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Scope 

In the last decade, a lot of research contributing to the multidisciplinary study of a group of stress-

inducible nucleocytoplasmic lectins has been done. It was proposed that some of these lectins are 

involved in endogenous signaling events induced in the plant upon stress. But little is known about 

their precise function and mode of action. In this work, research is focused on the lectin expressed in 

leaves from N. tabacum after jasmonate treatment or insect herbivory, called Nictaba. Hence, in 

Chapter 1 a review is given on the current literature of what is known about the tobacco lectin. Since 

Nictaba was suggested to interact with histone proteins, also a brief introduction to epigenetics, 

focusing on the regulation of transcription and stress is included.  

The first objective of this work was to characterize the tissue-specific expression of the tobacco lectin 

after jasmonate treatment during plant development. Therefore, in Chapter 2, the expression of 

Nictaba in the different plant tissues was followed during specific developmental stages using a GUS-

reporter assay in transgenic Arabidopsis and tobacco plants. In addition, the Nictaba promoter 

sequence was analyzed in silico, to identify promoter-responsive elements. 

Previously, it was shown that Nictaba is partly transferred into the nucleus due to the presence of a 

NLS. A second objective of this PhD research was to analyze the localization of Nictaba in the plant 

cell and to study nuclear transport of Nictaba. In Chapter 3, the subcellular localization of the lectin is 

assessed in different plant systems using different transformation techniques. The involvement of 

the NLS and the carbohydrate-binding activity of Nictaba in nuclear import were evaluated. Also the 

dynamic shuttling and mobility of the lectin inside the nucleus was analyzed. 

Recently, a proteomics approach revealed that core histone proteins are the interaction partners for 

Nictaba. Moreover, this interaction most probably occurs through the O-GlcNAc modification present 

on the histone proteins. A third objective of the research was to explore the O-GlcNAc modification 

on plant histones in more detail. In Chapter 4, we study the presence of O-GlcNAc on nuclear 

proteins of tobacco and especially on histone proteins. Since cell cycle dependency was shown for 

animal O-GlcNAc modifications on histones, it was investigated whether O-GlcNAc levels also change 

during cell cycle progression in plant cells.  

A fourth objective of the PhD was to corroborate the interaction between Nictaba and histones. In 

Chapter 5, this interaction was studied in detail. Plant histones were purified to examine their 

interaction with Nictaba in vitro. In addition, in vivo interaction studies were performed using 

microscopic techniques in an attempt to confirm the recognition and binding of Nictaba to tobacco 

histones. 
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1.1 The tobacco lectin, prototype of the family of Nictaba-related lectins 

1.1.1 Introduction 

Lectins are a group of ubiquitous proteins of non-immune origin which bind reversibly to specific 

carbohydrate structures. These sugar-binding proteins are found in a wide variety of organisms 

ranging from plants to animals, viruses, bacteria and fungi (Lannoo and Van Damme 2010). For a long 

time, plant lectin research has concentrated on the purification and characterization of abundant 

lectins, especially found in seeds and vegetative storage tissues. Most of these highly expressed 

lectins are synthesized with a signal peptide and consequently are targeted via the secretory 

pathway into the vacuolar or extracellular compartment (Van Damme et al. 2008). At present, it is 

believed that these so called “classical” lectins combine a defense-related role against herbivorous 

insects or animals with a function as a storage protein (Van Damme et al. 2004). In the last decade, 

evidence has accumulated for the existence of a new class of low abundant lectins, which are only 

expressed after exposure of the plant to different stress factors and changing environmental 

conditions, and are therefore referred to as “inducible” lectins. In contrast to the classical lectins, 

these stress-related lectins are expressed in low concentrations and reside in the nuclear and 

cytosolic compartment of the plant cell (Van Damme et al. 2004, Van Damme et al. 2008). 

All plant lectins known today can be classified in 12 families based on the sequence of the lectin 

polypeptides and the structure of their carbohydrate recognition domains (CRDs). Each CRD is 

characterized by its amino acid sequence, characteristic folding of the polypeptide and the structure 

of the binding site. Nevertheless, different CRDs can bind to similar glycan structures. According to 

the plant lectin classification system elaborated by Van Damme et al. (2008), all lectins that possess a 

similar carbohydrate binding domain should be grouped in one family.  

In this chapter, we will focus on proteins belonging to the family of Nictaba-related lectins. The 

Nicotiana tabacum agglutinin or Nictaba was one of the first plant lectins that was classified as an 

“inducible lectin” (Chen et al. 2002). This review will describe the occurrence and distribution of 

Nictaba-related sequences in the plant kingdom. The carbohydrate-binding properties and biological 

activities of the proteins will be presented and discussed in view of their physiological role in plants. 
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1.1.2 Discovery of Nictaba 

About a decade ago, Nictaba expression was first discovered in tobacco leaves of N. tabacum (cv 

Samsun NN) treated with methyl jasmonate (JAME) and jasmonate (JA). No lectin activity could be 

detected in leaves of untreated tobacco plants (Chen et al. 2002). Molecular cloning of the lectin 

yielded a cDNA sequence consisting of 498 nucleotides with a deduced amino acid sequence of 165 

residues. Since this polypeptide lacks a signal peptide, translation most probably occurs on free 

polysomes in the cytoplasm. Protein sequence analysis also identified a lysine-rich region 102KKKK105 

which is a predicted classical monopartite nuclear localization signal (NLS) (Chen et al. 2002).  

The tobacco lectin is a homodimer consisting of two identical non-covalently linked subunits of 19 

kDa. Besides the addition of an acetyl group on the first methionine, no post-translational 

modifications are found on the protein. Nictaba is stable at neutral and basic pH but in contrast to 

many other plant lectins, the protein is quickly inactivated in an acidic environment (pH < 5). 

Furthermore, the lectin loses its activity at temperatures above 55 °C (Chen et al. 2002). 

Nictaba is a genuine plant agglutinin since it can readily agglutinate human and animal red blood cells 

with a high preference for rabbit erythrocytes, the minimal concentration of the lectin for 

agglutination being 0.1 µg/ml, when trypsin-treated rabbit cells are used. Hapten inhibition assays 

revealed that N-acetylglucosamine (GlcNAc), GlcNAc oligomers and some animal glycoproteins (e.g. 

fetuin and ovomucoid) can inhibit this agglutination. GlcNAc oligomers are better inhibitors 

compared to the monosaccharide GlcNAc in the following order: chitotetraose, chitotriose and 

chitobiose. Surface plasmon resonance (SPR) experiments revealed that of all chito-oligosaccharides 

tested, (GlcNAc)3 showed the strongest interaction with Nictaba (Chen et al. 2002). These results 

have been confirmed by glycan array experiments using fluorescently labeled Nictaba. In addition, 

the glycan array also revealed interaction of Nictaba with high-mannose and bi-antennary N-glycans 

with terminal galactose (Gal), GlcNAc and N-acetylgalactosamine (GalNAc). Nictaba displays a 

significantly higher affinity towards N-glycans compared to the chito-oligosaccharides. A detailed 

study of the glycan array results indicated that the Nictaba binding site is most complementary 

towards (Man)3β1-4GlcNAcβ1-4GlcNAcβ-N-Asn (Lannoo et al. 2006b). To explain the binding of 

Nictaba to multiple sugar structures with different terminal carbohydrate residues, the hypothesis 

was put forward that Nictaba specifically interacts with the inner Man3GlcNAc2 core of the N-glycans 

which is identical for both complex and high-mannose N-glycans (Schouppe et al. 2010). Recently, 

saturation transfer difference NMR analyses have been performed to specifically study the 

interaction of glycan structures in the Nictaba binding site and to unravel the molecular basis for the 

specificity and affinity of this interaction (Gheysen 2011). These NMR studies confirmed that Nictaba 
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has the highest affinity towards the Man3GlcNAc2 core and chitotriose. In addition, the results 

suggest that at least two GlcNAc residues are necessary for the interaction with Nictaba, and the 

intensity of the binding increases with longer GlcNAc oligomers up to 3 residues. NMR results 

corroborated that Nictaba is interacting with the Man3GlcNAc2 core structure of N-glycans (Figure 1.1 

A) and that the two GlcNAc residues are in closest proximity towards the Nictaba binding site (Figure 

1.1 B). 

 

Figure 1.1 Schematic representation of the interaction between the Nictaba binding site and the Man3GlcNAc2 

core (A) as deduced from saturation transfer difference NMR. Group epitope mapping was performed to show 

the proximity of the sugar residues from the Man3GlcNAc2 core in the binding site of Nictaba. The intensity of 

the red color reflects the closer proximity of Nictaba (B). Circles represent mannose residues whereas squares 

designate GlcNAc residues. 

1.1.3 Nictaba and Cucurbitaceae phloem lectins are evolutionary related 

BLAST sequence alignments revealed that the Nictaba sequence is evolutionary and structurally 

related to the sequences reported for different Cucurbitaceae phloem lectins (PP2). Furthermore, 

sequence alignments showed that the Nictaba sequence is much shorter (53 residues) at its N-

terminus compared to the PP2 sequences, and also lacks the cysteine-rich C-terminal domain (5 

residues) (Figure 1.2). The latter domain is required for Cucurbitaceae phloem lectins to interact with 

the phloem protein 1 (PP1) in the phloem exudates through multiple disulphide bridges (Chen et al. 

2002). However, PP2 and Nictaba clearly share a common CRD, showing 24.7 % sequence identity 

and 41.2 % sequence similarity between Nictaba and the Nictaba homolog from melon (Cucumis 

melo). If we consider the CRD as the smallest unit exhibiting the ability to interact with carbohydrate 

structures, the Nictaba domain can be regarded as the basic CRD, whereas PP2 sequences consist of 

multiple domains, one of which corresponds to a Nictaba domain linked to additional N- and C-
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terminal protein sequences. Hence, the Cucurbitaceae phloem lectins can be considered as a 

subgroup of the family of Nictaba-like proteins (Van Damme et al. 2008).  

 

Figure 1.2 Schematic representation of Nictaba and Cucurbitaceae phloem lectin sequences.  

1.1.3.1 Characteristics of Cucurbitaceae phloem lectins 

About three decades ago, strong agglutination activity was discovered in the phloem exudates of the 

cucurbit species pumpkin (Cucurbita maxima), cucumber (Cucurbita sativus) and melon (Cucurbita 

melo). These Cucurbitaceae phloem lectins were collectively called PP2. The pumpkin phloem lectin, 

renamed as PPL, is a 48 kDa dimer, consisting of two 26 kDa subunits linked by two disulphide 

bridges. This PPL is a structural protein which is highly abundant in phloem exudates (Sabnis and Hart 

1978, Read and Northcote 1983). The PPL subunit is encoded by a 654 bp open reading frame that is 

translated into a 218 amino acid polypeptide lacking a signal peptide (Bostwick et al. 1992).  

Physicochemical studies showed that this pumpkin lectin is unlike Nictaba stable up to 75°C (Narahari 

et al. 2010). Hapten inhibition assays for PPL yielded very similar results as for Nictaba in that only 

GlcNAc oligomers inhibited the agglutination of rabbit erythrocytes. Furthermore, the inhibition of 

the agglutination activity was also more successful for GlcNAc oligomers containing up to six GlcNAc 

residues (Narahari and Swamy 2010).   

To this date, no glycan array results are available for PPL, but the carbohydrate binding properties of 

the PP2-like lectin PP2-A1 from Arabidopsis have been determined using the same glycan array setup 

as used for Nictaba. Similar to PPL and Nictaba, PP2-A1 recognizes chitin oligomers, preferentially 

chitotriose but also chitopentose and chitohexose albeit with lower affinity. Furthermore, PP2-A1 

also binds with high-mannose N-linked glycans, with the common Man3GlcNAc2 core, and with the 

sialic acid derivative, 9-acyl-N-acetylneuraminic sialic acid. (Beneteau et al. 2010). 
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1.1.3.2 Three-dimensional conformation of Nictaba and PPL 

To analyze the secondary structural elements within Nictaba a circular dichroism (CD) spectrum and 

a hydrophobic cluster analysis (HCA) were made. Judging from the CD spectra, the Nictaba 

polypeptide folds into β-sheets (45%), β-turns and coils (55%), but has no α-helices. Furthermore, 

HCA results predicted that the putative NLS in the Nictaba sequence is located on an exposed loop 

connecting two strands of β-sheet and therefore accessible for NLS binding proteins (Chen et al. 

2002). 

A three-dimensional model of Nictaba was made based on the sequence homology between Nictaba 

and the carbohydrate binding module 22 of Clostridium thermocellum (Schouppe et al. 2010). This 

3D-model is composed of two β-sheets of four and five antiparallel β-strands linked via extended 

loops (Figure 1.3 a). Within this model, the NLS is easily accessible since it is located at the top of a 

well exposed loop as suggested by the HCA results. The molecular surface of Nictaba consists of an 

extended electronegatively charged groove and an additional electronegative pocket, separated by a 

β-strand, most probably corresponding to the sugar binding site of the lectin (Figure 1.3 b).  

The residues accounting for the electronegative character of the groove and the pocket are Glu138, 

Glu145 and Trp15, Trp22, respectively. To investigate the importance of these residues for the 

carbohydrate binding activity of the lectin, a mutational analysis was performed. Mutant lectin forms 

were expressed in Pichia pastoris and the sugar binding capacity of the recombinant proteins was 

evaluated (Schouppe et al. 2010). The authors demonstrated that the strongly conserved Trp15 

residue is essential for sugar binding activity. They suggested that the carbohydrate binding activity 

of the tobacco lectin is maintained by the central electronegative groove consisting of conserved 

glutamic acid residues and carbohydrate interactions are stabilized by the association between the 

indole group of Trp15 and the pyranose ring of the glycan structure (Schouppe et al. 2010).  
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Figure 1.3 Molecular modeling of Nictaba. Ribbon diagram showing the β-sandwich organization of Nictaba (A). 

Exposed Lys residues are represented in cyan sticks, Glu residues in red sticks and Trp residues in yellow sticks. 

N and C correspond to the N- and C-terminal ends of the polypeptide chain, respectively. Mapping of 

electrostatic charges on the molecular surface of the modeled Nictaba (B). The putative carbohydrate-binding 

groove is delineated by a dotted white line and the location of important residues is indicated. 

Electronegatively and electropositively charged areas are colored red and blue, respectively, neutral regions 

are shown in white. Figure from Schouppe et al. 2010. 

 

Similarly, a three-dimensional model of PPL was predicted by homology modeling using six 

templates, including the carbohydrate binding module 22 of C. thermocellum, and yielded 11.9% α-

helix, 32.1% extended strand, 32.1% β-turn and 23.9 % random coil (Figure 1.4). Interestingly, 

molecular docking showed that the binding pocket of PPL can accommodate up to three GlcNAc 

residues by water-mediated and van der Waals’ interactions. In the case of higher order chito-

oligosaccharides only a triose unit was interacting with the lectin, while the remaining GlcNAc 

residues were more or less hanging out of the binding pocket, indicating that two triose units can 

interact with the sugar binding site of two different molecules of PPL (Narahari et al. 2011).  
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Figure 1.4 Homology model of PPL generated by I-TASSER. Figure from Narahari et al. 2011. 

A comparison of the 3D-models for Nictaba and PPL reveals high similarity in the overall folding of 

the lectin polypeptides. The CRD of PPL consists of similar antiparallel β-strands and extended loops 

as observed in the 3D-model for Nictaba. Not surprisingly the N-terminal domain of PPL (absent in 

Nictaba) is completely different and folds as an α-helix structure.  

Narahari and Swamy investigated the exposure and accessibility of the tryptophan residues of PPL 

using fluorescence spectroscopy. Quenching analyses in the presence and absence of chito-

oligosaccharides were not significantly different, indicating that in contrast to Nictaba, Trp residues 

in PPL are not directly involved in the recognition and binding of carbohydrates (Narahari and Swamy 

2009).  
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1.1.4 Distribution of Nictaba-like sequences in the plant kingdom 

1.1.4.1 Occurrence of Nictaba-related sequences in different Nicotiana species 

The distribution of Nictaba-related sequences within the genus Nicotiana was analyzed by screening 

11 Nicotiana sections and 8 N. tabacum cultivars which were analyzed at genome level as well as at 

protein level. PCR amplification of sequences encoding Nictaba orthologs starting from genomic DNA 

was successful for 16 out of the 26 Nicotiana species/cultivars (Table 1.1) (Lannoo et al. 2006a). 

Upon sequencing, these genomic sequences were classified into three groups (i) containing a 

continuous complete ORF, (ii) containing one intron sequence or (iii) containing two intron 

sequences (Table 1.1). All sequences encoded Nictaba-like proteins consisting of 165 residues, 

showing at least 85% sequence identity to the Nictaba protein from N. tabacum cv Samsun NN.  

At protein level, lectin activity was studied in methyl jasmonate-treated leaf tissues using 

agglutination assays and Western blotting. Lectin concentrations in leaf extracts from N. tabacum 

cultivars were remarkably higher compared to extracts from other Nicotiana sections. No lectin 

expression was detected in tobacco species/cultivars from which no Nictaba-related gene was 

amplified at DNA level (Table 1.1) (Lannoo et al. 2006a, Lannoo 2007b).  
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Table 1.1 Overview of Nicotiana sections and N. tabacum cultivars tested for Nictaba-related sequences. 

 

l eet in 
Cont inuous ORF One intron sequence Two int ron sequences 

Nicotiana classification 
activity ~ p y 1- I I I 

Alotoe 
• N. a fa ta Link & Otto 
• N. langsdorffiiWeinmann 
• N. p/umbaginifolia Viviani + Plu 

Nicotiana 
• N. taboeurn L. 

o Havana 38 + Havl 
o Petite Havana + 
o Samsun NN + Saml Sam4 Sam2,Sam3 
o Samsun nn + 
o Wisconsin 38 + Wis 
o Xanthi NN + 
o Xanthi Smith + Xan 
o Bright Yellow-2 + BY-2 

Suaveolent es 
• N. africana Merxm + Afr l Afr2 
• N. suaveolens Lehmann + Sua 
• N. benthamiana Do min 

Tomentos oe 
• N. kawakamii Y. Oyashi + Kaw 
• N. otophora Grisebach + Oto 
• N. tomentaso Ruiz & Pavon + Toml 
• N. tomentosiformis Goodspeed + Tomfl, Tomf2, Tomf3 

Undulatae 
• N. glutinosa L. + Glu 
• N. undulata Ruiz & Pavon 

Noctif/orae 
• N. g/auca Graham 
Paniculatae 
• N. panicu/ata L. 

