin (A, D), the rhodamine signal indicated the LMTP-

peptide (B, E), and the merged signal (C, F) is shown for representative cells. The representative 

cells showed merged z-stack of confocal sections from mid-plane. Scale bar=10 μm. 

 

3.2.4 Uptake of LMTP-peptide depends on microtubules, not actin 

To address the role of cytoskeleton in the cellular uptake of LMTP-peptide, GF11 

and TuA3-GFP were used as reporter for actin filaments and microtubules, 

respectively. Since this peptide could bind to microtubules, we assumed that the 

uptake was relevant to microtubules. TuA3-GFP cells were pretreated with 10 μM 

oryzalin, a plant-specific inhibitor to depolymerize microtubules, for 1 h, before 

incubation with 1 μM LMTP-peptide for additional 2 h. Compared to the control 

condition, rhodamine signal still was overlaid with tubulin despite the tubulin has 

been disassembled and rhodamine signal became slightly weaker (Figure 3.21 D-

F).  

 

However, when the GF11 cells were pretreated for 1h with 10 μM of Latrunculin B, 

a specific inhibitor that prevents actin assembly, followed by 2 h peptide incubation, 

actin filaments were eliminated completely (Figure 3.22 D). Although actin had 

been disintegrated by Latrunculin B, the pretreated cells were able to take up LMTP-

peptide effectively as normal (Figure 3.22 E and F). In contrast, in the control cells 

rhodamine signal was distributed throughout the entire cytoplasm, highlighting a 

few filaments supposed to be microtubules (Figure 3.22 B). These observations 

showed that microtubules are involved in LMTP-peptide uptake, while actin not. 
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Figure 3.21 Uptake of LMTP-peptide requires microtubules. 7-day-old microtubule marker 

line TuA3-GFP cells were incubated with 1 μM of LMTP-peptide for 2h either without (A–C) or 

with (D–F) microtubule depolymerizing drug oryzalin (10 μM, 1h). The GFP signal indicated 

tubulin (A, D), the rhodamine signal indicated the LMTP-peptide (B, E), and the merged signal 

(C, F) were shown for representative cells. The representative cells showed merged z-stack of 

confocal sections in the mid-plane. Scale bar=10 μm. 
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Figure 3.22 Acin filaments are not relevant for uptake of LMTP-. 3-day-old actin 

marker line GF11 cells were incubated with 1 μM of LMTP-peptide for 2 h either without 

(A–C) or with (D–F) Latrunculin B (10 μM, 1h) to eliminate actin filaments. The GFP 

signal indicated actin (A, D), the rhodamine signal indicated the LMTP-peptide (B, E), and 

the merged signal (C, F) were shown for representative cells. The representative cells 

showed merged z-stack of confocal sections from the mid-plane. Scale bar=10 μm. 

 

3.2.5 LMTP-peptide could relieve actin depolymerization to Z-3-hexenal 

Since we had proved that LMTP-peptide could target to microtubules, as well as 

metacaspase 5, we therefore explored the potential effect of LMTP-peptide on 

biological changes of BY-2 cells induced by Z-3-hexenal. We already knew that Z-

3-hexenal could trigger actin depolymerization and uptake of peptide did not depend 

on actin, we asked whether a pretreatment with LMTP-peptide could mitigate this 

morphological damage of actin. We followed the actin response to 3-day-old GF11 
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cells pretreated with 1 μM of LMTP-peptide for 2 h and additional 10 min incubation 

with 12.5 μM Z-3-hexenal. Actin filaments in a few cells remained at a semi-

integrated status, exhibiting the co-existence of integrated filaments and punctate 

structure (Figure 3.23 A). The quantification of distribution of cells with different 

actin responses showed that only few cells with integrated actin meshwork could be 

observed in Z-3-hexenal treatment, while the ratio of cells along with integrated and 

semi-integrated actin was increased to 3.2 % and 6.3% under LMTP-peptide 

pretreatment condition, respectively (Figure 3.23 B).  

 

3.2.6 LMTP-peptide could decrease cell death induced by Z-3-hexenal and 

harpin 

As a tool for chemical manipulating metacaspase 5, the potential effect of LMTP-

peptide on mortality in VrMC5 cell line was examined. 1 μM LMTP-peptide was 

added prior to Z-3-hexenal or harpin treatment, which remarkably suppressed the 

mortality in VrMC5 caused by Z-3-hexenal or harpin. Even in wild type, this 

pretreatment reduced the low motality to even lower level (Figure 3.24 A). The 

suppression effect of peptide on cell death was significant when it was induced by 

harpin as well (Figure 3.24 B).  
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Figure 3.23 Effect of LMTP-peptide on actin depolymerization caused by Z-3-hexenal. The 

response of GF11 to Z-3-hexenal with 1 μM of LMTP-peptide pretreatment for 2 h. A, 