Petunioides 
• N. attenuata Torrey ex. 5. Watson 
Rustica 
• N. rustica L. 
Sylvestres 
• N. sylvestris Spegazzini & Comes 
Trigonophyl/ae 
• N. obtusifolia M. Martens & 
Galeotii 
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1.1.4.2 Occurrence of Nictaba-related sequences in some completely sequenced genomes  

A survey of the genome/transcriptome databases indicates that Nictaba orthologs are widespread 

among the Embryophyta but not common in other eukaryotes or prokaryotes. Besides N. tabacum 

and Arabidopsis thaliana, sequences containing a Nictaba domain have also been identified in many 

species throughout the plant kingdom. To get an idea about the distribution and evolution of the 

Nictaba domain, we have performed a detailed search in some completed plant genomes, 

representative for the different plant orders. In this selection, we included especially some plant 

species that are considered as model organisms. Our survey included rice as a monocot (Oryza 

sativa), as well as different dicots, such as Solanum lycopersicum (tomato), Cucumis sativus 

(cucumber). Furthermore we searched the genomes of the lower plants Selaginella moellendorffii 

and Physcomitrella patens. No Nictaba orthologs could be identified in Chlamydomonas reinhardtii  

or Amborella trichopoda. 

Searches in the different transcriptome databases revealed that only a few orthologs consist of the 

Nictaba domain itself, for example the Nictaba lectin from tobacco (Figure 1.5). However, numerous 

sequences encode chimeric proteins comprising one or more Nictaba domain(s) fused to unrelated 

N- and C-terminal domains with (un)known function. The presence of C-terminal domains is rare and 

these domains consist of an unrelated and highly variable amino acid sequence (10-80 AA). In most 

Nictaba-related sequences an N-terminal domain with variable sequence precedes the Nictaba 

domain. These N-terminal sequences vary in length and amino acid composition, and often 

incorporate a protein domain with a known function. For example, the F-box domain is ubiquitous in 

plants and many F-box-Nictaba proteins can be found in all studied species for which the genome is 

complete. Other N-terminal domains preceding the Nictaba domain are the TIR (Toll/interleukin-1 

receptor) domain in tomato and Arabidopsis, the AIG1 (avrRpt2-induced gene 1) domain in 

Arabidopsis and the protein kinase domain from rice. Furthermore, sequence alignment revealed 

that a few Nictaba orthologs from O. sativa contain 2 or 3 Nictaba domains in combination with N- 

and/or C-terminal domains. The latter results suggest that the Nictaba domain has been duplicated 

at one or more events during evolution. 
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Figure 1.5 Schematic overview of the different domain structures of Nictaba-like proteins in N. tabacum, S. 

lycopersicum, A. thaliana, P. patens, S. moellendorffii, O. sativa and C. sativus. 

Based on the domain composition, the Nictaba orthologs can be classified into several types (Table 

1.2). A first subdivision is made between the proteins containing one Nictaba domain and those 

containing multiple Nictaba domains. Within the group of proteins containing one Nictaba domain, 

type S0 represents the proteins that consist exclusively of a Nictaba domain. Putative proteins in 

which the Nictaba domain is preceded by an unrelated N-terminal domain are subdivided in different 

types depending on the length of the N-terminal sequence and the presence or absence of a C-

terminal sequence. Type S1 consists of chimeric proteins with a short (<50 AA) N-terminal domain 

but no C-terminal sequence, whereas the type S2 has a short N-terminal as well as a C-terminal 

sequence. The absence or presence of the C-terminal sequence can also be found in proteins with a 

middle long (50-100 AA) or long (>100 AA) N-terminal domain, designated as type S3, S4, S5 and S6, 

respectively. Furthermore, there are several the chimeric proteins with a known N-terminal domain: 

TIR-Nictaba proteins (type T), AIG1-Nictaba protein (Type A), protein kinase-Nictaba protein (Type P) 

and F-box-Nictaba proteins (Type F). In the latter group, some proteins have additional unrelated 

short or middle long N-terminal sequences and/or a C-terminal sequence. The group of putative 

proteins containing multiple Nictaba domains is significantly smaller, at least within the species 
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selected for this study. The different proteins can be classified into type M1: a protein with a triple 

Nictaba domain which is preceded by a middle long N-terminal sequence. The second type M2 has a 

double Nictaba domain preceded by an F-box domain and followed by a C-terminal sequence. This 

classification system was elaborated based on the Nictaba orthologs found in N. tabacum, S. 

lycopersicum, C. sativus, O. sativa, A. thaliana, S. moellendorffii and P. patens but can easily be 

extended in case other types of Nictaba orthologs will be identified.   

Table 1.2 Summary of the different types of Nictaba orthologs and their occurrence in some plant species. 

Analyses were done for N. tabacum (Nicta), S. lycopersicum (Solly), A. thaliana (Arath), P. patens (Phypa), S. 

moellendorffii (Selmo), O. sativa (Orysa) and C. sativus (Cucsa). 

  Type   Number of genes in each species 
   

 
Nicta Solly Arath Phypa Selmo Orysa Cucsa 

  
Single Nictaba domain 

 

 
type S0  

 
7 4 2 0 0 0 4 

  

 
type S1  

 
0 5 2 0 0 1 4 

  

 
type S2  

 
0 0 0 1 0 0 2 

  

 
type S3  

 
0 1 2 0 0 1 3 

  

 
type S4  

 
0 0 1 0 0 1 0 

  

 
type S5  

 
0 2 0 0 0 2 0 

  

 
type S6  

 
0 0 0 0 0 1 0 

  
F-box-Nictaba 

 

 
type F0  

 
0 6 6 1 3 1 5 

  

 
type F1  

 
0 2 6 0 1 4 4 

  

 
type F2  

 
0 2 2 1 0 1 1 

  

 
type F3  

 
0 0 1 0 0 0 0 

  
TIR Nictaba 

 

 
type T1  

 
0 6 4 0 0 0 0 

  
AIG1 Nictaba 

 

 
type A0  

 
0 0 1 0 0 0 0 

  
Protein kinase-Nictaba 

 

 
type P0  

 
0 0 0 0 0 1 0 

  
Multiple Nictaba domains 

   type M1    0 0 0 0 0 1 0   
 

 

type M2  
 

0 0 0 0 0 1 0 

  

To unravel the evolutionary relationships among the sequences containing Nictaba domains, a 

phylogenetic tree (Figure 1.6) built using the Nictaba domain sequences for all Nictaba-related 

sequences detected in each of the species under study (Table 1.2). As shown in Figure 1.6, Nictaba 

orthologs from the same species are grouped together in one clade. In some cases, however, the 

Nictaba orthologs from different species are grouped by type. For instance, the F-box-Nictaba 
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proteins from rice, tomato, cucumber and Arabidopsis are grouped in one cluster of the dendrogram 

(Figure 1.6), which groups in a larger clade with the Nictaba sequences from the lower plants 

Physcomitrella and Selaginella.  

 

Figure 1.6 Phylogenetic analysis of Nictaba-like proteins. Phylogenetic tree constructed with the amino acid 

sequences of the Nictaba domains aligned using ClustalW. Bayesian phylogenetic inference via Markov chain 

Monte Carlo method was used to construct the tree (Huelsenbeck and Ronquist, 2001). For each protein, the 

prefix indicates the species from which it is derived, and the suffix indicates the type to which it belongs. In 

case of the proteins containing multiple Nictaba domains, all domains were incorporated in the analysis and 

the suffix A, B or C was added to distinguish the different lectin domains. All branches are drawn to scale as 

indicated by the scale bar and their length indicates the level of divergence among the sequences. The tree was 

visualized by FigTree (http://tree.bio.ed.ac.uk/software/figtree/). 

  

http://tree.bio.ed.ac.uk/software/figtree/
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Not surprisingly, the Nictaba sequence from tobacco and many of the Nictaba-like sequences from 

tomato cluster together. Most of the Nictaba sequences from Arabidopsis are found in two clusters 

of the dendrogram grouping mainly the sequences linked to F-box domains or the sequences linked 

to the AIG domain and the TIR domain. Both these cluster also have some sequences of the S type. 

Most Nictaba sequences from rice reside in one cluster, irrespective whether the sequence is of the S 

type or is linked to the protein kinase domain or the F-box domain. This cluster also contains the 

individual lectin domains of Nictaba-related sequences with multiple lectin domains from rice, 

indicating that these Nictaba domains are closely related. The first and the second Nictaba domain of 

the M1 and M2 type proteins cluster together.  However, the third Nictaba domain of the M1 type is 

most similar to the Nictaba sequence from an F1 type protein from rice. 

 

1.1.4.3  Chimeric proteins composed of Nictaba domains linked to unrelated domains 

As mentioned before, in numerous sequences the Nictaba CRD domain is fused to a protein domain 

with a known function. Especially the F-box domain is highly represented among the chimeric 

proteins but also the AIG1 domain, the TIR domain and the protein kinase domain appear in 

combination with the Nictaba domain. The occurrence of chimeric lectins comprising a CRD domain 

and an unrelated protein domain is a common phenomenon that has been reported for different 

plant lectin families such as the Euonymus europaeus agglutinin family, the amaranthins and the 

ricin-B family (Van Damme et al. 2008). 

Chimeric proteins with an F-box domain 

F-box proteins are named after their conserved N-terminal F-box domain of 40-50 amino acid 

residues which was first discovered in cyclin-F (Bai et al. 1996) and which is coupled to various C-

terminal interaction domains. This F-box domain is a motif that is used by the F-box proteins as a site 

for protein-protein interactions. Through their bipartite structure, F-box proteins can be assembled 

in a functional SCF-type (Skp1-Cullin-1-F-box protein-Rbx1) E3 ubiquitin ligase which comprises the 

target recognition subunit to attract proteins destined for degradation by the ubiquitin/proteasome 

machinery (Cardozo and Pagano 2004). With its N-terminal F-box domain, the F-box protein is bound 

to the Skp1 protein present in the SCF complex while the variable C-terminal interaction domain of 

the F-box proteins recruits target proteins. In this way, many F-box proteins are used by SCF 

complexes as substrate adaptors to mediate degradation of multiple regulatory proteins (Ho et al. 

2006; Petroski and Deshaies 2005; Skaar et al. 2013). For more details, we refer to some recent 

publications (Finley 2009; Komander and Rape 2012). 
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The Arabidopsis F-box-Nictaba family groups approximatly 30 members. They all share more than 

90% and 40% sequence similarity in their F-box domain and Nictaba domain, respectively. The 

Nictaba domain in the F-box protein with Uniprot Acc. No. Q9ZVQ6, encoded by the gene At2g02360, 

shows the highest level of sequence similarity (64%) to the tobacco lectin (Lannoo et al. 2008). 

However, the overall sequence similarity between the Nictaba domain of Arabidopsis F-box-Nictaba 

proteins and the Nictaba protein from tobacco does not guarantee that this Nictaba domain shows 

carbohydrate binding activity. To this end, glycan-binding assays have been performed for the 

Arabidopsis F-box-Nictaba protein encoded by At2g02360 (Stefanowicz et al. 2012). These 

experiments illustrated that the selected Arabidopsis F-box-Nictaba protein exhibited a 

carbohydrate-binding  activity towards N- and O-glycans with N-acetyllactosamine (LacNAc) (Gal1-

3GlcNAc and Gal1-4GlcNAc) and poly-LacNAc structures as well as with Lewis A (Gal1-3(Fuc1-

4)GlcNAc), Lewis X (Gal1-4(Fuc1-3)GlcNAc), Lewis Y (Fuc1-2Gal1-4(Fuc1-3)GlcNAc and type-1 

B motifs (Gal1-3(Fuc1-2)Gal1-3GlcNAc). These motifs were clearly different from those bound by 

the tobacco lectin itself. Furthermore, the F-box-Nictaba protein showed only minor interaction with 

GlcNAc oligomers or with the inner core of high-mannose N-glycans, demonstrating that, despite the 

high sequence homology, the same structural Nictaba motif can accommodate different 

carbohydrate structures (Stefanowicz et al. 2012).  

Chimeric proteins with an AIG1 domain 

Infection with Pseudomonas syringae, carrying the avirulence Rpt2 gene (AvrRpt2), results in the up-

regulation of the corresponding resistance gene (AvrRpt2 induced gene 1 or AIG1) in Arabidopsis 

plants (Reuber and Ausubel 1996). The Pseudomonas effector avrRpt2 stimulates the turnover of 

auxin/indole acetic acid proteins through which the auxin response is promoted to stimulate 

pathogenicity (Cui et al. 2013). AIG1 is a putative GTP binding protein that is suggested to participate 

in a series of defense mechanisms resulting in localized programmed cell death (Poirier et al. 1999; 

Rate et al. 1999). Until now, no information is available about the gene encoding the chimeric 

Arabidopsis protein consisting of the AIG1 domain linked to the Nictaba domain. 

Chimeric proteins with a TIR domain 

The N resistance protein from tobacco interacts with effector proteins after infection by the tobacco 

mosaic virus (TMV) and elicits hypersensitive responses (Whitham et al. 1994). Resistance proteins 

across species show structural similarity and contain a few well-conserved domains such as the 

leucine rich repeat (LRR) domain, the nucleotide binding (NB) domain, the Toll interleukin-1 receptor 

(TIR) domain and Toll-like receptor (TLR) domain (Kopp and Medzhitov, 1999; Marinon and Tschopp, 
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2005; Nurnberger, 2004). In mammals, the role and function of the TIR and TLR domains have been 

the subject of many studies and these show that these domains are components of the innate 

immune system. TLR domains are transmembrane receptors with the LRR domain at the N-terminus. 

Upon recognition of the pathogen-associated molecular pattern by the LRR domain, TLRs oligomerize 

and interact with adaptor molecules containing a TIR domain. Subsequently, different pathways are 

activated ultimately leading to the activation of transcription factors to regulate defense gene 

expression (Uematsu and Akira, 2006; Choe et al. 2005). In tobacco, the association between the N 

resistance protein and the TMV elicitor is mediated by the TIR domain of the N protein. Subsequent 

interaction between the avirulent protein and the NB and/or LRR domains results in the initiation of 

the defense mechanism in which the nuclear N protein is responsible for the signaling function of the 

R protein (Burch-Smith et al. 2007). To date, the Arabidopsis and tomato TIR Nictaba proteins have 

not been studied. Hence, further research is necessary to reveal the role of the Nictaba domain in the 

innate immune response against pathogens. 

Chimeric proteins with a protein kinase domain 

The group of protein kinases is a very extensive family of proteins that are defined as the enzymes 

that catalyze the reversible transfer of the γ-phosphate of adenosine triphosphate (ATP) to 

phosphorylate serine, threonine or tyrosine residues (Hanks and Hunter 1995). Lots of plant protein 

kinases have been identified as components of signal transduction cascades in response to light, 

plant hormones and nutrient deprivation (Stone and Walker 1995; Lethi-Shui and Shui 2012). All 

protein kinases have a 250-300 amino acid domain which mediates the phosphoryl transfer reaction 

and contains alternating subdomains (Hanks and Quinn 1991). At present, no information is available 

with respect to the gene or the corresponding putative protein kinase-Nictaba protein detected in 

rice. 
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1.1.5 Localization of plant proteins containing a Nictaba domain 

Nictaba is located in the nucleus and the cytoplasm of tobacco parenchyma cells that have been 

subjected to jasmonate treatment. In these studies, immuno-cytochemistry was performed using an 

affinity-purified antiserum specifically directed against Nictaba (Figure 1.7). No fluorescence signal 

was detected in the vascular tissue, the chloroplast and the vacuole, or in non-treated tobacco leaves 

(Chen et al. 2002).  

 

Figure 1.7 Immunolocalization of Nictaba in tobacco leaves. Cross section of a tobacco leaf of a control plant (a) 

and a plant treated with JAME for 5 days (b). Cytoplasm (c) surrounding the plastids, nucleus (n), plastids (pt), 

and vacuole (v) are indicated in a close-up (zoom-out) of (b) in (c) and (d). d) Shows a DAPI-staining of the 

section shown in (c). Bars represent 25 μm in (a) and (b), and 10 μm in (c) and (d). Figure from Chen et al. 2002. 

The nucleocytoplasmic localization of Nictaba was confirmed in N. tabacum BY-2 suspension cells 

which were transiently transformed by particle bombardment with DNA encoding the fusion protein 

EGFP-Nictaba. Fluorescence signals were visible within the nucleus and the cytoplasm of the cell, 

whereas the nucleolus did not show any fluorescence.  Interestingly, the localization patterns for the 

fusion protein in the nucleus changed at later time points after biolistic delivery (Lannoo et al 2006b). 

Whereas initially (24h after particle bombardment) the fluorescence was evenly distributed over the 

nucleus, about 48 hours after transformation, it was more concentrated towards the periphery of the 

nucleus.  

Analysis of the deduced amino acid sequence of the cDNA encoding Nictaba revealed the absence of 

a signal peptide and the presence of a putative NLS indicating that the lectin is synthesized on free 

polysomes and can be translocated into the nucleus. The functionality of the presumed NLS was 

examined by determining the subcellular localization of a fusion protein, consisting of EGFP 

covalently coupled with a mutant Nictaba sequence where the NLS 102KKKK105 was altered into 

102KTAK105. After transient transformation into BY-2 cells, confocal microscopy showed that the 

mutant form of Nictaba located only to the cytoplasm and not to the nucleus of the cell, suggesting 

that the NLS sequence is necessary and sufficient to translocate Nictaba from the cytoplasm into the 
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nucleus. However, these BY-2 cells transformed with the construct encoding the NLS mutant 

exhibited a strong vesiculation and an increase in plasmolysis, possibly indicating the inception of cell 

death (Lannoo et al. 2006b). 

As mentioned above, Nictaba expression was never observed in the vascular bundles. In contrast, 

Cucurbitaceae phloem lectin expression is developmentally linked to vascular differentiation. PPL 

proteins are synthesized within the companion cells of the phloem and subsequently are 

translocated to the sieve elements (Bostwick et al. 1992). It is known that sieve elements lose most 

of their cellular components such as nucleus, cytoskeleton, the vacuole, ribosomes and Golgi during 

ontogeny. The mature sieve elements only contain structural phloem specific proteins (P-proteins), 

mitochondria, smooth ER and sieve elements plastids (Froelich et al. 2011). PPL is present in the 

cytoplasm of the companion cells between numerous ribosomes but not in the mitochondria or the 

vacuole. After transportation into the mature sieve elements, PPL is again located in the cytoplasm in 

so-called P-protein bodies (Dannenhoffer et al. 1997).  

1.1.6 Expression of the tobacco lectin 

1.1.6.1 Jasmonate induced expression 

Of all plant hormones tested (JA, 11-OH-JA, 12-OH-JA, 12-HSO4-JA, 12-O-Glc-JA, JAME, 12-oxo-

phytodienoic acid (OPDA), gibberellic acid, salicylic acid, indole-3-acetic acid, abscisic acid, 6-

benzylaminopurine and ethephon) only JA, JAME and OPDA, a JA-precursor, enhanced Nictaba 

synthesis and expression (Lannoo et al. 2007a, Vandenborre et al. 2009a). Nevertheless, the 

expression levels for Nictaba in leaves are low, representing 1 to 30 mg/g fresh weight, depending on 

the leaf age and plant growth conditions. Optimal concentrations of JA and JAME to induce lectin 

activity were 100-150 µM and 50-100 µM, respectively. JAME treatment always yielded a 

significantly higher amount of lectin, compared to JA. The combination of different plant hormones 

with JAME did not result in an antagonistic or synergistic effect. Abiotic stress treatments 

(mechanical wounding, salt, heat, cold and UV-light) did not affect Nictaba expression (Lannoo et al. 

2007a).  In a Northern blot experiment the lectin mRNA was first detected 24 hours after jasmonate 

treatment and rapidly accumulated during the next 48 hours. Concomitantly the Nictaba protein 

accumulated starting from 24h after JAME induction and the lectin concentration reached its 

maximal levels after 72-96h (Chen et al. 2002).  

Although all leaves of an adult tobacco plant express the lectin after JAME treatment, the highest 

lectin concentration is found in the newly expanded leaves. Lower lectin concentrations are observed 

in old and very young leaves, as well as in flower tissues (sepals and petals). No lectin activity was 
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detected in the stem (Chen et al. 2002). Recently, it was shown that also roots accumulate Nictaba 

after jasmonate treatment, albeit to a much lower extent compared to leaves (Delporte et al. 2011). 

Interestingly, the jasmonate induction of Nictaba in tobacco leaves is systemic. When JAME is applied 

to a single leaf of the plant, Nictaba accumulation is not only observed in the treated leaf but also in 

the neighboring leaves. This systemic response is position-dependent and predominantly occurs in 

the apical direction. After removal of the JAME inducer, the Nictaba levels remained high for about 

ten days and then progressively decreased. After 6 weeks, the lectin was completely gone from the 

tobacco leaves of an adult plant (Lannoo et al. 2007a).  

1.1.6.2  Insect herbivory induced expression 

It was shown that insect herbivory by larvae of the cotton leafworm (Spodoptera littoralis) on a single 

leaf of a tobacco plant also enhanced Nictaba expression. Nictaba accumulation in the leaves was 

quantified during continuous feeding of the caterpillars and reached a maximal lectin content of 300 

µg Nictaba/g FW after 15 hours of feeding (Lannoo et al. 2007a, Vandenborre et al. 2009a). The 

increase in lectin activity in tobacco leaves after insect feeding was accompanied by the 

accumulation of different jasmonates. These data indicate that the lectin synthesized in tobacco 

leaves after insect herbivory, is most probably the result of the activation of the jasmonate pathway 

(Vandenborre et al. 2009a). Similar to jasmonate induction, caterpillar feeding provokes a systemic 

response in the plant. After feeding of S. littoralis larvae for 15 hours on one leaf, all leaves of the 

plant clearly accumulate the lectin (Vandenborre et al. 2009a). 

Since caterpillar-induced lectin expression presumably occurs through JA signaling, tobacco plants 

were also exposed to insects and pathogens known to enhance JA biosynthesis. Both arthropods S. 

littoralis and Tetranychus urticae induced Nictaba expression, while the necrotrophic pathogen 

Botrytis cinerea did not. JA signaling upregulates at least two groups of genes, a first group consisting 

of genes important for defense response against necrotic pathogens and a second group responsible 

for the expression of genes related to wounding and herbivory. These two groups are differentially 

regulated by the transcription factors MYC2 and EFT1. MYC2 represses the first group of genes and 

activates the second one, whereas EFT1 acts in the opposite way. Experiments performed by 

Vandenborre et al. (2009b) suggested that Nictaba is positively regulated by the MYC2 transcription 

factor. 

In contrast to chewing insects (S. littoralis) and cell-content feeders (T. urticae), phloem-feeding 

insects such as aphids (Myzus nicotianae) and whiteflies (Trialeurodes vaporarium) did not affect 

Nictaba expression. Phloem-feeding insects caused only minor damage and induced a defense 
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response very similar to the one induced by salicylic acid signaling. The authors suggested that these 

insects manipulate the hormone signaling of the plant to suppress the JA defense response and 

consequently restrain Nictaba expression (Vandenborre et al. 2009b). Furthermore, Nictaba 

accumulation upon insect herbivory was compared for a specialist insect such as Manduca sexta, and 

a generalist insect such as S. littoralis. The specialist insect clearly induced higher Nictaba levels 

compared to the generalist, possibly related to the higher JA levels generated upon M. sexta attack 

(Vandenborre et al. 2009b). 

It has been suggested that PPL expression could be involved in the plant defense against fungi and 

bacteria (Read and Northcote 1983). The Arabidopsis PP2-A1 was shown to have no insecticidal 

activity using insect feeding assays with the pea aphid Acyrthosiphon pisum and the green peach 

aphid Myzus persicae.  No significant differences in survival rate were recorded for nymphs fed with 

PP2-A1 compared to nymphs fed on a control diet. Although mid range concentrations of the lectin 

(between 125 and 250 µg/mL) caused a weight loss they were not affecting insect feeding behavior 

(Beneteau et al. 2010).  

1.1.7 Functional characterization of Nictaba 

The physiological role of Nictaba within the cell is correlated with both the nucleocytoplasmic 

localization of the protein and its sugar binding specificity. In a first attempt to scrutinize the 

interaction of the tobacco lectin with nuclear proteins, Lannoo et al. (2006b) performed a far 

Western blot experiment to check lectin binding to proteins extracted from nuclei purified from 

tobacco BY-2 cells. This preliminary experiment suggested that Nictaba is interacting with numerous 

nuclear proteins. The interaction was completely abolished by adding GlcNAc-oligomers, suggesting a 

lectin-carbohydrate interaction. Furthermore, the reactivity of Nictaba towards these proteins was 

reduced when N-glycans present on the nuclear proteins were enzymatically removed by PNGase F 

treatment. These results clearly demonstrated that Nictaba is interacting with endogenous 

glycosylated nuclear proteins in a sugar-inhibitable way (Lannoo et al. 2006b). 

In 2011, Schouppe et al. applied a nuclear proteomics approach to identify putative interaction 

partners for Nictaba in a pool of nuclear proteins. Nuclear extracts from N. tabacum cv Xanthi 

suspension cells were used in two complementary experiments. Both lectin affinity chromatography 

and pull-down assays revealed the interaction between Nictaba and histone proteins. The affinity of 

Nictaba for histones was confirmed by lectin affinity chromatography using a non-fractionated 

commercial histone preparation from calf thymus. Calf histone H2B was specifically retained on the 

Nictaba column and was eluted by 1 M GlcNAc. Moreover, the eluted proteins from the Nictaba 

column reacted with FITC (fluorescein isothiocyanate)-labeled Nictaba and with an antibody 
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specifically directed against O-GlcNAc modifications. Furthermore, MS analysis preceded by β-

elimination identified the O-GlcNAc modification of calf histones H2B, H3.3 and H1 on residues 

Ser65, Thr80 and Thr101, respectively. These results suggest that Nictaba is interacting with the core 

histone proteins through their O-GlcNAc modification (Schouppe et al. 2011).  

Since Nictaba expression is also enhanced after caterpillar attack, a role for Nictaba in plant defense 

was also suggested. The entomotoxic properties of the lectin towards the larvae of a generalist pest 

insect S. littoralis and a specialist M. sexta have been tested. Experiments have been performed 

using N. tabacum plants expressing the lectin gene under natural conditions upon herbivory, as well 

as N. tabacum plants in which the lectin gene was subjected to RNAi silencing. Furthermore N. 

attenuata plants, which lack the Nictaba gene, have been transformed with the Nictaba gene to 

create overexpression lines. Feeding of M. sexta larvae on transgenic N. attenuata plants, ectopically 

expressing Nictaba, displayed a significantly prolonged overall development time and a significantly 

lower pupal mass compared with larvae feeding on wild-type N. attenuata plants. Similar results 

were obtained in feeding experiments with S. littoralis using an identical setup, but the total mass 

gain reduction of M. sexta feeding on transgenic N. attenuata was only half of the reduction in mass 

gain for S. littoralis larvae, indicating different entomotoxic effects towards different Lepidopteran 

species. In line with the insecticidal activity of Nictaba, S. littoralis larvae performed better when 

feeding on transgenic N. tabacum plants in which Nictaba expression was silenced, compared to 

feeding on non-transfromed N. tabacum plants expressing the lectin as a result of insect herbivory 

(Vandenborre et al. 2010). 

The entomotoxic activity towards lepidopteran pest insects is presumably caused by the 

carbohydrate binding activity of Nictaba and its interaction with glycoconjugates present in the 

digestive tract of the insects. The midgut of caterpillars consists of a peritrophic membrane 

composed of e.g. chitin microfibrils, which are an obvious target for Nictaba. It was suggested that 

Nictaba could interfere with the organization of the chitin microfibrils. Moreover, it can be envisaged 

that Nictaba can bind to N-glycoproteins in the midgut forming large protein-Nictaba clusters, which 

in turn could interfere with transport and the activity of the digestive enzymes, instigating a growth 

inhibitory effect (Vandenborre et al. 2010). 

1.1.8 Perspectives 

Nictaba is a nucleocytoplasmic lectin which is only expressed after the plant has been subjected to 

certain stress conditions. Judging from the fact that only some specific jasmonate-related 

compounds as well as insect herbivory, which in turn switches on the jasmonate pathway, can 

enhance lectin expression, it is clear that Nictaba is part of a signaling cascade which involves 
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jasmonates. Part of the lectin is translocated into the nucleus by its internal NLS sequence. However, 

little is known about the influence of the carbohydrate binding activity in this process, the export of 

Nictaba and its dynamics. Inside the nucleus, Nictaba presumably interacts with histone proteins 

modified with O-GlcNAc, which is in good agreement with the high affinity of the lectin carbohydrate 

binding site towards GlcNAc oligomers. O-GlcNAcylation of histones was recently shown for 

mammals, but remains to be detected in plants. Also the interaction between Nictaba and core 

histones should be analyzed in planta.  

1.2 Epigenetic regulation of transcription as a response to stress 

1.2.1 Structural organization of eukaryotic chromatin 

The primary role of the nucleus is to maintain a huge collection of genomic information. Because 

meters of DNA have to fit in a cell with a diameter up to a hundred thousand times smaller, the 

physical organization and compacting of chromosomal DNA is crucial (Woodcock and Ghosh 2010). 

The packing of genomic DNA is acquired by the abundant nuclear histone proteins. This complex of 

histones and DNA is termed chromatin. The nucleosome core particle is the repeating unit in 

chromatin and consists of an octamer containing two copies of each of the histones H2A, H2B, H3 

and H4. A DNA sequence of 147 base pairs of DNA is wrapped in 1.65 superhelical turns around the 

protein core (Figure 1.8 A) (Luger 2006). 

  

Figure 1.8 Space-filling model of the structure of the nucleosome based on X-ray crystallography. H2A is yellow, 

H2B is red, H3 is blue and H4 is green (A). Model of the 30 nm condensed chromatin fiber and beads on a 

string. The nucleosome is shown as an orange disk associated with one histone H1 molecule (B). Figure from 

Lodish et al. 2013. 

Similar to protein, chromatin organization can also be categorized into different levels of structural 

hierarchy. The primary structure of chromatin was visualized by electron microscopy. After 

extraction using hypotonic buffers, chromatin revealed an open beads-on-a-string conformation 
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(Figure 1.8 B). The beads are the nucleosomes and the string is connecting or linker DNA. Here, a fifth 

histone, histone H1 is found, associated with the linker DNA. Using isotonic buffers, chromatin is 

already more compact and appears as 30-nm fibers (Woodcock and Ghosh 2010). It is currently 

believed that the 30-nm fibers are assembled in a zigzag higher-order structure, with contact 

between the odd and even numbered nucleosomes. Two nucleosome strands are wound into a two-

start helix, which is a double helix similarly to a DNA double helix, except that the nucleosome helix is 

left handed rather than right handed (Schalch et al. 2005).  

According to the higher order organization of chromatin, eukaryotic genomes can be subdivided into 

two distinct environments, euchromatin and heterochromatin. Euchromatin is characterized by an 

open chromatin structure, accessible for multiprotein complexes and containing most of the active 

genes. Heterochromatin consists of condensed regions containing centromeres and telomeres of 

chromosomes as well as transcriptionally inactive genes and is further subdivided into facultative and 

constitutive heterochromatin. Facultative heterochromatin corresponds to regions with genes whose 

expression is different during development and/or differentiation and then is silenced. Constitutive 

heterochromatin consists of permanently silenced genes (Bannister et al. 2011, Lodish et al. 2013). 

1.2.2 The chromatin remodeling code 

Epigenetics is defined as the study of reversible and heritable morphological variations not caused by 

DNA sequence changes. These variations are caused by altering the chromatin architecture. 

Remodeling chromatin structure can allow proteins involved in transcription or DNA replication to 

interact with specific genomic DNA segments. Several mechanisms, such as nucleosome occupation, 

incorporation of histone variants, DNA methylation and histone modifications are responsible for 

modifying the eukaryotic chromatin structure and create a chromatin remodeling code. These 

chromatin marks control transcription, DNA replication and DNA repair in response to development 

and environmental changes (Ha 2013).  

Chromatin marks representing an accessible chromatin structure are found in euchromatin and 

typically are trimethylation of H3K4, H3K36 or H3K79 and a high level of acetylation. In contrast, the 

inaccessible heterochromatin is enriched in trimethylation of H3K9, K3K27 and H4K20 (Fuchs 2006, 

Kouzarides 2007, Bartova et al. 2008). Although histones and their modifications are strongly 

conserved among eukaryotes, the chromosomal distribution associated with the modifications can 

differ between groups of eukaryotes. For example, in Arabidopsis euchromatin is characterized by 

H3K4me1,2,3; H3K36me1,2,3; H3K9me3, H3K27me3 and H4K20me2,3. In heterochromatin 

H3K9me1,2; H3K27me1,2 and H4K20me1 are enriched. These distribution patterns are not preserved 

among plants (Fuchs 2006).  
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1.2.3 Histone modifications 

Histone tails protruding from the nucleosomal surface are heavily subjected to post-translational 

modifications (PTM). Histone modifications can be classified into two major groups, those that alter 

the charge of the histone and therefore directly alter the chromatin organization, and those that 

create binding sites for other effector proteins (Berger 2007, Nelissen et al. 2007, Woodcock and 

Ghosh 2010, Bannister et al. 2011). One histone does not have all the possible modifications 

simultaneously, but the histones of a single nucleosome usually contain several of these 

modifications at the same time. The timing of the appearance of a set of modifications will depend 

on the signaling conditions within the cell. The particular combination of PTMs of chromatin 

constitutes the histone code that influences chromatin function by altering chromatin structure or, 

creating or removing binding sites for chromatin-associated proteins (Kouzarides et al. 2007, Lodish 

et al. 2013). 

Acetylation 

Lysine residues in the histone tails undergo reversible acetylation and deacetylation by two families 

of enzymes, histone acetyltransferases and histone deacetylases. This highly dynamic reaction 

neutralizes the positive charge of lysine, thereby weakening the electrostatic interactions between 

histones and DNA. Consequently, histone acetyltransferases are characterized as transcriptional co-

activators whereas histone deacetylases, who stabilize the chromatin architecture by removing the 

acetyl-group, are transcriptional repressors (Wang et al. 2008, Bannister et al. 2011). Also in plants, 

histone acetylation is enriched at enhancer elements and specifically at gene promoters, and 

deacetylation is associated with silencing of repetitive transgenes (Fuchs 2006). 

Phosphorylation 

Addition and removal of a phosphate group is achieved by the alternate action of kinases and 

phosphatases and occurs on serines, threonines and tyrosines. Similar to acetylation, 

phosphorylation is highly dynamic and adds a negative charge to the histone backbone which 

influences chromatine architecture (Bannister et al. 2011). Phosphorylation has been linked with 

different functions such as activating transcription, apoptosis and DNA repair (Fuchs 2006). 

Phosphorylation is also linked with chromosome condensation/segregation and marks their progress 

through the cell cycle. For example, phosphorylation of serine residues in histone H3 is initiated in 

the late G2-phase and continues up to the end of mitosis, in parallel with chromatin condensation 

(Houben et al. 2007, Nelissen et al. 2007). 
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Methylation 

Methylation takes place on lysine and arginine residues in the histone tails and is controlled by 

methyltransferases and demethylases. Methylation at lysines may be one of three different forms: 

mono-, di-, or trimethyl and at arginines mono- or dimethyl (asymmetric or symmetric). In contrast to 

acetylation and phosphorylation, methylation is a neutral modification and does not alter the charge 

of the histones (Bannister et al. 2011).  

O-GlcNAcylation 

Recently, evidence has accumulated that O-GlcNAc is also part of the histone code (Sakabe et al. 