Representative cells showed three patterns of actin network morphology. B, Quantification of 

relative frequency distribution of cells with various actin patterns. Observations are representative 

of four independent experimental series with a population of 100 individual cells for each 

treatment. Scale bar=10 μm.
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Figure 3.24 Effect of LMTP-peptide on cell death caused by Z-3-hexenal and harpin. A, Cell 

mortality of wt and VrMC5 induced by 12.5 μM Z-3-hexenal, peptide was applied into cells 2h 

prior to addition of Z-3-hexenal, and mortality was scored after 15 min of treatment. B, Cell 

mortality of wt and VrMC5 induced by 30 μg/ml harpin, peptide was applied with harpin 

simultaneously into cells, and mortality was scored after 48h of treatment. Data represents the 

mean ± standard error (SE) of three independent biological replicates, asterisks indicate significant 

differences with** P<0.01 and *** P<0.001 (Student’s t-test). 

 

3.2.7 LMTP-peptide protects VrMC5 from autoproteolysis in the presence of 

Ca2+ 

It had been proved above that cell death induced by Z-3-hexenal in VrMC5 was 

relevant to VrMC5 self-processing and proteolytic activity, therefore we further 

tested the autoprocessing and proteolytic activity of VrMC5 in the presence of 

LMTP-peptide. Varying concentration LMTP-peptide was mixed with 10 μg 

purified proteins for 10 min in 100 μl reaction buffer and 1 mM Ca2+ was added for 

additional 10 min at room temperature. Upon addition of sufficient LMTP-peptide, 

full-length VrMC5 bands was slightly increased in the presence of Ca2+, and the 

smaller processing fragments decreased (Figure 3.25 A). Moreover, GRRase 

activity assay of VrMC5 was revealed that 20 μM of LMTP-peptide was able to 
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inhibit VrMC5 catalytic activity (Figure 3.25 B). Those results demonstrated that 

LMTP-peptide protects the autolysis processing and proteolytic activity of VrMC5. 

 

 

 

 

 

Figure 3.25 The effect of LMTP-peptide on autolysis processing and GRRase activity of 

VrMC5. A, LMTP-peptide bind to VrMC5 on the addition of 1 mM Ca2+, causing a small regain 

of full-length VrMC5 bands and protected VrMC5 from autoproteolysis in the presence of 1 mM 

Ca2+. The mixtures were separated on 12% SDS-PAGE and bands were visualized by Coomassie 

Blue staining. B, VrMC5 GRRase activity was suppressed with high concentration LMTP-peptide 

in the presence of 10 mM Ca2+. 33 nM purified VrMC5 was tested in the presence of 10 mM Ca2+ 

in enzymatic activity assay. 
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3.3 Summary of results 
In the first part of this study, we revealed some biological features of VrMC5 and    

how it regulates in cell death induced by Z-3-hexenal. The main findings are listed 

following: 

 

1) The heterologous expression of VrMC5 co-localizes with microtubules.  

 

2) As a type II metacaspase, VrMC5 requires self-processing for activation during 

the Z-3-hexenal triggered PCD.  

 

3) The autolysis and enzymatic activity of VrMC5 is calcium dependency.  

 

4) VrMC5 catalytic site Cys-139 and well-conserved site Arg-226 are essential for 

its autolysis processing and activity, while the other putative Ser-190 doesn’t affect 

autolysis but relates to VrMC5 acticity. 

 

5) VrMC5 is a positive regulator in Z-3-hexenal induced cell death and positively 

regulate SA signalling under induction of Z-3-hexenal. 

 

The second part described how a chemical tool, LMTP-peptide, manipulate VrMC5 

activity in vivo. We presented the uptake mechanism of short peptide and the effect 

of peptide on VrMC5. The main findings are: 

  

1) The uptake of LMTP-peptide is saturable and it through clathrin-dependent 

endocytosis to penetrate cell membrane. 
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2) LMTP-peptide not only targets at cytoplasm but also specifically at microtubules. 

 

3) LMTP-peptide endocytic uptake depends on microtubules but not actin filaments. 

 

4) LMTP-peptide could repress the cell death and actin depolymerization caused by 

Z-3-hexenal and harpin in VrMC5 overexpressor. 

 

5) LMTP-peptide inhibits enzymatic activity and auto-proteolysis of VrMC5  in the 

presence of Ca2+. 
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4 Discussion 

Almost every green plant could produce Green Leaf Volatiles (GLVs) to interact 

with their continuously changing environment. As one important group of volatile 

organic compounds, GLVs not only impart aromas and flavours to many natural 

foods but also emerge as key players in plant defence responses to pathogens or 

herbivores and plants priming (ul Hassan et al., 2015). The importance of GLVs in 

the plant response to microbial pathogen attack has been studied since the early 

1990s. In the last few decades, various studies have revealed the roles that GLVs 

play in plant physiology and defence, but the downstream signals and transduction 

mechanism leading to defence response remain elusive. In this study, we aim to 

explore the downstream molecular mechanisms in a typical GLV, Z-3-hexenal 

induced defence signalling. 