2010). After this was discovered, several other studies followed and confirmed the presence of an O-

GlcNAc sugar residue on different histone proteins in mammalian organisms (Table 1.3). O-

GlcNAcylation occurs on serine and threonine residues and is a highly dynamic process (Bannister et 

al. 2011). The enzymes involved in O-GlcNAc-cycling O-GlcNAc transferase (OGT) and O-GlcNAcase 

(OGA) are responsible for O-GlcNAc addition and removal, respectively (Hanover et al. 2012). O-

GlcNAcylation is an ubiquitous PTM found on many nuclear and cytoplasmic proteins and is involved 

in stress response, regulation of transcription and protein trafficking/turnover. O-GlcNAc is an 

essential modification, OGT deletion in mammalian cells causes cell death. In plants, two genes spy 

and secret agent encode OGTs. The simultaneous mutation of both genes is also lethal (Hart et al. 

2007). O-GlcNAc targets the same residues as phosphate and they show a complex interplay. They 

can compete for a single or proximal site or occupy different sites on a substrate (Zeidan and Hart 

2010).   
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Table 1.3 Overview of the different studies confirming the occurrence of O-GlcNAc residues on different 

histone proteins in mammalian organisms. 

 

Ubiquitylation 

Ubiquitin is a polypeptide containing 76 residues which is added to histone lysines through the 

successive action of the following enzymes, E1-activating, E2-conjugating and E3-ligating enzymes. 

Despite the relatively large size compared to other PTMs, ubiquitylation is also highly dynamic and is 

involved in both gene activation and gene silencing (Bannister et al. 2011). 

Other modifications 

Histones can be modified with a variety of other modifications. Sumoylation is similar to 

ubiquitylation and competes with acetylation for the same lysine side chain. Histones can be mono- 

or poly-ADP ribosylated on glutamate and arginine residues. Deimination involves the conversion of 

arginine to a citrulline residu (Bannister et al. 2011). 

1.2.4 Effect of histone modifications  

Histone modifications can be direct, causing structural changes to the chromatin architecture or 

work indirectly and recruit different effector proteins to the chromatin. As mentioned before, 

histone acetylation and phosphorylation reduce the positive charge of the histones and therefore 

disrupt the interaction between histones and DNA. This will lead to a less compact chromatin 

structure, making the DNA more accessible for multiprotein complexes like those responsible for 

transcription (Bannister et al. 2011).  
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Numerous chromatin-associated proteins have been shown to specifically interact with modified 

histones via many distinct domains. Methylation is recognized by chromo-like domains of the Royal 

family (chromo (chromatin-binding), tudor, MBT (malignant brain tumor) and non-related PHD (plant 

homeodomain)) domains, acetylation is recognized by bromodomains, and phosphorylation is 

recognized by a domain within 14-3-3 proteins (Kouzarides 2007, Bannister et al. 2011). The 

recruitment of these nonhistone proteins is correlated with diverse functions. The proteins can 

tether enzymatic activities onto chromatin, deliver specific enzymes, or prevent docking of other 

nonhistone proteins onto chromatin (Kouzarides et al. 2007). A well studied example is hetero-

chromatin protein 1 (HP1), which binds tri-methylated H3K9 through its chromodomain. HP1 

contains binding sites for other HP1 proteins and through binding of those creates an assembly of 

condensed chromatin. In addition, HP1 also binds with a H3K9 methyltranferase and a deacetylase, 

which on their turn create new binding sites for HP1. This results into a spreading of the 

heterochromatin structure along the chromosome until a boundary element is encountered 

(Kouzarides et al. 2007, Lodish et al. 2013). 

Several DNA-based processes such as transcription, DNA repair and DNA replication are regulated by 

binding of different effector proteins to specifically modified histone proteins. It is believed that 

phosphorylation of histones assists in the recognition and receptivity of sites where DNA repair is 

necessary, whereas acetylation has a role in DNA repair (Kouzarides et al. 2007). How epigenetic 

marks control transcription will be discussed in more detail in the next section. 

1.2.5 Influence of chromatin organization on gene regulation 

Gene expression is organized by interactions among DNA-binding proteins and regulatory elements. 

A distinction is made between cis regulatory elements that are encoded in the same sequence as the 

target gene and trans regulatory elements that are expressed in different regions. Remodeling of the 

chromatin structure can furthermore affect the interactions among those regulatory elements or 

transcription factors without changing the genomic sequence (Ha 2013). Hence, mechanisms that 

alter chromatin structure play a key role in gene regulation. Different mechanisms responsible for 

controlling chromatin organization are: cytosine methylation, factors influencing nucleosome 

positioning and composition and post-translational modifications of histones (Lauria and Rossi 2011). 

Cytosine methylation 

In plants, cytosine methylation (mC) is prevalent in the symmetric CG and CHG contexts (H = C, A or 

T) and the asymmetric CHH context. Cytosine methylation is highly present within heterochromatin 

regions enriched with repetitive DNA sequences and transposons, suppressing their activity and as 
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such maintaining genome stability. DNA methylation is correlated with repression of gene 

transcription due to the interaction with methyl binding domain proteins which establish a more 

condense chromatin organization. However, in Arabidopsis, over one third of the expressed genes 

contain methylation in the transcribed coding region, while mC at the promoter region is quite low 

(Zemach et al. 2007, He et al. 2011). In the gene body mC presumably has a function in suppressing 

aberrant transcription from cryptic promoters inside the gene (Lauria and Rossi 2011). 

Nucleosome positioning and composition 

The position of the nucleosome is regulated by both ATP-dependent chromatin remodeling 

complexes and the DNA sequence lying underneath. In Arabidopsis, most active genes display 

nucleosome depletion at the transcription start site (TSS) (Lauria and Rossi 2011, Ha 2013). In 

addition, all eukaryotes have histone variants of H2A and H3 which are integrated into chromatin 

during interphase. Histone variants H2A.Z, H2A.X and CenH3, H3.3 are found in all eukaryotes. These 

variants have diverse functions, but only H2A.Z is involved in gene regulation. H2A.Z regulates gene 

expression by assisting in preventing DNA methylation and is enriched near the TSS of the gene. It is 

a necessary but not sufficient factor for transcription (Deal and Henikoff 2011). 

Post-translational modification of histones 

Regulation of gene expression in euchromatin relies on the recruitment of different chromatin-

modifying enzymes by DNA-bound transcription factors. In general, certain histone modifications are 

linked with activation of transcription, such as acetylation and phosphorylation, with repression of 

transcription, such as ubiquitylation and sumoylation, while some modifications are linked with both, 

such as methylation. Since there is an extensive crosstalk between modifications on the same histone 

or even between histones, these correlations give a good indication but the context is determining 

whether transcription will occur (Kouzarides et al. 2007).  

Data from genome-wide analyses in Arabidopsis, rice and maize were integrated and resulted in 

epigenomic marks which are positively or negatively linked with transcription (Figure 1.9) (Lauria and 

Rossi 2011). H3K4me3, H3K36me2/me3, H3K9ac and H3K27ac are located in highly expressed genes 

but are differentially distributed. The acetylated marks are situated at the 5’-end of the gene and 

especially at the TSS, and H3K4me3 peaks at the promoter and the 5’-end of the gene, whereas 

H3K36me2/me3 accumulates over the transcribed region. Also H3K27me3 is preferentially located 

within the gene, but has a negative effect on transcription. H3K9me2, a heterochromatin mark found 

in few Arabidopsis genes, spans the promoter and coding region completely. For the remaining 
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epigenetic marks it is yet unclear if they are positively correlated with transcription. Some of them 

are possibly involved in making chromatin perceptive for transcription (Lauria and Rossi 2011). 

 

Figure 1.9 Correlation between histone modifications and gene transcription. The distribution of epigenetic 

marks is mapped on an arbitrary gene, by considering data from genome-wide approaches in Arabidopsis, rice 

and maize. +/- indicates no precise association with active transcription (Figure adapted from Lauria and Rossi 

2011). 

The functional epigenetic landscape is much more complex since a single mark can recruit proteins 

with either activating or repressing functions and has no unique regulatory status. Therefore, an 

epigenetic mark has to be observed in combination with the neighboring marks and the genomic 

context for interpretation of their activity (Berger et al. 2007). 

General model of gene regulation through chromatin modifications 

A model was presented by Lauria and Rossi (2011) that describes the different subsequent events 

that occur during transcription factor-mediated control of gene expression through chromatin 

modifications. This model shows the sequence of events leading to transcription activation or 

repression. In general, activation starts with an environmental or developmental pulse which induces 

the binding of an activator to a specific DNA sequence located in the linker DNA. The activator can 

have the intrinsic activity to remodel chromatin or can recruit chromatin remodelers which create an 

open chromatin state characterized by a low nucleosome density and histone PTMs causing a 

transcription-competent state, but not transcription itself. This open chromatin state is now 

accessible for other activators capable of binding DNA motifs localized within the nucleosomal 

regions. Additional chromatin modelers are recruited, which promote histone exchange (e.g. H2A 
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with H2A.Z) and modify histones with PTMs permissive for transcription. Subsequently, the pre-

initiaton complex can be assembled and transcription is started. After RNA polymerase II has passed, 

different histone PTMs assist in reorganizing the nucleosome and closing the chromatin to prevent 

aberrant transcription. 

Repression of transcription is also initiated by a pulse which recruits a repressor complex to selected 

regions. This complex recruits on its turn chromatin remodelers causing CG methylation in the 

promoter, addition of histone marks associated with transcription repression and recruit complexes 

capable of mediating a compacted chromatin structure (Berger 2007, Lauria and Rossi 2011). 

1.2.6 Stress and epigenetic regulation 

Organisms are constantly exposed to different environmental stimuli to which they respond with 

mechanisms of protection or adaptation. The stress responses of the cell are very complex processes 

which are tightly regulated. A model of a possible stress response is outlined in figure 1.10. A sensor 

protein fulfills the first step in the response and passes on the message that a stress is present and 

the need to adapt. The sensor is transported into the nucleus to affect the transcription of a variety 

of genes. In addition, RNA stability and protein translation rate also determine the stress response. 

The produced response proteins allow the cell to adapt or protect itself to the changing environment 

(Smith and Workman 2012). 

Many responses to stress are partially controlled by altered transcription of genes which is 

coordinated by modulating the structure and the accessibility of the genome. Gene expression 

triggered by a developmental signal or stress is often mediated by modification of histone proteins 

and sometimes DNA methylation (Chinnusamy and Zhu 2009). For example, heat shock and oxidative 

stresses can loosen the packing of histones around the DNA. Furthermore, a number of stresses can 

alter the localization or activity of chromatin modifying enzymes and thus influence the distribution 

of PTMs on histone proteins (Smith et al. 2012). Interestingly, specific chromatin modifications and 

proteins do not necessarily have the same function under steady state conditions compared with 

stress situations. H3K4 methylation is generally known as an activator of transcription but upon 

stress induction in yeast this epigenetic mark was correlated with repression of genes involved in 

ribosomal protein production and RNA maturation (Weiner et al. 2012). Stress-induced modifications 

are mostly reset to a basal level once the stress is removed, although some modifications are stable 

and can be inherited across mitotic or even meiotic cell divisions (Chinnusamy and Zhu 2009).  
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Figure 1.10 Cellular responses to stress and environmental factors. Stresses are sensed by factors located 

inside or outside the cell. This triggers the translocation of the sensor to the nucleus and increases the 

transcription of specific genes. Finally response proteins are translated and help the cell to adapt to the new 

situation. In higher eukaryotes, cells may send signals to neighboring cells to assist in a larger stress response 

encompassing many cells and tissues. Figure adapted from Smith and Workman 2012. 

Abiotic stress 

The regulation of stress-responsive genes is often mediated by chromatin remodeling. For example, 

in response to drought stress, the coding regions of drought-responsive Arabidopsis genes are 

enriched with acetylation of H3K9 and trimethylation of H3K4, which correlates with gene activation 

(Kim et al. 2008). Sokol et al. (2007) used tobacco BY-2 cells and A. thaliana T87 cell lines to study the 

nucleosomal response to high salinity and cold stress. The response is characterized by a transient 

peak of H3S10 phosphorylation, immediately followed by acetylation of lysine 14 of histone H3 and 

acetylation of H4. For both stresses this response was correlated with the induction of specific stress-

responsive genes (Sokol et al. 2007).  

Development under stress 

Plants avoid the effects of stress during reproduction and other critical growth phases through 

chromatin remodeling. In Arabidopsis, flowering is repressed by the flowering locus (flc) gene which 

directs the transition from vegetative growth to flowering. Gene expression of flc is regulated by 

histone variants and PTMs. During vegetative growth transcription of flc is activated by several 
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histone modifications, H3K4me3, H3K36, acetylation of H3, ubiquitination of H2B, and the 

incorporation of histone variant H2A.Z. When developmental and environmental conditions are 

optimal, flc is silenced by deacetylation of H3, demetylation of H3K4 and methylation of H3K27, H3K9 

and arginine residues in H3 and H4, which leads to silencing of the gene and flowering of the plant 

(Chinnusamy and Zhu 2009, Deal and Henikoff 2011). 

Stress caused by pathogen attack 

Upon perception of pathogens, the plant defense response is activated by remodeling of the 

chromatin configuration. Hereby, various histone-modifying enzymes and chromatin remodelers are 

expressed or modified leading to a unique histone code and subsequent transcription of defense-

related genes. However, pathogens developed mechanisms to subvert innate immunity based on the 

conserved nature of chromatin-remodeling complexes. For example, infection of Arabidopsis by 

Agrobacterium tumefaciens causes plant diseases by transferring a DNA segment (T-DNA) into the 

plant genome and uses the chromatin remodeling machinery of the plant cell to accomplish this T-

DNA integration  (Ma et al. 2011). 

Besides histone modifications, DNA methylation is also correlated with infection by pathogens. 

Changes in DNA methylation are stable, required for stress protection and are frequently transmitted 

to the following generations (Boyko and Kovalchuk 2008). TMV induces an increase in the somatic 

and meiotic recombination rates in tobacco because of DNA hypomethylation. Furthermore, the 

progeny of infected plants also showed increased levels of global genome methylation and 

hypomethylation in the LRR-containing loci of the TMV (N-gene) resistance gene. As a consequence, 

the TMV resistance gene is rearranged more frequently which favours stress adaptation (Boyko et al. 

2007).
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2.1 Abstract 

Nictaba is a carbohydrate-binding protein (also called lectin) that is expressed in several Nicotiana 

species after treatment with jasmonates and insect herbivory. Analyses with tobacco lines 

overexpressing the Nictaba gene as well as lines with reduced lectin expression have shown the 

entomotoxic effect of Nictaba against Lepidopteran larvae, suggesting a role of the lectin in plant 

defense. Until now, little is known with respect to the upstream regulatory mechanisms that are 

controlling the expression of inducible plant lectins. Using A. thaliana and N. tabacum plants stably 

expressing a promoter-β-glucuronidase (GUS) fusion construct, it was shown that jasmonate 

treatment influenced the Nictaba promoter activity. Histochemical and fluorometric techniques were 

used to follow Nictaba promoter activity during the development. In Arabidopsis, a strong GUS 

staining pattern was detected in very young tissues (the apical and root meristems, the cotyledons 

and the first true leaves), the promoter activity decreased when plants were getting older. In tobacco 

plants, GUS staining was predominantly detected in the cotyledons, the leaves and the roots during 

the youngest plant stages. As the plants grow older GUS staining was mostly present in the older 

leaves. A detailed comparative analysis was made of the GUS staining results obtained in transgenic 

Arabidopsis and tobacco lines. Overall, the expression patterns in Arabidopsis and tobacco are similar 

but still some differences were found especially in the very young tissues. 

2.2 Introduction 

Jasmonic acid (JA), its precursors and derivatives, collectively called jasmonates, constitute a family 

of bioactive oxylipins that regulate many physiological plant responses to environmental and 

developmental signals. As genuine plant hormones they affect a variety of plant processes including 

defense against insects and pathogens, abiotic stresses, growth, development, fertility and 

senescence (Wasternack 2007, Pauwels et al. 2008). However, the outcome of jasmonate signaling is 

not the result of the action of a single molecule but rather reflects part of an integrated signaling 

network comprising many other molecules such as ethylene, salicylic acid and abscisic acid (Lorenzo 

et al. 2005).  

It is well documented that external stimuli such as wounding, pests, pathogens or developmental 

cues can elicit jasmonate synthesis from the fatty acid α-linolenic acid through the octadecanoid 

pathway (Wasternack 2007). After release from the plastid membrane into the stroma of the 

chloroplasts, α-linolenic acid is converted by several enzymatic reactions into the jasmonate-

precursor 12-oxophytodienoic acid, better known as OPDA. Afterwards, OPDA is transported to the 

peroxisomes where it becomes reduced and converted via the fatty acid β-oxidation reactions to 

form JA. Finally, the biologically active compound JA can act by itself, or can be metabolized into a 
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whole array of related jasmonates that can have unique signaling properties different from JA 

(Mithöfter et al. 2005, Wasternack 2007). 

The activation of jasmonate responses occurs by a reprogramming of transcription through the 

action of several jasmonate activators, such as the MYC2 transcription factor (Boter et al. 2004, 

Lorenzo et al. 2004). Without any jasmonate signal, MYC2 action is repressed by certain members of 

the JAZ protein family (Chini et al. 2007, Thines et al. 2007). During jasmonate signaling, JA is 

converted to its Ile conjugate (Lorenzo et al. 2004) which binds to the F-box protein COI1, thereby 

increasing interaction of COI1 with JAZ proteins which leads to assembly with the Skp1-like proteins 

ASK1, ASK2 and CULLIN-1 into a functional SCFCOI1 complex, an E3 ubiquitin ligase. Consequently, the 

JAZ proteins are labeled for degradation via the ubiquitin / 26S proteasome pathway. As such, MYC2 

repression is released, resulting in the expression of jasmonate-inducible genes. To date, MYC2 was 

shown to activate numerous JA-dependent processes (McGrath et al. 2005, Kazan et al. 2008).  

Recently, Memelink (2009) summarized the promoter sequences and transcription factors known to 

be involved in jasmonate-responsive gene expression. The most common jasmonate-responsive 

promoter elements are the GCC motif and the G-box. The GCC motif was reported to play a role in 

the jasmonate responsiveness of the pdf1.2 promoter. Analysis of the promoters of jasmonate-

responsive Arabidopsis genes showed that G-box (CACGTG) or G-box-like sequences (e.g. AACGTG) 

are over-represented promoter elements. In addition, TGACG sequences and the jasmonate-

responsive elements JASE1 and JASE2 were also identified as jasmonate-responsive promoter 

elements (Memelink 2009, Jensen et al. 1999).  