 

Meanwhile, mild or severe stress might qualitatively alter plant response, either 

leading to stress priming and adaptation or to hypersensitive response (HR) 

(Niinemets, 2010). Metacaspases as important executor in regulating HR have been 

identified in various organisms over a few decades. VrMC5 from a family of 

metacaspase in grapevine has been reported as a candidate to mediate HR, we then 

ask what the roles of VrMC5 play in Z-3-hexenal triggered cell death? 

 

The first half of this study, we present the cellular response and activation 

mechanism of VrMC5 in Z-3-hexenal induced signalling. We have shown VrMC5 

positively regulates HR-related cell death and basal immunity activated by JA could 

mitigate this cell-death. Moreover, We also reveal a short peptide as the chemical 
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engineering tool manipulates VrMC5 enzymatic activity in vitro and uptake 

mechanism of  the peptide. 

 

4.1 Biological characterization of VrMC5 

4.1.1 The heterologously expressed VrMC5 co-localizes with microtubules 

Previous work in our lab has analyzed the secondary structure of VrMC5 and 

predicted VrMC5 does not target in any organelle, implying that VrMC5 protein is 

probably located in the cytoplasm. Microscopy observation in stable expression of 

VrMC5-GFP living cell showed more details, for instance the morphological change 

in the nucleus during mitosis. This pattern is similar to microtubules array during 

cell division, during which cortical microtubules arrays are gradually replaced by 

PPB, spindle and phragmoplast. The further study presented the co-localization 

between VrMC5 and microtubules, which is distinct from other reported 

metacaspases in high plants (Figure 3.1). 

 

Features on the subcellular localization could provide potential protein-protein 

interactions. For example, rice metacaspase OsMC1 was exclusively localized in the 

nucleus, whereas OsMC3 was found to distribute both in the cytoplasm and nucleus, 

furthermore, OsMC1 interacted with OsLSD1 and OsLSD3 while OsMC3 only 

interacted with OsLSD1 (Huang et al., 2015). Arabidopsis AtMC5 localized in 

cytosol and nucleus, interacting with AtDAD1, a transmembrane protein in the ER 

network surrounding the nucleus, to regulate cell death. Except for unknown 

substrates of VrMC5, the co-localization with microtubules of VrMC5 also led to 

the question, whether VrMC5 is involved in non-death pathway. 
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4.1.2 Interaction between VrMC5 with cytoskeleton 

It has to be noted that VrMC5 fused with GFP at C-terminus and the co-localized 

signal of GFP might be the cleaved fusion protein due to self-processing of VrMC5. 

Further biochemical analysis using EPC affinity revealed that VrMC5 directly binds 

to α-tubulin (Figure 3.2), not only binds to tyrosinated α-tubulins but also 

detyrosinated α-tubulins, that indicates the correlation between VrMC5 and dynamic 

microtubules.   

 

Associating with the role of microtubule in cell division and VrMC5 localization 

pattern, it has a possibility that VrMC5 might plays a function in cell proliferation. 

It is the first time to propose this hypothesis in plants, while in parasitic protozoa 

and yeast several metacaspases have been found to regulate cell proliferation (Helms, 

2006; Ambit et al., 2008; Cookson et al., 2008). Leishmania major, its metacaspase 

LmjMCA relatively disperses throughout the cell during interphase but tends to 

concentrate in the kinetoplast during mitochondria segregation and it also 

translocates to the nucleus to associate with mitotic spindle during mitosis. 

Overexpression or deletion LmjMCA resulted in either growth defect with 

impairment of cytokinesis or inviability, suggesting this protein is essential during 

cell division (Ambit et al., 2008).  

 

Apart from microtubules, actin filaments also showed a connection with VrMC5. 

Analysis of actin in VrMC5-GFP cells presented the actin overlapped GFP signal of 

VrMC5 (Figure S1). During cell death, in order to achieve such dramatic 

morphologic changes, apoptotic cells make profound cytoskeleton reorganizations 

(Ndozangue-Touriguine et al., 2008). On the other hand, actin as a typical substrate 

of caspases during apoptosis has been found among targets of Arabidopsis 

metacaspase AtMC9 (Mashima et al., 1999; Tsiatsiani et al., 2013).  Our study also 
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exhibited the alteration of VrMC5 subcellular expression pattern under inducer Z-3-

hexenal or harpin (Figure 3.4 A). Actin architecture was broke down after harpin 

elicitation and punctate distribution throughout the cell under Z-3-hexenal 

induction(Figure 3.3 A). Regarding microtubules response, radial microtubule 

elimination but cortical microtubules remained integrated caused by harpin, while 

Z-3-hexenal dramatically resulted in microtubules depolymerization in a spotty 

pattern (Figure 3.3 B) (Guan et al., 2013). The subcellular response of VrMC5 to 

elicitors was highly similar to microtubules, whereas actin response had less 

similarity. Our results suggest VrMC5 has close interaction with the cytoskeleton, 

especially with microtubules, that would guide further study to explore its potential 

function on cell proliferation or the roles on cytoskeleton reorganization during cell 

death. 

 

4.2 VrMC5 acts as a positive regulator in Z-3-hexenal triggered HR 

cell death 
Contribution of GLVs in relation to decreasing the infection and inhibiting the 

growth of bacteria has been documented. There are several examples that GLVs are 

emitted by plants upon biotic stress caused by pathogens, some volatiles may play a 

role in hypersensitive response. For instance, upon Pseudomonas infection, Lima 

bean leaves release sufficient amounts of E-2-hexenal and Z-3-hexenol to inhibit 

bacterial growth in vitro (Croft et al., 1993). Additionally, meta-analysis suggested 

that the lower conversion from Z-3-hexenal to E-2-hexenal after fungal treatment 

and herbivory, on the other hand, clearly increases the conversion from Z-3-hexenal 

to E-2-hexenal (Ameye et al., 2018). The idea that volatiles can initiate plant defence 

responses has been confirmed since a few decades ago. Treating plants with GLVs 

can induce the expression of several defence-related genes and downstream 
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metabolites production (Kant et al., 2009; Karban et al., 2014; Engelberth et al., 

2013). Since the previous study revealed that Z-3-hexenal acts as cellular signal 

rather than as toxic executor of cell death while E-2-hexenal not (Akaberi et al., 

2018), the downstream response of this signalling is worth to investigate. 

 

Although the metacaspase family of grapevine has been previously characterized 

(Zhang et al., 2013), few of the family members has been studied for the biological 

function in plant hypersensitive response (HR) by analysing their induction fold 

under infection (Gong et al., 2019). Our molecular and genetic studies provided 

evidence that VrMC5 is involved in facilitating cell-death induction upon treatment 

with Z-3-hexenal and bacterial elicitor harpin. Phenotypic studies revealed that 

overexpression of VrMC5 results in a significantly increased mortality and disperses 

throughout cell along with the disintegration of cytoskeleton under Z-3-hexenal 

(Figure 3.4 A and B). These data supported the function of VrMC5 as a positive 

mediator of cell death triggered by biotic types of cell-death inducers. That is similar 

to the phenotypes of VrMC5 and VrMC2 overexpressors to harpin-induced cell death. 

 

As VrMC5 overexpressor was sensitive to Z-3-hexenal, our biochemical analysis 

using anti-GFP antibody revealed that VrMC5 degraded in multiple forms with 

various molecular masses, including proenzyme and processed degraded forms 

(Figure 3.4 C). It was noted that degradation or processing of VrMC5 is apparently 

dependent on treatment time and sensitive to Z-3-hexenal. The drawback here was 

the antibody used to detect the accumulation of degraded forms of VrMC5. Unlike 

the antibody targeting to the specific region of metacaspase (for example, anti-

AtMCP2d antibody), the anti-GFP was limited to detect the fragments with C-

terminal, that explained why the accumulation pattern of degraded VrMC5 is 

inconsistent with AtMC4 (Watanabe & Lam, 2011a). Although VrMC5 
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overexpressor showed the increased sensitivity of cell-death to harpin, the elicitor 

did not affect the processing of VrMC5 (Figure S2). It is intriguing that the self-

processing of AtMC4 was highly correlated with the induction of a PCD-inducing 

mycotoxin FB1 and pathogen-induced cell death (Watanabe & Lam, 2011a).  

 

In plants, one of the prominent molecular events that lead to HR is the accumulation 

of SA, changes in transcriptional reprogramming, intracellular calcium levels and 

production of antimicrobial compounds. In additionally, the disruption of actin 

filaments leads to the induction of the SA pathway in Arabidopsis and tobacco 

(Kobayashi & Kobayashi, 2007; Matoušková et al., 2014). Therefore, the signalling 

pathway induced by Z-3-hexenal, resulting in actin depolymerization and cell death, 

is supposed to be associated with SA signalling. Thus, we found by quantitative RT-

PCR analysis that center genes for SA synthesis PALA, PALB and ICS1 significantly 

upregulated than during Z-3-hexenal-induced cell death (Figure 3.9 A-C) in VrMC5 

overexpressor than wt, representing two branches of SA synthesis, phenylalanine 

ammonia lyase (PAL) pathway and isochorismate synthase (ICS) pathway are highly 

activated and VrMC5 could enhance the activation. Meanwhile, the expression of a 

defence-related SA marker gene PR-1 (pathogenesis-related 1) was investigated, 

suggesting Z-3-hexenal could induce the activation of the SA signalling and VrMC5 

positively upregulated SA response (Figure 3.9 D). Thus, it demonstrated that 

VrMC5 plays a positive role in SA signalling pathway triggered by Z-3-hexenal. 