The expression profile of numerous genes is known to be upregulated after jasmonate signaling. One 

of these jasmonate-inducible proteins is the tobacco lectin Nictaba. Plant lectins are proteins that 

contain at least one non-catalytic domain that can reversibly bind to carbohydrate structures (Van 

Damme et al. 2008). Nictaba or N. tabacum agglutinin is a nucleocytoplasmic lectin of 39 kDa that is 

expressed in tobacco plants (Chen et al. 2002). The protein typically recognizes glycoproteins 

containing high-mannose or complex N-glycans and interacts with numerous nuclear and cytosolic 

glycoproteins (Lannoo et al. 2006a). Similar to other nucleocytoplasmic lectins, Nictaba expression is 

induced by (a)biotic stress factors (Lannoo and Van Damme 2010). Under normal environmental 

conditions, Nictaba is not detectable in tobacco plants but the lectin is specifically expressed after 

treatment with JA or some of its derivatives such as methyl jasmonate (JAME) as well as after insect 

herbivory. However, lectin expression is not altered by wounding. Until now no other plant 

hormones or abiotic and biotic stresses were found to induce Nictaba expression (Lannoo et al. 

2007a, Vandenborre et al. 2009). After induction by insect herbivory, Nictaba clearly shows 
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entomotoxic effects on Lepidopteran larvae, indicating a role in plant defense (Vandenborre et al. 

2010).  

To understand how the jasmonate-induced Nictaba expression is regulated, we identified and 

analysed the promoter region controlling a Nictaba gene from N. tabacum cv Samsun NN plants. 

Therefore the Nictaba promoter region was fused to the gus gene to investigate its activity and 

jasmonate-dependent tissue-specific expression during development in transgenic Arabidopsis and 

tobacco plants. The data presented here show a strong Nictaba promoter activity especially in 

younger tissues after JAME treatment of the transgenic Arabidopsis plants. We also present the first 

evidence for a low expression of Nictaba in the roots of tobacco plants after 12 h cold treatment as 

well as after JAME treatment. In transgenic tobacco plants, histochemical as well as quantitative GUS 

stainings were performed. The data obtained for expression of the Nictaba promoter-GUS constructs 

in tobacco were compared in detail to the results obtained in A. thaliana. 

2.3 Results  

2.3.1 Isolation of Nictaba promoter sequences from N. tabacum cv Samsun NN 

Using the GenomeWalkerTM DNA kit, five 1 kb fragments were isolated from genomic DNA of N. 

tabacum cv Samsun NN, referred to as IL12, IL20, NL32, NL37 and NL40. Sequence comparisons 

revealed that all genomic fragments contained new sequence information in the upstream region of 

the intron-containing Nictaba sam3 gene (GenBank ID: DQ155403 (Lannoo et al. 2006a)). The 

tetraploid tobacco cultivar N. tabacum cv Samsun NN possesses 4 genes encoding the Nictaba 

protein: sam1, sam2, sam3 and sam4 (Genbank DQ155401, DQ155402, DQ155403 and EF115364 

resp.) (Lannoo et al. 2006a, Lannoo 2007b). These lectin genes differ from each other in the coding 

sequence in the absence or presence as well as the length of the intron sequences. Despite the small 

differences in their exon sequences, transcripts of all these genes are translated into an almost 

identical Nictaba protein of 165 amino acid residues. To confirm that the isolated sequences really 

correspond to the promoter sequences of the Nictaba gene, additional PCR amplifications were 

performed on genomic DNA from tobacco using promoter (forward)- and gene (reverse)-specific 

primers. All promoter sequences were completed with the full-length downstream coding sequence 

of Nictaba up to the stopcodon TAA. Multiple sequence alignment of the identified promoter 

sequences revealed 92% sequence similarity (67% sequence identity) between these sequences 

(Delporte et al. 2011). A phylogenetic tree groups the identified Nictaba promoter sequences into 3 

clusters (Figure 2.1). A major difference between the IL and the NL clusters concerns a stretch of 10 

nucleotides 35 nt upstream of the ATG start codon, which is only present in the IL promoters. NL37 
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shows the highest sequence homology (95%) with the other 2 NL promoters NL32 and NL40, but is 

separated from them in the tree since it lacks part (200 nt) of the upstream promoter sequence.  

 

Figure 2.1 Phylogenetic tree of different 5’ upstream regulatory sequences controlling the Nictaba sam3 gene. 

The analysis is based on a multiple sequence alignment of all promoter sequences made in ClustalW (Delporte 

et al. 2011). Numbers correspond to bootstrap values of 1000 iterations.  

2.3.2 In silico analyses of the Nictaba promoter sequence 

An extensive search was performed on the Nictaba promoter sequences IL12 and NL32 promoters 

(representing the outer branches of the phylogenetic tree) for the presence and the location of 

known cis-acting regulatory DNA elements (Figure 2.1). Since both promoter sequences yielded very 

similar results, only the analysis for the NL32 promoter is shown in detail (Table 2.1).  

Since Nictaba is considered a genuine jasmonate-inducible protein (Lannoo et al. 2007a, 

Vandenborre et al. 2009), especially JA-responsive promoter elements were searched in the Nictaba 

promoter sequences. Known JA-responsive promoter elements are the GCC-motif, G-box, TGACG 

sequences, JASE1 and JASE2 (Memelink 2009). Searches in the Riken Arabidopsis and Genome 

Encyclopedia (RARGE) for jasmonate-responsive promoter elements retrieved JASE1ATOPR1, which 

appeared once in the NL32 promoter with 2 mismatches. In addition, there are 3 G-box like 

sequences present in the Nictaba promoter sequences. Using the PLACE plant promoter databases, 

the JA-responsive element T/GBOXATPIN was identified twice.  

Searches using the PLACE and PLANTCARE plant promoter databases also suggested the occurrence 

of multiple putative cis-acting elements responsive towards non-JA-associated hormone signaling 

(Table 2.1 and Figure 2.2). Different elements putatively related to abiotic responsive gene 

expression were also identified in the promoter sequences for NL32. The majority of these elements 

are involved in light responsiveness, a minor part concerns response towards etiolation and cold 

treatment (Table 2.1).  
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Table 2.1 Potential cis-acting regulatory elements identified in the NL32 promoter using an in silico pattern 

search against the PLACE database. 

  

Function Element Element core sequence Frequency 

TATCCAOSAMY TATCCA 3 

GAREAT TAACAAR 2 

WRKY710S TGAC 4 

Response to 
PYRIMIDINEBOXOSRAMY1A CCTTTT 2 

GA 

TATCCACHVAL21 TATCCAC 1 

CAREOSREP1 CAACTC 1 

GADOWNAT ACGTGTC 1 

WBOXATNPR1 TIG AC 2 

Response to pathogen attack WBBOXPCWRKY1 TTIGACY 1 

WBOXNTERF3 TG ACV 2 

MYB1AT WAACCA 2 

Response to ABA ACGTABREMOTIFA20SEM ACGTGKC 1 

ABRERATCAL ACGTG 1 

Response to auxin AR FAT TGTCTC 1 

Response to JA T/GBOXATPIN2 AACGTG 2 

LTRE1HVBLT49 CCGAAA 1 

MYBCOREAT AACGG 2 

Response to cold stress MYBST GGATA 2 

MYBCORE CNGTIR 1 

MYB1AT WAACCA 2 

ABRELATERD1 ACGTG 2 

Reponse to etiolation 
ACGTATERD1 ACGT 6 

SORLIP1AT GCCAC 2 

GTlCONSENSUS GRWAAW 4 

-10PEHVPSBD TATICT 3 

IBOXCORENT GATAAGR 1 

I BOX GA TAAG 1 

IBOXCORE GAT AA 1 

Response to light INRNTPSADB YTCANTYY 1 

GT1GMSCAM4 GAAAAA 2 

CIACADIANLELHC CAANNNNATC 3 

GATABOX GATA 12 

REALPHALGLHCB21 AACCAA 1 

PRECONSCRHSP70A SCGAYNRNNNNNNNNNNNNNNNHD 1 

TBOXATGAPB ACTTIG 1 
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                 1                                               50 

NL32             GCCCTTAAAAAGCAGGCTTCCCTCTGTCTCGCCTTCATCGCGAACTCGAC 

                 51                                             100 

                 CAGTTCCTCCGCGAACGCGAAGGCTAAGGACCCAGCCCCTTCCGTGAATG 

                 101                                            150 

                 CAACTCCGATCCCCCTTCGTGAACGTGAAGGCCAAACTTCCAGGCCACAC 

                 151                                            200 

                 TCCCTTCTTCGCAAACGCGAGTGTGCTCTGCGATCGCGAAGCACACTGAG 

                 201                                            250 

                 CACCATTAATATCAGCCACCTCAAACATGCTTCGGATGGTCCGAAACTCA 

                 251                                            300 

                 CCTGGGACCCGTTCAATCGAGCAACAAATTCATAAACACTAGCTGGAACT 

                 301                                            350 

                 ATCCAAGGCATCTAGACACATACGAAATCACCACATCTAAGAATCAAGGA 

                 351                                            400 

                 CCAAATCAACAGCGGGGCTACTAACATCCTATAGATATACACCTACTATA 

                 401                                            450 

                 TCTCAAAGTTTAACTTCTTGTTATATATTTTGGGATGTGAGGGGTTAGGG 

                 451                                            500 

                 ATCGTTGAAAAAAAGATGGTTTTGTAGTTAATCTTTTAAACAATACCCAT 

                 501                                            550 

                 TTTGTTTGATCTAGTTTGCCGATGCGTTTTAAGCTTTTGTGTCTGGTAAT 

                 551                                            600 

                 ATGGGTCTTAAGATGGGTCAAACGGGCGCCAACTAAGTTGGTTTATTTTG 

                 601                                            650 

                 TATTTACCCTTTTGTCCCAAAAATACAATAGTGACTAAATAATATATGTG 

                 651                                            700 

                 CAACTTGACATCTCTTTTCAAGAATATCCAAATGGTCCTAAAAAGGCAAT 

                 701                                            750 

                 CTTATCTGTTTCAACAATGGCAGAATGAGCCGTATTACAAAGGGTCTGCC 

                 751                                            800 

                 AATAGACACGTTTTTAACATTCAAGAAAAAAAATTGTTCTTGTTAACGCA 

                 801                                            850 

                 CCTACTATAGTACTATGGTGACAAATTTTGGAGTCCAGTAAATGCTCTAT 

                 851                                            900 

                 AAATATCAGGACGAAGCAAAGGGGAGTAGAGCCAACTAAAAAGATAGCAT 

                 901                                           

                 CATATCATATATAGCAATACAAGAAAG 

 

 

 

 

 

Figure 2.2 Promoter sequence of NL32. Putative cold- and JA-responsive cis-acting regulatory elements and 

typical promoter elements (CAAT and TATA boxes) are indicated on the sequence. JA-responsive elements are: 

JASE1ATOPR1, G-box like sequence, T/GBOXATPIN; Cold-responsive elements are: LTRE1HVBLT49, 

MYBCOREAT, MYBST. 

  

JASE1ATOPR1    MYBCOREAT  

G-box like sequence   MYBST  

T/GBOXATPIN       TATA box 

LTRE1HVBLT49       CAAT/CCAAT box 
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2.3.3 Histochemical analyses of GUS activity in transgenic Arabidopsis plants  

The expression of the Nictaba promoters IL12 and NL32 was examined using transformed A. thaliana 

ecotype Col-O plants that contained promoter/GUS reporter gene fusion constructs. Both IL12 and 

NL32 promoter sequences contained approximately 900 bp of 5’ upstream sequence of the Nictaba 

gene sam3 including its 5’ untranslated region (Delporte et al. 2011). Although these promoter 

sequences contain the typical promoter elements, one cannot be sure that these 900 bp fragments 

represent the full length promoter sequence. Nevertheless, these fragments were sufficient to drive 

GUS expression. Promoter activities were examined in different plant tissues during the development 

of Arabidopsis, treated with 50 µM JAME or with water for 24 hours. Six different plant stages were 

analyzed starting with 1) 3-day-old seedlings, 2) 9-day-old seedlings, 3) adult plants with closed 

flowers, 4) adult plants with open flowers, 5) adult plants with green siliques and finally 6) adult 

plants with brown siliques. Since similar patterns of expression were detected for both promoter 

constructs throughout development only the results for NL32 will be detailed below. Arabidopsis 

lines in which the cauliflower mosaic virus 35S promoter was used to drive recombinant GUS 

expression were used as controls. 

2.3.3.1 Plant stage 1: 3-day-old seedlings 

Similar to the cauliflower mosaic virus (CaMV) 35S-GUS control construct (Results not shown) the 

JAME-treated seedlings with the NL32-GUS construct showed a GUS positive staining of the 

cotyledons preferentially around the vascular tissue and at the tips of the cotyledons (Figure 2.3 a). 

The petioles showed a strong GUS staining, mainly around the vascular tissue. More than half of the 

stomatal cells showed intense staining, which was always visible in both guard cells (Figure 2.3 a-1). A 

very intense GUS activity was also observed in the shoot apex, especially at the base of the 

trichomes. In the hypocotyl, GUS expression was confined to the vasculature and continued in the 

central cylinder of the root. Interestingly, GUS activity was high near the root tip (Figure 2.3 a-2).  

In water-treated seedlings (Figure 2.3 b) GUS expression was confined to the major veins of the 

cotyledons. The vascular tissue from the roots and the shoot apex showed a much lower GUS 

activity. In contrast to JAME-treated seedlings, no GUS expression was observed in the root tip of 

water-treated seedlings (Figure 2.3 b-1).  
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Figure 2.3 Histochemical analysis of GUS activity in Arabidopsis seedlings directed by the NL32 promoter. GUS 

expression was analyzed for 3-day-old (a-b) and 9-day-old seedlings (c-d) after 24 h treatment with JAME (a and 

c) or water (b and d). Details of the stomata (a-1) and root tip (a-2; b-1) are shown.  

 

To confirm this first series of results, cross sections of cotyledons from 3-day-old seedlings were 

made (Figure 2.4). Similar to the previous results, the JAME-treated sections showed an intense GUS 

staining, especially around the vascular tissue (Figure 2.4 a-1) whereas GUS staining in water-treated 

seedlings was only confined to the vascular tissue (Figure 2.4 b-1). 
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Figure 2.4 Cross sections of cotyledons from GUS stained Arabidopsis seedlings transformed with NL32/GUS 

promoter construct. GUS expression was analyzed in 3-day-old seedlings after 24 h treatment with JAME (a) or 

water (b). Details of the vascular tissue (vt) and surrounding mesophyll cells (m) are shown (a-1, b-1). 

2.3.3.2 Plant stage 2: 9-day-old seedlings 

In 9-day-old seedlings having 2 fully matured cotyledons and the first 2 true leaves, the pattern of the 

GUS histochemical staining had changed. GUS staining of the mature cotyledons treated with JAME 

was typically seen only in the veins (Figure 2.3 c), similar to the expression pattern seen in water-

treated plants (Figure 2.3 d). However, JAME-treated seedlings showed a very strong GUS staining of 

the first true leaves (Figure 2.3 c), with clear staining of the trichomes on the young leaves, especially 

near the base. GUS activity was also observed in the vasculature of the hypocotyl, the root and in the 

apex of initiating lateral roots (Figure 2.3 c). Compared to JAME-treated plants the staining of the 

vasculature in the hypocotyl and the primary and lateral roots of water-treated plants was much 

weaker (Figure 2.3 d). In Arabidopsis lines expressing the CaMV35S-GUS construct, a strong GUS 

staining was observed in all plant tissues, except for the hypocotyl (Results not shown). 
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2.3.3.3 Plant stages 3-6: plants older than 1 month 

In 1-month-old Arabidopsis plants, the GUS staining was observed in all organs (Figure 2.5). Clearly 

stronger GUS staining was present in developing leaves than in older mature leaves where GUS 

staining was typically seen in the veins. GUS expression was detected diffusely in the leaves. In 

rosette leaves of JAME-treated plants (Figure 2.5 a-5), GUS expression was visible in all veins except 

for the middle vein, with a stronger expression at the edges of the leaf where mesophyll cells show 

very diffuse GUS staining. Cauline leaves showed a similar but more intense colouring pattern with 

strong staining of the trichomes at the base of the leaf (Figure 2.5 a-6). In water-treated plants a very 

weak GUS expression was observed in rosette and cauline leaves (Results not shown). The staining 

was confined to veins located at the edges of the leaf, mainly near the base of the leaf.  

Floral organs showed GUS expression in the veins of the sepals, the style, the stigma and the ovary 

(Figure 2.5 a-3 and 2.5 a-4). Embryos of different age present in the seeds did not show any GUS 

staining (Results not shown). Some GUS expression was associated with the funiculus that attaches 

the developing seed to the siliques, as well as in the septum of the siliques (Figure 2.5 a-1 and 2.5 a-

2). However, very similar results were obtained for water-treated and JAME-treated plants. But only 

flowers derived from JAME-treated plants also showed GUS expression in the filament of the stamen. 
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Figure 2.5 Histochemical analysis of GUS activity in adult Arabidopsis plants directed by the NL32 promoter. 

GUS expression was analyzed for 1-month-old plants after 24 h JAME (a and 1, 3, 5, 6, 7) or water treatment (2, 

4, 8). Details of the siliques (1-2), flowers (3-4), rosette (5) and cauline leaves (6) and roots (7-8) are shown. A 

magnification is shown of the trichomes at the base of the cauline leaf (6a) and of the roots (7a). 