 

If Z-3-hexenal induced cell-death related signalling, activation of jasmonic acid (JA) 

signalling should produce an antagonistic effect. Exogenous application of JA is 

known to elevate basal immunity level to promote the resistance to necrotrophic 

pathogens, whereas the HR to biotrophic pathogens is often suppressed by JA (Yan 

& Xie, 2015). As expected, exogenous JA pretreatment could repress the Z-3-
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hexenal-induced mortality in the VrMC5 overexpressor (Figure 3.11 A), which 

meant Z-3-hexenal causes cell-death related signalling that VrMC5 acts in, and JA 

as a signal to activate basal immunity mitigate cell death in the VrMC5 overexpressor. 

  

4.3 Self-processing is essential for VrMC5 activation during cell death 
VrMC5 as a typical type II metacaspase requires cleavage within linker region to be 

activated. In this thesis, we provided evidence that its autolysis processing and 

endopeptidase activities of VrMC5 are strictly Ca2+-dependent, and identified the 

catalytic site Cys-139 and cleaved site Arg-226 are essential for its activation and 

biological function during cell death.  

 

Previous studies on the mechanism of autolysis processing of AtMC4 and AtMC9 

indicated that cleavage at site Arg-183 and Lys-225 are required for their 

endopeptidase activity (Vercammen et al., 2004; Watanabe & Lam, 2011a). 

Additionally, it is noted that Lys-225 of AtMCP4 and catalytic site Cys-139 located 

at a highly conserved region in all reported type II metacaspase (Klemencic & Funk, 

2019). Analysis of catalytically inactive and autolysically inactive forms of VrMC5 

expressed in BY-2 cells indicated that fully functional VrMC5 largely depends on 

its self-processing and specific cleavage at Arg-226 and its catalytic activity are 

prerequisite for the self-processing (Figure 3.6 B, Figure 3.8 A and B). This is 

consistent with the observed behavior of recombinant VrMC5 variant proteins in 

vitro that specific processing at Arg-226 of VrMC5 and its catalytic site Cys-139 are 

indispensable for Ca2+-induced enzymatic activation and self-processing (Figure 

3.14 B and Figure 3.16). Those observations suggested that VrMC5 processing is 

necessary for the enzyme to be active and tight control of activation mechanism for 

VrMC5 is critical for maintaining proper activation during PCD.  
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Ca2+ is one of the most important signals in most aspects of growth and development, 

as well as responses to biotic and abiotic stresses. Our biochemical characterized 

VrMC5 is a Ca2+-activated protease. Low concentration of Ca2+ (1 mM) could induce 

autocatalytic processing of VrMC5 (Figure 3.15 A), whereas the low concentration 

Ca2+ only stimulate a weak level of the VrMC5 GRRase activity, the enzymatic 

activity of VrMC5 can be stimulated much more strongly by a higher concentration 

of Ca2+ in a range of 10–50 mM (Figure 3.15 C). The one explanation for the 

increased Ca2+ concentrations requirement might because of low binding affinity for 

Ca2+. On the other hand, it has been proved intermolecular processing of 

recombinant AtMC4 can occur only at a minor level in vitro assay condition, and 

Ca2+ predominantly facilitates further intramolecular processing mediated by initial 

activation of AtMC4 (Watanabe & Lam, 2011b). 

 

4.4 Cell penetrating peptide manipulates VrMC5 activity 
In classical genetic research, overexpression and gene loss-of-function is the general 

tool to manipulate protein function. In the present study, we have generated 

overexpression VrMC5 mutants to demonstrate the features and role of VrMC5. On 

the other hand, a loss-of-function of VrMC5 remains elusive, to generate a VrMC5 

defective mutant, the effective approach CRISPR-Cas9 could be used. However, in 

suspension cells, the efficiency of this approach was limited because of complex 

chimeras (Mercx et al., 2016), thus the chemical engineering was used as a novel 

strategy to control protein function. In direct analogy to classical genetics, reverse 

chemical genetic approaches are ideal for identification of a known protein target. 

Like the use of knock-out in classical genetics, the overexpression of target protein 

is inhibited by the screened small molecule that modulates the function of the protein 
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and elucidates the phenotypic consequences of altering the function of the target 

protein in a cellular context (Blackwell and Zhao, 2003). 