In roots, a very high GUS expression was seen especially in the vasculature of the primary root, 

whereas lateral roots showed a weaker GUS expression as more lateral roots are formed (Figure 2.5 

a-7 and 3a-8). Plants harbouring the CaMV35S-GUS control construct showed a complete blue 

staining of rosette and cauline leaves, flowers, siliques and roots (Results not shown). 
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2.3.4 Nictaba expression in the roots of N. tabacum cv Samsun NN plants 

The histochemical GUS staining experiments in Arabidopsis demonstrated a clear activity of the 

Nictaba promoter in the roots of the transformed plants. However, until now, Nictaba activity was 

never reported in tobacco roots (Chen et al. 2002, Lannoo et al. 2007a). Therefore the root-specific 

expression of Nictaba was studied after JAME-treatment of the tobacco plants (N. tabacum cv 

Samsun NN) using agglutination assays, Western blot analysis and ELISA (Figure 2.6). Since Nictaba is 

primarily expressed in JAME-treated tobacco leaves, this plant material was used as the positive 

control. Using an agglutination assay, Nictaba activity was only detected in protein extracts from 

leaves originating from JAME-treated plants, whereas the extracts of the roots of the same plants did 

not contain detectable amounts of lectin activity. Extracts from leaves or roots in the control 

treatment did not show any lectin expression.  

 

Figure 2.6 Quantification of Nictaba levels after JAME and cold treatment. Nictaba increase in leaves and roots 

of tobacco was measured using an ELISA (A). Analyses were done with three-week old tobacco plants treated 

with JAME for 24 h or eleven-week old plants subjected to a cold stress for 12 h. Data represent the increase in 

lectin concentration compared to the control (no treatment). Data represented are the mean (± SE) of three 

independent biological repeats. Asterisks indicate significant differences compared to untreated roots or leaves 

(t-test; * p < 0.05; ** p < 0.001; *** p < 0.01). Root (R) and leaf (L) extracts from tissues treated with different 

concentrations of JAME were also subjected to Western blot analysis (B).  

 

However, the combination of SDS-PAGE and Western blot analysis using an antibody specifically 

directed against Nictaba allowed to visualize a clear protein band for Nictaba in protein extracts from 

both tobacco leaves and roots sampled from JAME-treated plants (Fig 2.6 B). This result was 

confirmed and quantified by a more sensitive ELISA assay. As shown in Figure 2.6, Nictaba 

concentrations increased in leaves and roots after JAME-treatment, confirming a low Nictaba 
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expression in the roots as observed in the promoter-GUS staining experiments. At higher JAME 

concentrations, Nictaba expression decreases in leaves. This is in agreement with earlier 

observations and is probably caused by the senescence of the leaf, resulting in a decrease of the total 

protein content (Lannoo and Van Damme 2010). 

 

In silico analyses of the Nictaba promoter revealed multiple cis-acting elements known to be 

associated with light and cold stress (Table 2.1). Previously, it was shown that light and dark grown 

tobacco plants both express equal amounts of Nictaba after JAME treatment (Lannoo et al. 2007a). 

To investigate the impact of cold treatment on Nictaba gene expression in tobacco, plants were 

subjected to a cold treatment for 12h and analyzed for lectin activity both in leaf and root extracts. 

Both Western blot analysis and ELISA confirmed Nictaba expression in the roots after cold treatment. 

Surprisingly, cold treatment did not affect lectin accumulation in the leaves (Figure 2.6).  

2.3.5 Histochemical GUS staining after JAME treatment in tobacco 

The same Nictaba promoter constructs IL12 and NL32 were used to transform tobacco. Since Nictaba 

is considered a genuine jasmonate-inducible lectin, transgenic tobacco plants expressing the 

promoter-GUS constructs were treated with JAME and promoter activity was analyzed using 

histochemical stainings. Therefore, five independent transgenic lines of the T1 generation were 

analyzed for GUS staining for each promoter construct after treatment with JAME. Transgenic 

tobacco plants treated with water were used as a negative control. 

To follow the promoter activity during the life cycle of the tobacco plant, five different plant stages 

were analyzed, starting with 1) 24h old seedlings, 2) 48h old seedlings, 3) 1-week-old plants, 4) 3-

week-old plants, and finally 5) flowering plants. Histochemical analyses were performed on complete 

plants for plant stages 1 to 4. In case of plant stage 5, only the floral organs were examined. Both 

promoter constructs yielded very similar GUS expression patterns. 

2.3.5.1 Plant stage 1: 24h-old seedlings 

In the youngest growth stage, GUS activity was clearly observed after treatment of the seedlings with 

JAME for 24 hours (Figure 2.7), whereas water treated plantlets did not show any blue staining. 

Staining was observed in the mesophyll cells as well as in the vascular tissues of 24 h cotyledons 

whereas the hypocotyl and the apical meristem were clearly devoid of GUS activity (Figure 2.7-a, 2.7-

b). Some closed stomatal guard cells also showed a strong GUS staining (Figure 2.7-c). The primary 

root showed only a faint blue staining in the vascular tissue of the lower part of the root 
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corresponding to part of the zone of cell differentiation (Figure 2.7-d). In contrast, there was no 

expression whatsoever in the secondary roots and in the root tips (Figure 2.7-e). 

 

Figure 2.7 Histochemical analyses of GUS activity directed by the NL32 promoter in 1-day-old tobacco seedlings 

treated with JAME. The inset shows the water-treated control plant. Details of the hypocotyl (a), apical 

meristem (b), stomata (c), root (d) and root tip (e) are shown. The IL12 promoter constructs yielded very similar 

results. 

2.3.5.2 Plant stage 2: 48h-old seedlings 

Two-day-old plantlets showed a very similar expression pattern as seen in 24h-old seedlings, in that 

the GUS staining was confined to the cotyledons, particularly to the vascular tissue and some 

stomatal cells (data not shown). Some GUS staining was also detected in the vascular tissue of the 

lower part of the root, but not in secondary roots or root tips. However, the GUS intensity is reduced 

compared to plant stage 1. No promoter GUS activity was detected in the water-treated plantlets. 
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2.3.5.3 Plant stage 3: 1-week-old plantlets 

In 1-week-old plantlets grown in vitro, the GUS staining in the cotyledons had almost completely 

disappeared, and only a weak signal especially at the tip of the cotyledons was still visible. 

Remarkably, the first leaves showed very strong promoter activity (Figure 2.8). A clear GUS staining 

was observed in the veins of the leaf and in some stomatal guard cells (Figure 2.8-a). No GUS staining 

appeared in the apical meristem and the hypocotyl. At this stage a strong blue color was seen in the 

vascular tissue of the primary, but also of the secondary roots. The blue color is confined to the lower 

part of the root excluding the root tip (Figure 2.8-b, 2.8-c). No GUS expression was observed in the 

water treated plantlets. 

 

Figure 2.8 Histochemical analyses of GUS activity directed by the NL32 promoter in 1-week-old tobacco 

seedlings treated with JAME. The inset shows the water treated control plant. Details of the stomata (a), root 

(b), root tip (c) are shown. The IL12 promoter constructs yielded very similar results. 
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2.3.5.4 Plant stage 4: 3-week-old plants 

An intensive GUS staining was observed in the senescing cotyledons and first true leaves of 3-week-

old plants grown in soil (Figure 2.9-a). This GUS staining was especially observed in the vascular tissue 

and at the outer edges of the leaf. A very similar GUS staining pattern was also visible in the other 

leaves, although the intensity of GUS staining was lower. Remarkably, the hypocotyl also showed 

strong GUS expression at this stage of development, especially in the vascular tissue. A strong GUS 

staining was observed in the vascular tissue of some roots. Particularly the oldest roots showed 

strong promoter activity, but not in the root tip. The water treated plants did not display any GUS 

activity (Figure 2.9-b). 

 

Figure 2.9 Histochemical analyses of GUS activity directed by the NL32 promoter in 3-week-old tobacco 

seedlings treated with JAME (a) or water (b). GUS staining is visible in the hypocotyl (hy), first true leaves (ftl) 

and part of the primary root (rt). The IL12 promoter constructs yielded very similar results. 

2.3.5.5 Plant stage 5: Flowering plants 

Flowers of transgenic plants were subjected to a GUS histochemical assay after treatment with JAME. 

As shown in Figure 2.10 a-1, the outer rim of the sepals showed a clear blue staining, especially for 

the IL12 promoter construct. No GUS staining was observed in the style, the stigma and the ovary. 

Although the NL32 construct showed a similar expression pattern, the GUS staining was much 

weaker (Figure 2.10 a-2). Water treated flowers did not show any GUS staining (Figure 2.10 b). 
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Figure 2.10 Histochemical analyses of GUS activity in the floral organs of tobacco plants harboring the IL12-GUS 

(a) and NL32-GUS (b) promoter construct. Whole flowers were subjected to JAME (1) or water treatment (2).  

2.3.6 Fluorometric GUS activity in tobacco 

Since the histochemical analysis does not permit the detection of low levels of GUS, nor measuring 

an increase in the level of expression, a quantitative GUS assay was also performed on 5-week-old 

tobacco plants, which had formed at least six leaves. Five fully-expanded leaves, as well as the 

youngest leaf (including the apical meristem) and the roots were analyzed for GUS expression (Figure 

2.11). The cotyledons and the first true leaves of 5-week-old plants were excluded from the test 

because they were decaying.  

As shown in figure 2.11 the highest level of GUS activity for the NL32 promoter was detected in the 

sixth or in this case the oldest leaf of JAME treated plants. This GUS activity gradually decreased 

toward the younger leaves but was somewhat higher in the youngest fully expanded leaf (leaf 2). 

Since the water-treated leaves showed very little GUS activity, there is a significant difference 

between JAME treated and untreated leaves. However, in the youngest leaf sample (1), no significant 

difference in promoter activity was detected for water and JAME treated tissues. GUS activity in the 

roots was also low. 

Similar results were obtained for the IL12 promoter (data not shown), with the highest promoter 

activity in the oldest leaves. In this case the youngest leaves also showed pronounced promoter 

activity. Quantitative GUS activity measurements for the NL32 promoter yielded values up to 4-fold 

higher compared to the IL12 promoter.  
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Figure 2.11 Fluorometric analyses of GUS activity in transgenic tobacco plants harboring the NL32::GUS 

promoter construct. Plants were subjected to JAME or water treatment. Individual leaves (1-6) and roots (7) 

were sampled as indicated on the schematic drawing for the tobacco plant. Asterisks indicate significant 

differences compared to water-treated leaves or roots (t-test; *p < 0.05; **p < 0.01, ***p < 0.005, **** p < 

0.001). 

2.4 Discussion 

2.4.1 Presence of jasmonate responsive elements in the Nictaba promoter sequence 

Since Nictaba is a genuine jasmonate-inducible lectin, promoter elements responsible for this 

jasmonate-responsive character were searched. By checking the promoter sequence for known JA-

responsive promoter elements, three G-box like sequence were identified. Plant promoter database 

searches also identified two JA-responsive elements, JASE1ATOPR1 once and T/GBOXATPIN twice, in 

the promoter sequence. JASE1ATOPR1 is a JAME-responsive element found in the promoter of the A. 

thaliana 12-oxo-phytodienoic acid-10,11-reductase (OPR1) gene (He et al. 2001). T/GBOXATPIN is 

present in the promoter sequences of the tomato defense proteins LAP and PIN2 and is recognized 

by the bHLH-Leu zipper DNA-binding proteins JAMYC2 and JAMYC10 (Boter et al. 2004, Lorenzo et al. 

2004). JAMYC2 is an important JA-inducible transcription factor that positively regulates the defense 

response towards pest insects. All these elements can contribute to the jasmonate-inducible 

expression of Nictaba and were associated with cis-acting regulatory motifs present in promoter 

regions of defense-related proteins.  
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Database searches also indicated the occurrence of different non-JA-responsive promoter elements, 

however, other hormone-associated elements are unlikely to be active since earlier experiments 

showed that of all plant hormones tested only JA and its derivatives affected lectin synthesis (Lannoo 

et al. 2007a). Also putative cis-elements related to abiotic responsive gene expression were 

identified, but they need to be verified by functional analysis. In this respect, Nictaba resembles ver2, 

a jacalin-related lectin in winter wheat. The expression of ver2 can be induced by low temperature 

treatment and it was shown that ver2 plays an important role in the vernalization process (Yong et al. 

2003). A detailed analysis of the ver2 promoter region fused to green fluorescent protein allowed the 

identification of several possible response elements which are known to respond to cold, abscisic 

acid, JA, gibberelin and light stress signaling, but experiments actually indicated that the ver2 

promoter is only responsive towards abscisic acid, JA and light stress (Feng et al. 2009). 

2.4.2 Nictaba promoter activity during development of Arabidopsis 

Histochemical GUS staining is a well-established method that allows following promoter activity 

during plant development. It was clear that the expression of the gus gene and thus the activity of 

the Nictaba promoter diminished as the plants were getting older (Figures 2.3 and 2.5). This decrease 

in activity was very obvious when comparing the GUS staining of the cotyledons in plant 

developmental stages 1 and 2. Whereas the cotyledons and the first true leaves initially showed a 

very intense staining, the GUS activity dropped as the leaf material was getting older. Similarly in 

plant stages 3 and 4 GUS staining was much weaker and more diffuse as leaves were expanding.  

2.4.3 Nictaba expression in the roots of tobacco plants 

Remarkably, the histochemical staining not only revealed Nictaba promoter activity in leaves, but 

also in roots of Arabidopsis plants, especially in the vascular tissues. This vasculature-related 

expression contrasts with earlier immunohistochemical assays that have been performed for Nictaba 

in tobacco plants, where Nictaba expression was only detected in parenchyma cells but not in the 

phloem tissue (Chen et al. 2002). The vasculature-specific staining of the Nictaba promoter/GUS 

constructs differs from that of AtPP2-A1/GUS constructs reported by Dinant et al. (2003). AtPP2-A1 is 

a phloem-specific Arabidopsis lectin that shares a C-terminal domain highly homologous to Nictaba 

and an unrelated long N-terminal domain which is implied in phloem localisation (Dinant et al. 2003, 

Beneteau et al. 2010). However, since we cannot exclude the context-dependence of transcriptional 

regulation, it is possible that the Nictaba promoter sequences react differently in Arabidopsis 

compared to tobacco plants. It has already been described that the application of JAME alters the 

activity of enzymes of the oxylipin pathway to a different extent in both plant species (Avdiushko et 
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al. 1995). Therefore, experiments were performed to assess the occurrence of Nictaba in roots of 

tobacco, which confirmed the findings of the GUS experiment. Nictaba is also expressed at low 

concentrations in tobacco roots. 

2.4.4 Nictaba promoter activity during development of tobacco 

Nictaba promoter constructs yielded high promoter activity in the cotyledons, especially in the 

youngest plant stages (24h- and 48h-old seedlings). In older plants, GUS staining is apparent in the 

true leaves, with more intense GUS staining in older compared to younger leaves, suggesting 

stronger promoter activity in the first leaves of the plant. The latter results were also confirmed by 

quantitative analyses in 5-week-old plants. A similar age-dependent expression has also been 

reported for the rice lectin SalT (Garcia et al. 1998). In plant tissues with high levels of cell expansion 

and/or cell division, SalT was expressed to its highest extent, whereas in older plants expression 

shifted to the oldest leaves.  

In agreement with the GUS analyses in A. thaliana clear promoter activity was also detected in 

tobacco roots. In the youngest plant stages (24h-, 48h- and 1-week-old seedlings) primary tobacco 

roots show GUS expression in the vasculature of the lower part of the root, but not in the root tip. In 

3-week old tobacco plants Nictaba promoter activity was observed in the oldest (primary) roots.  

2.4.5 Comparative analysis between Nictaba promoter activity in Arabidopsis and tobacco 

We analyzed the GUS activity driven by the Nictaba promoter in A. thaliana. Since Nictaba is a 

tobacco protein and the genetic background from Arabidopsis and tobacco is quite different, these 

promoter studies were also performed in tobacco. This experimental approach not only allowed to 

analyze the promoter activity in its original genetic background, but also enabled the comparative 

analyses of the data obtained in tobacco and thale cress. 

A comparative analysis of the Nictaba promoter activity in Arabidopsis and tobacco revealed that at 

first sight the overall picture of GUS staining was very similar. At the early stages of development, the 

GUS staining pattern in the cotyledons and leaves of both plant species showed an intensive staining 

of the mesophyll cells and some stomatal guard cells. GUS activity in these tissues gradually 

decreased as the plants got older. In 1-week-old tobacco, the cotyledons were completely devoid of 

GUS activity whereas a low level of GUS activity always remained in the cotyledons of 9-day-old 

Arabidopsis plants, especially in the vasculature. Remarkably, water treated controls never showed 

any GUS activity in tobacco, whereas in Arabidopsis some light blue background staining was always 

present. 
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When zooming into detail, some striking differences were observed. First, the apical meristem of 

tobacco plantlets is completely devoid of GUS staining, whereas in Arabidopsis the meristem tissue 

showed a very strong blue colour. Second, the hypocotyl does not show any GUS staining in the 

young stages of the tobacco development. However, in three-week-old tobacco plants, the hypocotyl 

showed clear GUS activity. GUS expression in the Arabidopsis hypocotyl was observed only in the 

vascular tissue during the early stages of development (3-day-old seedlings and 9-day-old seedlings). 

Third, the GUS staining pattern in the roots of tobacco and Arabidopsis was completely different. 

During early stages of tobacco development, GUS activity was detected in the lower part of the zone 

of cell differentiation, but not in the root tip. In older tobacco plants the staining expanded to the 

complete zone of cell differentiation, but the GUS staining was clearly confined to the primary roots. 

In contrast, in Arabidopsis, promoter activity was observed in the root system at all stages of 

development, but GUS expression in the root tip was only observed in the 3-day-old Arabidopsis 

seedlings. Finally, Nictaba promoter activity was different in the flowers. In tobacco, GUS activity was 

clearly present at the rim of the petals. However, in Arabidopsis flowers promoter activity was much 

more pronounced, since GUS staining was detected in the veins of the sepals, but also in the style, 

the stigma and the ovary. 

Transgenic A. thaliana and tobacco are frequently used to gain more insight in protein expression of 

proteins originating from harder-to-transform plant species like rice, soybean and barley. Although, 

in most reports GUS promoter activity is only analyzed in one species, a few reports have attempted 

to analyze GUS activity in multiple plant species. In most cases the data reported are quite similar for 

different species or compared with the original plant species from which the promoter sequence was 

analyzed, especially when the genes under studies are well conserved among plant species (Stenzel 

et al. 2008, An et al. 2009, Singer et al. 2011). However, careful analysis of the available literature did 

reveal some more reports documenting differences in GUS staining patterns obtained for the same 

promoter when analyzed in a different plant background. Inaba et al. (2007) analyzed the expression 

of the tobacco ASA2 promoter in soybean. Although the GUS staining patterns for tobacco and 

soybean were quite similar no ASA2 driven expression in seed or pollen was observed in tobacco. 