 

In this study we demonstrated expression of a functional short peptide (LMTP-

peptide) containing the DQMD core sequence target to metacaspase and the 

subsequent alteration of cellular phenotype to PCD resistance. The sequence of 

metacaspase inhibitory peptide is inspired by the caspase inhibitor P35 protein. P35 

is capable of binding to the active site of caspases through its pseudo-substrate motif 

DQMD and inhibits the activity of caspases (Zhou et al., 1998). Several studies have 

indicated that synthetic peptide harboring the DQMD served as efficient targets for 

several caspases and may inhibit a wide range of caspases (Talanian et al., 1997; 

Ekert, 1999; Matza-Porges et al., 2003).  

 

4.4.1 Cellular uptake mechanism of metacaspase inhibitory peptide 

Uptake process of a cell-penetrating peptide involves interaction with the target site, 

saturability and internalization mechanism.  Considering that multiple metacaspases 

are expected to be targets for LMTP-peptide, the uptake should be saturable. 

Monitoring the cellular uptake of LMTP-peptide over 3 hours, we found that the 

uptake was increased over time and clearly was saturable (Figure 3.17). This CPP 

carrier LMTP exhibits high efficiency in translocating cargo peptide due to its 

amphipathicity. The previous work also compared the cell-penetrating ability of 

different variety of CPPs to deliver GFP into cells. It revealed that the more 

hydrophobic, amphipathic CPP transporter was found to be the most efficient CPP 

for delivering an organic fluorophore into mammalian cells among their 

candidates(Patel et al., 2019). 
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To prove the predicted inhibition to metacaspase of the peptide, we colocalized the 

LMTP-peptide with stable VrMC5 overexpression line VrMC5-GFP and 

microtubules marker line TuA3-GFP. The localization of peptide varies in the 

different cell line. It was shown that LMTP-peptide not only distributes throughout 

the cytosol but also targets to microtubules, especially during mitosis in TuA3, that 

is consistent with VrMC5 localization pattern (Figure 3.18 and Figure 3.19). 

However, in actin marker cell line GF11, LMTP-peptide only disperses within the 

cytoplasm.  It could be understand that LMTP-peptide tends to target to VrMC5 than 

other endogenous metacaspases in VrMC5 overexpression cells, in which case, 

LMTP-peptide localized in correspondence to the VrMC5.  

 

In order to gain the mechanism of the internalization of LMTP-peptide, we used 

Ikarugamycin (inhibitor of clathrin-dependent endocytosis) to pretreat the cells. In 

the presence of inhibitors, the observed patterns were significantly different: after 

treatment only few residual signals could be seen at the periphery of cell walls 

(Figure 3.20 E and F). The mode of action of Ikarugamycin has been demonstrated 

that IKA appears to block the maturation and pinching off of clathrin-coated pits 

(CCPs) and disrupts Golgi morphology in a disorganized and vesiculated form 

(Elkin et al., 2016). This suggests that the LMTP-peptide is taken up by endocytosis, 

and this endocytosis is clathrin-dependent. 

 

In plants, microtubules and actin filaments provide force to deform and assist in the 

scission of membranes, the spatial organisation of endocytic trafficking requires 

actin and microtubule cytoskeletons to facilitate endosomal sorting and recycling 

(Granger et al., 2014).  Our data indicated when we disintegrated actin using 

Latrunculin B, the LMTP-peptide was still taken up in the same manner as in the 

controls, where actin meshwork was intact (Figure 3.22). However, pretreatment 
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with microtubule inhibitor Oryzalin, leaving weaker and punctate signals overlaid 

with depolymerized microtubules (Figure 3.21 D-F). Since vesicular trafficking is 

dependent on the microtubules network, we assumed that Oryzalin eliminates this 

membrane-associated, highly dynamic population of microtubules, which will 

disrupt the internalization process. This concept has been established that the 

integrity of the MT cytoskeleton is necessary to control exo-endocytosis events in 

the tip. MT depolymerization in the apex and shank induce endosome misallocation 

(Idilli et al., 2013). 

 

4.4.2 LMTP-peptide efficiently alleviates cellular stress responses 

The target of peptide delivery in the current study to is aimed at blocking PCD 

mediated by metacaspase. We analyzed the ability of this short peptide to inhibit 

mortality or cell death-related cellular response induced by two inducers Z-3-hexenal 

and harpin.  

 

When the cellular effect of Z-3-hexenal on a GFP actin marker cell line with LMTP-

peptide pretreatment was tested, a growth of the percentage of cells with integrated 

and semi-integrated cortical actin for Z-3-hexenal was observed (Figure 3.23 B). 

Actin depolymerization is a hallmark for programmed cell death (Doncel et al., 

2017), the suppression of actin response implied the peptide might contribute to the 

resistance of PCD.  