Similarly differences in GUS staining were observed when the rice YY2 promoter was transformed in 

Arabidopsis. In contrast to rice where the GUS staining was confined to the tapetum the complete 

anthers showed GUS activity in Arabidopsis (Kuriakose et al. 2009, Khurana et al. 2013). Kobayashi et 

al. (2007) also observed clear differences when GUS analyses were performed for the barley IDS3 

promoter in transgenic Arabidopsis and tobacco. Expression occurred mainly in the epidermis of 

Arabidopsis roots, whereas expression was dominant in the pericycle, endodermis and cortex of 

tobacco roots. 
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In the latter two cases, the differences in promoter activity could be attributed to the fact that a 

promoter from a monocotyledonous species was analyzed in a dicotyledonous background. 

However, this reasoning does not hold true for our data describing differences in promoter activity 

observed between tobacco and Arabidopsis. The most striking differences in GUS staining were 

observed in the apical meristem, the roots and the flowers. Although these differences in GUS 

expression patterns might look trivial, they could be quite important, taking into account the role of 

Nictaba in plants cell signaling and defense. 

2.5 Conclusions  

The data presented provide information related to Nictaba expression during the life cycle of the 

plant and will facilitate the search for potential Nictaba interacting proteins and hence related 

function during plant development and plant defense. Several very homologous Nictaba promoter 

sequences controlling gene expression of the Nictaba sam3 gene present in Nicotiana tabacum cv 

Samsun NN plants were isolated and characterized. The responsiveness of the Nictaba promoter 

towards jasmonates was clearly observed in JAME-treated seedlings and adult Arabidopsis and 

tobacco plants. The higher Nictaba promoter activity and thus a higher level of Nictaba in younger 

tissues can be important for the defensive role of Nictaba against pest insects which preferably 

consume younger plant tissues. This study contributes to the knowledge about the jasmonate-

induced expression of the tobacco lectin Nictaba with regard to its regulation at the transcriptional 

level. 

2.6 Materials and methods 

2.6.1 Plant material 

Seeds of N. tabacum cv Samsun NN and A. thaliana ecotype Columbia (Col-O) were purchased from 

Lehle Seeds (Round Rock, Texas, USA). Prior to use, dry seeds were surface sterilized with 70% (v/v) 

ethanol for 2 min and then with 7% (v/v) NaOCl for 10 min. The seeds were rinsed thoroughly with 

sterile distilled water before they were sown. To establish an in vitro culture, seeds were germinated 

on solid Murashige and Skoog medium (containing 4.3 g/L MS micro and macro nutrients containing 

vitamins (Duchefa, Haarlem, The Netherlands), 30 g/L sucrose, pH 5.7 (adjusted with 0.5 M NaOH) 

and 8 g/L plant agar (Duchefa)). Arabidopsis seeds were imbibed for 2 days at 4°C in the dark before 

they were transferred to a growth chamber at 21°C with a 16/8 h light/dark photoperiod. Tobacco 

seeds were incubated directly in a growth chamber at 25°C with a 16/8 h light/dark photoperiod. 

After germination, Arabidopsis plantlets were transferred to artificial soil (Jiffy-7, columnar diameter 
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44 mm, AS Jiffy Products, Drobak, Norway) to grow adult plants. Plant developmental stages 1 and 2 

were grown in vitro, whereas plant stages 3-6 were grown in artificial soil. 

2.6.2 Treatment of Arabidopsis and tobacco plants 

Arabidopsis seedlings and plants were floated for 24 h on a 50 µM JAME-solution (dissolved in 

water). Three biological repeats were used to perform the GUS staining. Control plants were treated 

similarly with water, here 2 biological repeats were used. 

Tobacco seedlings were treated identically. Five biological repeats were performed for the GUS 

staining of JAME-treated plants. Control plants were treated with water. In the latter case 3 

biological repeats were used. 

To check whether Nictaba was expressed in the roots, the following setup was used. Three-week-old 

tobacco plants were treated with 50 µM and 100 µM JAME for 4 days. Therefore, plants were 

removed from the soil, all soil was removed from the roots, and the roots were incubated in jars 

containing the JAME solution. Control plants were treated similarly with water. Tobacco leaves and 

roots from three biological repeats were analyzed for lectin activity. Leaves of comparable age and 

position on the plant were used for all assays. 

Eleven-week-old tobacco plants, grown in pot soil, were subjected to cold stress by incubating the 

plants at 4°C for 12 h. Control plants were kept in the growth chamber at 25°C. Leaves of comparable 

age and position on the plant were used for all assays. 

2.6.3 Amplification of the Nictaba promoter from tobacco 

Genomic DNA was isolated from leaves of tobacco plants as described before (Lannoo et al. 2007a). 

The 5’ upstream regions of the Nictaba sam3 gene were isolated using the Universal 

GenomeWalkerTM Kit (Clontech Laboratories, Inc, CA, USA). Four GenomeWalker libraries were 

constructed according to the manufacturer’s instructions. After phenol/chloroform purification, 

libraries were used as templates in a nested PCR reaction in a GeneAmp PCR System 9600 Apparatus 

(PerkinElmer Corp., Norwalk, CA, USA) using the BD AdvantageTM2 PCR Enzyme system of Clontech. A 

first PCR was performed using the AP1 Genome Walker primer (Clontech) and the gene-specific 

primer evd 89 using cycling parameters: 2 min 94°C, 7x (2 sec 94°C, 3 min 70°C), 32x (2 sec 94°C, 3 

min 65°C), 4 min 65°C. PCR products were 1:10 diluted and used as templates in a subsequent PCR 

with the AP2 Genome Walker primer and the gene-specific primer evd 88. PCR cycling parameters 

were identical as for the first PCR. To complete the obtained promoter sequences with the 3’ 

downstream coding sequence of the Nictaba gene, nested PCR was performed using the promoter-



Chapter 2: Jasmonate response of the Nicotiana tabacum agglutinin promoter in Arabidopsis 
thaliana and Nicotiana tabacum 

60 
 

specific primer evd 155 and the 3’UTR-specific primer evd 43 in a first amplification round, and 

primer set evd 155 and evd 66, specific for the 3’ end of exon 3 of the Nictaba gene, in a second PCR 

amplification reaction. All PCR primers used are shown in Appendix A. All secondary PCR products 

were ligated into the pCR2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen, California, USA) 

and transformed into E. coli Top10 cells using heat shock transformation. Transformants were 

selected by colony PCR. Plasmid DNA inserts were sequenced with the universal M13 forward and 

reverse primers at the VIB Genetic Service Facility (Antwerp, Belgium). New sequence data have 

been deposited in GenBank under accession numbers EF115365, EF115366, EF115368, EF115369 and 

EF115370. 

2.6.4 In silico analysis 

DNA sequences were analyzed by VectorNTI 10.0 (Invitrogen) and BioEdit 7.0.4.1. Multiple sequence 

alignments were generated using ClustalW 1.83. The output was visualized using BoxShade 3.21. 

Based on the ClustalW data, a PAUP phylogenetic tree was constructed using TreeIllustrator 

(Trooskens et al. 2005). Promoter sequences were scanned for the presence of cis-elements identical 

or similar to motifs registered in 2 plant cis-acting regulatory elements databases, PlantCARE (Lescot 

et al. 2002) and PLACE 28.0 (Higo et al. 1999), using the database-associated search tools. Perl scripts 

were used for computational analyses on all elements found in the two databases.  

2.6.5 Construction of promoter-GUS reporter vectors 

For the expression of the promoter-GUS constructs, the Nictaba promoter sequences IL12 and NL 32 

were cloned into the pKGWFS7.0 vector (Karimi et al. 2002) using the GatewayTM Cloning technology 

of Invitrogen. Therefore the Nictaba promoter sequences were amplified as attB-PCR products in a 

nested PCR using Taq DNA Polymerase (Invitrogen) and primers evd 108 and evd 109 in a first 

reaction, and primers evd 2 and evd 4 in a second reaction to complete the attB sequences 

(Appendix A). Using this PCR strategy, constructs were made of the promoter sequences including 

the 5’ UTR of the Nictaba sam3 gene directly fused to the ATG codon of the E. coli GUS gene. All attB-

PCR products were homogeneously recombined in the pDONR221 vector (Invitrogen) using the 

GatewayR BP ClonaseTM Enzyme mix (Invitrogen). Entry clones were subsequently transferred into E. 

coli strain Top10 cells using heat shock transformation. Transformants were selected by colony PCR. 

Plasmid DNA was sequenced with primers evd 108 and evd 109. Finally, LR reactions were performed 

with selected entry clones and the pKGWFS7.0 destination vector using the GatewayR LR ClonaseTM 

Enzyme mix (Invitrogen) to obtain expression clones. The expression clones were transformed via 
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heat shock into E. coli cells. Transformants were selected on LB agar plates containing spectinomycin 

(25 µg/ml) and screened with PCR. 

2.6.6 Transformation of A. thaliana and PCR analysis 

The binary vectors containing promoter-GUS fusions were introduced into Agrobacterium 

tumefaciens GV3101 cells using electroporation with a Gene PulserR (Bio-Rad) with pulse settings 2 

kV, 25 µF and 200 Ω. Transformants were selected on YEB agar plates containing spectinomycin (50 

µg/ml) and used for transformation of A. thaliana plants ecotype Col-O by floral dip. Transformed 

seedlings were selected on MS agar plates containing kanamycin (50 µg/ml). DNA was purified from 

2-week-old seedlings using the FastDNA® SPIN Kit (Qbiogene Inc., Carlsbad, USA). Integration of the T-

DNAs into the plant genome was checked by PCR on genomic DNA using the GUS-specific primers 

GUS-F and GUS-RV and the kanamycin-specific primers evd 463 and evd 261 (Appendix A). Cycling 

parameters were as follows: 2 min 94°C, 28x (15 sec 94°C, 30 sec 50°C, 1 min 72°C), 5 min 72°C.  

2.6.7 Transformation of N. tabacum cv Samsun NN and selection of transgenic lines 

The binary vectors containing the Nictaba promoter-GUS fusions were introduced into A. 

tumefaciens LBA4404 cells using tri-parental mating. Transformed cells were selected on YEB agar 

plates (5 g/L beef extract, 5 g/L peptone, 1 g/L yeast extract, 5 g/L sucrose) containing spectinomycin 

(75 µg/ml) and used for transformation of N. tabacum cv Samsun NN leaf disks. Transformed plants 

were grown until they set seeds. These seeds were selected on MS agar plates containing kanamycin 

(100 µg/ml). These seedlings from the T1 generation were used for the different experiments. 

After shoots and roots emerged from the transformed calli, the integration of the T-DNA into the 

plant genome was checked by PCR on genomic DNA using the GUS-specific primers evd 596 and evd 

597 (Tm = 50°C). Actin-specific primers evd 252 and evd 253 (Tm = 55°C) were used to verify the DNA 

quality. Cycling parameters were as follows: 2 min 94 °C, 30x (15 s 94 °C, 30 s Tm °C, 1 min 72 °C), 5 

min 72 °C. RNA expression after JAME (50 µM) treatment was checked. Therefore RNA was extracted 

from JAME-treated leaves and transcribed into cDNA. The presence of GUS cDNA was analyzed by 

PCR using the same conditions as indicated above. cDNA quality was examined using primers evd 282 

and evd 283 (Tm = 55°C) to amplify part of the ribosomal protein L25 (Genbank accession number 

L18908). All sequences for the PCR primers are shown in Appendix A. 
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2.6.8 Histochemical and fluorometric analyses of GUS activity 

The protocol for histochemical staining of β-glucuronidase (GUS) was adapted from (Jefferson 1987). 

For each construct, 5 independent transgenic lines of a T3 generation were used. Briefly, Arabidopsis 

seedlings or adult plants from a T3 generation were incubated in 90% aceton for 30 min at 4°C, 

followed by 3 washes for 5 min in phosphate buffer (0.1 M NaH2PO4.H2O and 0.1 M Na2HPO4, pH 

7.0). Subsequently, seedlings or adult plants were incubated for 30 min at 37°C in GUS preincubation 

buffer (phosphate buffer containing 0.5 mM K-ferricyanide and 0.5 mM K-ferrocyanide). Afterwards, 

seedlings or adult plants were put in GUS assay buffer (GUS preincubation buffer containing 2 mM 5-

bromo-4-chloro-3-indolyl β-D-glucuronic acid (X-gluc)) and incubated for 5 and 16 h, respectively, at 

37°C in the dark. The reaction was stopped by washing the seedlings or adult plants 3 times in 

phosphate buffer for 10 min. Before transfer to microscopic slides, seedlings were incubated in lactic 

acid to clear the plant material. Adult plants were incubated overnight in 70% EtOH at room 

temperature to remove the chlorophyll. Plants were stored in 100% EtOH.  

This protocol was also followed for tobacco, for each construct 5 independent transgenic lines of the 

T1 generation were used. GUS expression was analyzed at different stages of development in the 

presence and absence of JAME. Plants expressing the β-glucoronidase gene under the control of the 

35S CaMV promoter were used as a positive control. 

Microscopic analysis was performed on a Nikon eclipse TE2000-e epifluorescence microscope (Nikon 

Belux, Brussels, Belgium) using a 4x, 10x and 60x Plan Apo objective lens (NA of 0.13, 0.30 and 0.95 

respectively) coupled with a standard Nikon CCD camera. Seedlings and plant sections were imaged 

using the software packages NIS-Elements and Photoshop, and analyzed using ImageJ.  

Fluorometric quantification of GUS activity was carried out with five-week-old tobacco plants, 

essentially as described by Jefferson (1987). The GUS activity is expressed as pmol of 4-

methylumbelliferone MU/mg protein/min. 

2.6.9 Embedding method for transverse sections 

The protocol for embedding Arabidopsis seedlings was adapted from Beeckman et al. (1999) and De 

Smet et al. (2003). Briefly, after GUS staining, seedlings were fixed and dehydrated. Subsequently the 

samples were infiltrated with the resin Technovit 7100 (Klinipath, Olen, Belgium). The tissue was 

gradually infiltrated using solutions of resin diluted to 30%, 50% and 70% with 95% ethanol (2 hours 

each). Afterwards they were transferred to 100% infiltration solution for overnight incubation. After 

vacuum infiltration, another 2 hour incubation with 100% infiltration solution was performed.  
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For plant material from seedlings, a two-step embedding method was necessary. In a first step the 

sample was pre-embedded in a self-constructed flat embedding mould as described by Beeckman et 

al. (1999). The actual embedding was performed in a safe-lock tube filled with freshly made 

embedding solution. After polymerisation samples are ready for sectioning on the Leica RM 2265 

microtome (Leica, Nussloch, Germany). 

2.6.10 Agglutination assays 

To check for lectin activity in tissue extracts, agglutination assays were performed in glass tubes by 

mixing 10 μl of protein solution with 10 μl of 1 M ammonium sulfate and 30 μl of a 2% solution of 

trypsin-treated rabbit erythrocytes (BioMérieux, Marcy L'Etoile, France) (made up in phosphate 

buffered saline containing 137 mM NaCl, 8 mM Na2HPO4·2H2O, 3 mM KCl, 1.5 mM KH2PO4, pH 7.4). 

Agglutination was assessed visually after 10 min at room temperature. 

 

2.6.11 Western blot analyses 

Protein extracts from tobacco leaves were analyzed by SDS-PAGE in 15 % acrylamide gels. 

Immunoblot analysis was performed by blocking the membrane first with Tris-buffered saline (TBS; 

10 mM Tris-HCl, 150 mM NaCl, 0.1 % (v/v) Triton X-100, pH 7.6) containing 5 % (w/v) non-fat milk 

powder, followed by consecutive incubation in TBS supplemented with a primary rabbit antibody 

directed against Nictaba (diluted 1:80), a horseradish peroxidase-coupled goat anti-rabbit IgG 

(diluted 1:300, Sigma-Aldrich, Bornem, Belgium) and the peroxidase-anti-peroxidase complex 

(diluted 1:400, Sigma-Aldrich). The primary rabbit antibody directed against Nictaba was obtained by 

subcutaneous injection of an adult rabbit with Nictaba purified from tobacco leaves, as described by 

Chen et al. (2002). Immunodetection was achieved using a 0.1 M Tris-HCl buffer (pH 7.6) containing 

700 μM diaminobenzidine and 0.03 % (v/v) H2O2. The reaction was stopped by washing the 

membrane with distilled water.  

 

2.6.12 ELISA assay 

The Nictaba content in protein extracts from tobacco leaves and roots was quantified using an ELISA 

assay with a specific antibody directed against Nictaba, as described by Vandenborre et al.2009a. 
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2.6.13 Software packages 

NIS-Elements: http://nis-elements.com/index.html 

ImageJ: http://rsb.info.nih.gov/ij 

BioEdit 7.0.4.1: www.mbio.ncsu.edu/BioEdit/bioedit.html 

BoxShade 3.21: http://www.ch.embnet.org/software /BOX_form.html 

PlantCARE: http://bioinformatics.psb.ugent.be/webtools/plantcare/html 

PLACE 28.0: http://www.dna.affrc.go.jp/PLACE/signalscan.html 

RARGE: http://rarge.gsc.riken.jp/cdna/promoter/index.pl 

http://nis-elements.com/index.html
http://rsb.info.nih.gov/ij
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.ch.embnet.org/software%20/BOX_form.html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
http://www.dna.affrc.go.jp/PLACE/signalscan.html
http://rarge.gsc.riken.jp/cdna/promoter/index.pl
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3.1 Abstract 

Nictaba is a carbohydrate-binding protein that is expressed in the leaves of N. tabacum plants only 

after treatment with jasmonates and insect herbivory. Molecular cloning and sequence analysis 

revealed the absence of a signal peptide and the presence of a typical monopartite nuclear 

localization signal (NLS) 102KKKK105, suggesting that the protein could locate to the nucleus. 

Immunolocalization studies revealed the nucleocytoplasmic localization of Nictaba. Previous 

localization studies using EGFP-tagged fusion proteins indicated that the NLS is required and 

sufficient for transporting Nictaba from the cytoplasm into the nucleus. All these studies were 

performed by transient transformation of tobacco Bright Yellow BY-2 suspension cells using particle 

bombardement. 