 

Since described above VrMC5 is a positive effector metacaspase of PCD pathways, 

the inhibition of VrMC5 was investigated by different experimental methods, 

including inhibition of cell death in VrMC5 overexpression cells or inhibition of 

cleavage processing and activity of VrMC5 in vitro. As shown by measuring cell 



 Discussion  

 90 

viability after treatment with these two PCD inducers (Figures 3.24), the LMTP-

peptide abrogates PCD through death receptor pathway pathways. Interestingly, 

insertion of the core DQMD sequence into a heterogeneous scaffold polypeptide 

CrmA would change its specificity to inhibit caspase (Ekert, 1999). And both free 

DQMD peptide and the pDQMD vector was demonstrated similar activities in 

blocking apoptosis, in both the transient and the stable expression systems (Matza-

Porges et al., 2003; Matza-Porges et al., 2005). 

 

On the other hand, the reason that LMTP-peptide could mitigate cell death could be 

attributed to the suppression effect on the activity of VrMC5. The finding that high 

concentration of LMTP-peptide would to some extent prevent autolysis of VrMC5 

and inhibit VrMC5 GRRase activity (Figures 3.25). Both results suggest that the 

LMTP-peptide is capable of manipulating VrMC5 function no matter it is in vivo or 

in vitro, similar to the anti-apoptotic peptide DQMD (Matza-Porges et al., 2005). 

 

4.5 Conclusion 
In this study, we understand the biological function and activation mechanism of 

VrMC5 in Z-3-hexenal triggered HR cell death, and reveal part of molecular and 

cellular events underlying the response. The VrMC5 not only localizes in cytoplasm 

and nucleus but specifically co-localized with microtubules. In the simplified 

signalling model, Z-3-hexenal drives VrMC5 activation by cleaving at site Arg226 

in the Ca2+-dependent manner. The experiments in vitro indicate the catalytic site 

Cys139 is also essential for VrMC5 auto-cleavage and enzymatic activity. The 

inducer Z-3-hexenal is able to upregulate SA synthesize related genes and SA 

responsive gene expression so that activate SA signalling and induce HR cell death, 

while this upregulation and cell death could be repressed by exogenous JA. Inactive 
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proenzyme form of VrMC5 undergoes self-processing into active form then directly 

and positively regulates SA signalling pathway and HR cell death (Figure 4.1). 

 

Meantime, we generate a chemical tool for manipulation of VrMC5 activity. A short 

peptide with metacaspase functional inhibition suppresses the HR cell death induced 

by harpin and Z-3-hexenal, furthermore, peptide effectively inhibits the VrMC5 

GRRase activity in vitro experiment. In addition, the uptake mechanism of this 

peptide is revealed that it penetrates through the plasma membrane via clathrin-

dependent endocytosis. And microtubules are indispensable for its endocytic uptake 

while actin is optional. 
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Figure 4.1 Simplified model of VrMC5-mediated cell-death related signalling induced by Z-

3-hexenal. The diagram represents some of the characteristic features of VrMC5-mediated HR 

cell death that could occur in response to a green leaf volatile Z-3-hexenal in plants. Details are 

explained in the discussion. ROS: reactive oxygen species; SA: salicylic acid; JA: jasmonic acid; 

PAL: phenylalanine ammonia lyase; ICS1: isochorismate synthase; PR1: pathogenesis related 1; 

VrMC5: Vitis rupestris metacaspase 5; HR: hypersensitive response. 

 

4.6 Outlook 

4.6.1 Hunting the specific downstream events of Z-3-hexenal signal pathway 

The previous study has described either the actin response or increased cell death 

was not seen for Z-3-hexenal isomer, E-2-hexenal. When a biological response is 

elicited by a molecule, but not by its isomer, the effect cannot be caused by a general 

chemical effect, but by specific molecule interaction. The first possible explanation 

for the isomer specificity would be that this response is activated by a receptor. A 

competition experiment was conducted to testify whether Z-3-hexenal signalling is 

initiated by a certain receptor. The combination of Z-3-hexenal and E-2-hexenal 

caused an increased burst of cell death, even when E-2-hexenal in a low 

concentration (Figure S3). This combination effect of those isomers was similar to 

a synergistic effect, where multiple molecular mechanisms underlie it. They might 

target at the same event but different sites with direct contact and agonist site, or 

have different targets of the same pathways that regulate the same downstream 

component (Jia et al., 2009). Currently, most of the ongoing research on GLVs are 

limited to the roles they play in tri-trophic interactions and plant-plant 

communication, but the molecular mechanisms driving these processes are not clear. 

For example, what types of plant receptors can receive airborne signals? As the long-
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distance signals, how are the signals transmitted through receiver plants, and how 

do they induce a primming defence response? To understand the signalling 

mechanisms of these pathways at the genetic and molecular levels, the systematic 

approach or the genetic engineering tools and advanced biochemical strategies, such 

as epigenetic alterations, could be used for further study. For instance, previous 

research took a transcriptomics approach to screen genes that are only induced by E-

2-hexenal and identified WRKY6 and 40 act as important players transducing E-2-

hexenal perception (Mirabella et al., 2015). 

4.6.2 Functional features of VrMC5 in PCD 

In the present study, we described VrMC5 is indispensable in regulating PCD, and 

its activation requires self-processing cleaved at site Arginine 226 during cell death. 

The studies in the other organism revealed the broad range of pathways that 

metacaspases may regulate. For example, Type I MCs in the parasite Leishmania 

major also control the cell cycle and proliferation (Ambit et al., 2008). In addition 

to the biochemical approaches that have revealed the close interaction of VrMC5 

and microtubules. Thus, whether these functions are conserved in VrMC5 would be 

interesting to explore. 

 

So far, the only substrates known for metacaspases are the TSN (Tudor 

staphylococcal nuclease) protein by mII-Pa in spruce (Sundström et al., 2009), the 

GAPDH enzyme by Yca1p in yeast (Silva et al., 2011) and AtDAD1 (Defender 

against Apoptotic Death-1) by AtMC5 in Arabidopsis. Mass spectrometry or 

mRNA-display techniques could be used to approach for screen biological substrates 

for metacaspase family on a proteome-wide scale(Ju et al., 2007). Further peptide 

mapping could identify other functional cleavages sites that contribute to enzyme 
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activity and putative bystander sites that are cleaved following metacaspase 

activation (Lam & Zhang, 2012). 
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5 Appendix 

 
5.1 Suspension BY-2 cell used in this study and its cultivation 

conditions 

 
Name of the cell line Antibiotics Sources 

wild type none Nagata et al., 1992 

GF11 Hygromycin 30 μg/ml Sano et al., 2005 

TuA3 Kanamycin 25 μg/ml Kumagai et al., 2001 

VrMC5 Hygromycin 30 μg/ml This work 

VrMC5C139A Hygromycin 30 μg/ml This work 

VrMC5S190A Hygromycin 30 μg/ml This work 

VrMC5R226G Hygromycin 30 μg/ml This work 

 

 

5.2 Primers used for construction variants 

 
Table 5.1 List of primers used for VrMC5 overexpressor variants construction. 

Primers name Sequences (5’- 3’) 

VrMC5_C139A_F TACGATAGTGTCGGATTCGGCCCACAGCGGTGGCCTGAT 

VrMC5_C139A_R ATCAGGCCACCGCTGTGGGCCGAATCCGACACTATCGTA 

VrMC5_S190A_F GGAATTCAGCTCCCTGCGGCCTTGCAACACC 

VrMC5_S190A_R GGTGTTGCAAGGCCGCAGGGAGCTGAATTCC 

VrMC5_R225G_F   
GCGGCTATGTGAAGAGCGGATCTCTGCCGCTTTC 

VrMC5_R225G_R 
  

GAAAGCGGCAGAGATCCGCTCTTCACATAGCCGC 
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5.3 Vector used for recombinant expression of VrMC5 and its 

variants  
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5.4 Primers used for real-time qPCR analysis 

 
Table 5.2 List of primers used for expression analysis by qPCR. 

Gene name Sequence (5’-3’) 

EF1α 
Forward: TGAGATGCACCACGAAGCTCTTC 

Reverse: GCTGAAGCACCCATTGCTGGG 

PALA 
Forward: TTGACAGTGGCTCAAGTTGC 

Reverse: CACCACCATTCTTGGTCCTC 

PALB 
Forward: TGCTAATGGTGAACTTCATCCA 

Reverse: TGACATTCTTCTCACTTTCACCA 

ICS1 
Forward: TTGCTATAGTACGGGAGTGC 

Reverse: TCATCTTCAGTCTGGAGTCT 

PR1a 
Forward: GGATGCCCATAACACAGCTC 

Reverse: GCTAGGTTTTCGCCGTATTG 
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Figure S1. Actin filaments staining in VrMC5-GFP tobacco cell lines. Central 

and cortical actin filaments were visualized in VrMC5-GFP. Actin filaments are 

labelled using TRITC. Cells 3 days after subcultivation were stained. Scale bar=10 

μm.
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Figure S2. Self-processing of VrMC5 proteins during harpin-induced cell death. 

Cells after subcultivation were treated with 30 μg/ml harpin and samples were 

collected at time point after incubation, immunoblot analysis using anti-GFP 

antibody. 
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Figure S3. Dose response of E2HAL combined with Z3HAL on cell mortality. 

Cell mortality of VrMC5 and wt challenged with combination of Z3HAL (12.5 μM) 

and various concentration E2HAL treatment. Data represents the mean ± standard 

error (SE) of three independent biological replicates. 
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