In this chapter, the localization studies were extended to stably transformed suspension cells as well 

as transiently and stably transformed N. benthamiana leaf cells. Three different EGFP constructs 

were included in the analysis, being the native Nictaba sequence, an NLS mutant (102KTAK105) and a 

mutant affected in the carbohydrate binding site (W15
L15). No differences were observed between 

suspension cells and leaf cells being transiently or stably transformed with the different EGFP 

constructs. Unexpectedly, the localization pattern for Nictaba and the two mutant proteins was 

similar, indicating that neither the NLS nor the carbohydrate binding activity of the protein are 

necessary for nuclear import.   

3.2 Introduction 

In 2002, Chen et al. reported the purification and characterization of the N. tabacum lectin, called 

Nictaba, from jasmonate-treated tobacco leaves. Immunocytochemical analyses using an antibody 

specifically directed against the lectin showed that Nictaba is exclusively present in the cytoplasm 

and the nucleus of the parenchyma cells. No lectin was detected in the vacuole or the chloroplasts, 

or in the vascular tissues. This subcellular localization is in good agreement with the absence of a 

signal peptide on the lectin polypeptide translated from the cDNA, and the presence of a nuclear 

localization signal (102KKKK105) (Chen et al. 2002).  Later, localization studies were also performed in 

transiently transformed tobacco Bright Yellow 2 (BY-2) cells expressing an EGFP-Nictaba fusion 

protein after particle bombardment. A strong fluorescence was visible in the cytoplasm and the 

nucleus of the cell, 24 h after biolistic delivery. Interestingly, 48 h after bombardment, the EGFP 

fluorescence in the nucleus was no longer evenly distributed. EGFP-Nictaba fluorescence was more 

concentrated at the periphery of the nucleus. Mutation of the NLS sequence into 102KTAK105 changed 

the localization pattern for the mutant lectin coupled to EGFP in that the fusion protein could only be 
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detected in the cytoplasm and was no longer observed inside the nucleus, suggesting that the 

sequence 102KKKK105 is required for transport into the nucleus (Lannoo et al. 2006b). 

In planta localization studies using transformed N. tabacum plants overexpressing the EGFP-Nictaba 

fusion protein were not successful. Although EGFP expression was observed in the first two weeks 

after seed germination, the fluorescence rapidly decreased in older plantlets. Since these T1 

generation plants still contained the transgene, the most likely explanation for this phenomenon was 

gene silencing (Lannoo 2007b). 

In this study, we have analyzed the localization of Nictaba in N. benthamiana plants and tobacco BY-2 

suspension cells. It was shown before that, in contrast to many tobacco species and cultivars, N. 

benthamiana does not express a Nictaba homologue, simply because N. benthamiana is lacking a 

sequence homologous to Nictaba (Lannoo et al. 2006a). Similarly, no Nictaba sequence could be 

amplified from genomic DNA extracted from BY-2 cells. Therefore, the use of N. benthamiana plants 

or BY-2 cells should enable to circumvent the problem or reduce the risk of post-transcriptional gene 

silencing. 

Both transient and stable transformation of N. benthamiana plants were performed using an 

Agrobacterium-based transformation protocol. Both methods have their advantages and 

disadvantages. Transient transformation is a very fast protocol which yields results within one week, 

it is also an easy tool for performing co-localization studies. In contrast to transient transformation, 

stable transformation allows the accumulation of the fusion protein over a much longer time period. 

However, it takes up to six months before any results can be obtained. Next to localization studies 

the stably transformed seedlings can also be used for more advanced microscopic analyses, like 

fluorescence recovery after photobleaching (FRAP). For these experiments it is important that the 

decrease in fluorescence intensity is due to laser application and not due to decay of fluorescence. 

Next to the stable transformation of plants, stable transformation was also performed for BY-2 cell 

cultures. Tobacco suspension cells were transformed using the pathogenic bacterium A. tumefaciens 

harboring a Nictaba construct coupled to EGFP. Similar to plants, BY-2 suspension cells expressing the 

fusion protein can be used for localization experiments, but also FRAP experiments or drug-

treatment are feasible.  

The localization patterns obtained for three different Nictaba constructs, comprising the native 

Nictaba sequence, an NLS mutant (102KTAK105) and a mutant affected in the carbohydrate binding site 

(W15
L15) covalently coupled with EGFP, were compared between plants and cell cultures. 
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3.3 Results 

3.3.1 Localization study of the tobacco lectin 

The localization pattern was studied and compared for different Nictaba constructs, including the 

native Nictaba sequence, its NLS mutant and a lectin sequence that was mutated in the carbohydrate 

binding site, further referred to as ∆CRB-Nictaba (Table 3.1). Previously, it was show that residue 

Trp15 plays an essential role for the sugar binding activity of the lectin, since mutation of this residue 

into Leu caused complete loss of lectin activity (∆CRB-Nictaba) (Schouppe et al. 2010). The 

fluorescence pattern for each of the EGFP fusion constructs was analyzed using stable and transiently 

transformed N. benthamiana plants, and stably transformed tobacco BY-2 suspension cells. 

Localization patterns were visualized using confocal microscopy. 

Table 3.1 Overview of the different Nictaba sequences and EGFP fusion proteins under study. 
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3.3.2 Nucleocytoplasmic expression of the native Nictaba protein fused with EGFP 

3.3.2.1 Nictaba is similarly expressed in tobacco plants and suspension cells 

Both the C- and N-terminal fusion constructs between the EGFP and Nictaba sequences were made. 

However, after transient transformation of N. benthamiana plants no expression was visible for the 

Nictaba-EGFP fusion protein using confocal microscopy. This experiment was repeated several times 

but no fluorescence was observed. Therefore, the different mutant Nictaba sequences were tagged 

with EGFP at the N-terminus but not at the C-terminus. 

Expression of the native Nictaba protein fused to the C-terminus of EGFP was observed within the 

nucleus and the cytoplasm of cells of stably transformed N. benthamiana plants. EGFP-Nictaba 

expression was seen for the following cell types: trichomes, epidermis cells, mesophyll cells and 

stomata (Figure 3.1). A plot profile through the nucleus shows a high fluorescence intensity at the 

nuclear edges. There is a clear drop in fluorescence inside the nucleus, but the intensity is still at a 

higher level than in the bulk of the cell (Figure 3.1 D). Similarly, after transient transformation of N. 

benthamiana leaves the lectin was also detected in the nucleus and the cytoplasm of the cell (Figure 

3.2 A). The plot profile shows a highly similar pattern as seen for the stably transformed leaf cells, 

although the drop in fluorescence intensity inside the nucleus is less profound (Figure 3.2 B). Similar 

results were also obtained for stably transformed BY-2 suspension cells (Figure 3.2 C and D). 

The fluorescence patterns observed for the different expression systems are very similar and are in 

agreement with previously obtained results. Nictaba is clearly expressed in the cytoplasm and the 

nucleus of the cell after stable and transient transformation. Within the nucleus the expression is 

much higher at the nuclear rim and drops in the center of the nucleus, although the expression in the 

nucleus is clearly higher compared with the expression in the vacuole of the cell. This localization 

pattern was confirmed for the different cell types (epidermis cells, trichomes and stomata). 

The green fluorescent protein was used as a control in parallel transformation experiments of N. 

benthamiana plants and tobacco BY-2 suspension cells. EGFP is a 26.9 kDa protein and can freely 

diffuse to the nucleus. This was very clearly observed in leaf cells of N. benthamiana plants as well as 

in BY-2 suspension cells (data not shown). Plot profiles showed an even distribution of fluorescence 

all over the nucleus for both N. benthamiana epidermal plant cells (Figure 3.3) and BY-2 suspension 

cells (data not shown). 



Chapter 3: Localization of the tobacco lectin in plants and cell cultures 

71 
 

 

Figure 3.1 Localization of fusion protein EGFP-Nictaba in stably transformed N. benthamiana plants. EGFP-Nictaba expression is shown in the trichomes (A), mesophyll cells 

(B), epidermis cells (C) and stomata (inset). A plot profile (D) shows the fluorescence intensity within the nucleus (yellow line, C). Autofluorescence originating from the 

chloroplasts is shown in red. Scale bars are 25 µm, unless stated differently. 
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Figure 3.2 Localization of fusion protein EGFP-Nictaba in transiently transformed N. benthamiana epidermis leaf cells (A) and stably transformed tobacco BY-2 suspension 

cells (C). Plot profiles show the fluorescence intensity within the nucleus (yellow line, A and C) of epidermis (B) and BY-2 cells (D), respectively. 
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Figure 3.3 Localization of free EGFP in transiently transformed N. benthamiana epidermis leaf cells (A). A plot 

profile shows the fluorescence intensity within the nucleus (yellow line, A) of epidermis cells (B). 

3.3.2.2 Validation of the transformation with Nictaba EGFP fusion proteins 

Next to microscopic analyses to check the fluorescence distribution in the plant cells and tissues, the 

presence of the EGFP transgene in the transformed tissues was also confirmed by Western blot. This 

analysis can confirm the expression of the EGFP construct and in addition allows checking if the 

fusion protein was degraded and lost its fluorescent tag. Therefore, Western blot analysis allows 

confirming that the microscopy images show the fluorescence of the tagged lectin and not of the free 

EGFP. 

Protein was extracted from stably transformed N. benthamiana plants of the T2 generation 

expressing the EGFP-Nictaba construct. Leaf extracts were used to perform a Western blot analysis 

using antibodies directed against Nictaba. All tested plants were expressing the EGFP-Nictaba fusion 

protein and it could be confirmed that these fusion proteins were still intact (Figure 3.4 A). After 

transformation of tobacco BY-2 suspension cells, fluorescent calli were selected to establish a liquid 

culture. After several weeks of cell culturing, transformation of the cells was checked by microscopy 

and Western blot analysis of cell extracts using antibodies directed against Nictaba (Figure 3.4 B). In 

both blots (Figure 3.4 A and B), a clear band is visible at 48 kDa, the size of the EGFP-Nictaba fusion 

product, indicating that transformed plants and cells contain a fusion protein with fluorescent tag. 

Recombinant Nictaba was used as a positive control and has a molecular weight of 19 kDa. The faint 

band present in the lane marked ‘rNictaba’ corresponds to a dimerization product of Nictaba of 

approximately 38 kDa.  
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Figure 3.4 Western blot analysis on cell material extracted from stably transformed N. benthamiana (A) or 

stably transformed tobacco BY-2 cells (B) expressing the EGFP-Nictaba construct using an antibody directed 

against Nictaba. 10 µg (A) and 50 µg (B) of EGFP-Nictaba was loaded. Recombinant Nictaba (1 µg) is used as a 

positive control (rNictaba) on the blot. 

Similar Western blot analyses were also performed with leaves of transiently transformed tobacco 

plants infiltrated with an Agrobacterium construct harboring the Nictaba sequence fused to EGFP. 

Two days after Agrobacterium infiltration, leaf material was collected and analyzed to check whether 

the protein coupled with EGFP was still intact. The Western blots show a clear expression of the 

control EGFP and EGFP N-terminally coupled with Nictaba using antibodies directed against Nictaba 

or EGFP (Figure 3.5 A and B). The C-terminally tagged Nictaba does not yield such a clear result. Using 

an antibody directed against EGFP, a faint band with the correct size can be distinguished, although 

Western blot detecting with antibodies directed against Nictaba gave no good result.  
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Figure 3.5 Western blot analysis on leaf material extracted from transiently transformed N. benthamiana. 

Nictaba N- and C-terminally tagged with EGFP as well as free EGFP (control) were transiently expressed in leaf 

epidermis cells. Detection was performed using an antibody directed against EGFP (A) and Nictaba (B). 

Recombinant EGFP (A, rEGFP 1 µg) and recombinant Nictaba (B, rNictaba 0.1 µg) were used as positive controls 

on the blots. Equal amounts of protein (10 µg) were loaded in each lane (EGFP, EGFP-Nictaba and Nictaba-

EGFP). 

To explain this unexpected result, analyses were also performed at RNA level. RNA extraction of 

transiently transformed leaf material was performed and used for cDNA synthesis. PCR reactions 

using primers to amplify the Nictaba gene sequence only, the Nictaba gene N-terminally tagged with 

EGFP and the Nictaba gene C-terminally tagged with EGFP confirmed the presence of both mRNAs 

encoding EGFP-Nictaba and Nictaba-EGFP (Figure 3.6). Actin was also amplified as a control for cDNA 

quality. As a positive control, plasmid DNA of the corresponding vectors was used. The negative 

control was a no template control, where no DNA was added to the PCR mixture. 
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Figure 3.6 RT-PCR on leaf material extracted from transiently transformed N. benthamiana plants. Constructs 

containing the sequences for N- and C-terminal fusion of Nictaba with EGFP were transiently expressed. RNA 

was extracted after 2 days and cDNA was synthesized. The different cDNA samples were amplified with 

Nictaba-specific primers (amplification product 498 bp), primers amplifying the Nictaba gene with N-terminally 

coupled EGFP (amplification product 1038 bp), primers amplifying the Nictaba with C-terminally coupled EGFP 

(amplification product 1236 bp) and actin primers (amplification product 722 bp) to check for cDNA quality. For 

every construct, the corresponding plasmid DNA was used as a positive control (    ). No template was used in 

the negative control (-). 

3.3.2.3 Confirmation of the nucleocytoplasmic location using organelle markers 

Co-localization studies were performed with different marker proteins to facilitate elucidating the 

exact subcellular localization of Nictaba. Therefore, the coding sequence of proteins with a clearly 

determined subcellular localization was covalently coupled with the sequence for a fluorescent tag. 

ABC-transporter ABCI.21 and NUP62 were both N- and C-terminally tagged with RFP and were 

previously shown to be located in the cytoplasm and the nuclear membrane of the cell, respectively.  

 Cytosolic localization   

ABC-transporter At5g44110.1 is localized in the cytosol (cytoplasmic strands) and around the nucleus 

(Marin et al. 2006). It functions as a transporter protein using ATP. The ABC-transporter-RFP fusion 

protein was co-expressed with EGFP-Nictaba in N. benthamiana epidermal leaf cells by infiltration of 

a mixture of Agrobacterium cells (1:1), harboring constructs for EGFP-Nictaba and RFP-ABC 

transporter (Figure 3.7). Both proteins are expressed in the cytosolic compartment of the cell. Similar 

results were obtained for the C-terminal fusion of RFP with the ABC-transporter. 
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Figure 3.7 Confocal microscopy images of transiently transformed N. benthamiana leaves co-expressing EGFP-

Nictaba and RFP-ABC transporter. Panel A and B show the individual signals of EGFP-Nictaba and RFP-ABC 

transporter, respectively. Panel C shows the overlay image of both fluorescent signals. 

An alternative method to examine whether a protein is localized within the cytosol is by protoplast 

formation and subsequent lysis of plant protoplasts using a nonionic detergent such as Triton X100. 

Protoplasts were made from stably transformed BY-2 cells, expressing EGFP-Nictaba (Figure 3.8 A). 

Figure 3.8 A clearly shows that the lectin is expressed in the nucleus and the cytoplasm of the cell. To 

check if Nictaba is also localized in the cell membrane, different concentrations of Triton X100, 

ranging from 0.1 to 0.5 percent, were added and lysis of the protoplasts was monitored by confocal 

microscopy (Figure 3.8 B). Once the cell membrane is degraded, the fluorescence gradually escapes 

from the protoplast and no fluorescence remains, thus indicating that Nictaba is not associated with 

the cell membrane and only resides within the cytoplasm. 
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Figure 3.8 Confocal images of stably transformed BY-2 protoplasts expressing EGFP-Nictaba (A) and treatment 

of these protoplasts with 0.1% Triton X100 (B). A-1 shows the green fluorescence signal, A-2 the transmission 

signal and A-3 the overlay image.  B-1 shows the overlay image of the protoplast right after adding the 

detergent, B-2 shows the moment when the cell membrane breaks and fluorescence escapes and B-3 shows a 

damaged protoplast from which almost all fluorescence has disappeared. (n, nucleus; c, cytoplasm). 

 Nuclear localization 

The nuclear envelope (NE) forms a physical barrier between cytosol and nucleoplasm. Direct 

communication between these two compartments is controlled by nuclear pore complexes (NPCs), 

which are distributed in the NE (Fiserova et al. 2009). Little is known about the plant nuclear pore 

system, but recently it was shown that the plant NPC contains at least 30 nucleoporins (Tamura et al. 

2010). Tamura et al. isolated At2g45000 and characterized it as the homolog of human nucleoporin 

NUP62. NUP62 is a structural constituent of the nuclear pore complex and is present in the central 

channel (Xianfeng and Meier 2007). NUP62 was fused with RFP for co-localization studies, but 

unfortunately, no fluorescence was observed after transient transformation in N. benthamiana  

epidermal leaf cells. 
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3.3.3 Localization pattern of the Nictaba mutant affected in its carbohydrate binding activity 

Transient transformation of the carbohydrate binding mutant of Nictaba (∆CRB, Table 3.1) in N. 

benthamiana leaves shows the presence of the protein in the nucleus and the cytoplasm of the plant 

cell (Figure 3.9 A). A plot profile clearly shows the higher fluorescence intensity at the edges of the 

nucleus compared to the center of the nucleus, which still has a higher fluorescence intensity 

compared to the surrounding organelles (Figure 3.9 B). Stable transformation of the mutant in 

tobacco BY-2 suspension cells yielded similar results (Figure 3.9 C). Again, the expression is stronger 

at the nuclear rim, lower in the center of the nucleus and almost negligible in the surrounding cell 

compartments (Figure 3.9 D). 

The ∆CRB Nictaba only differs from wild-type Nictaba in its ability to bind sugars. The mutant protein 

no longer has the capacity to bind any sugars. Apparently, this lack of sugar-binding activity does not 

interfere with the localization of the protein in the cell. As seen in the different pictures, the Nictaba 

CRB mutant also localizes to the cytoplasm and the nucleus, and similar to wild-type Nictaba is 

located primarily at the nuclear rim (Figure 3.9). 
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Figure 3.9 Localization of fusion protein EGFP-∆CRB-Nictaba in transiently transformed N. benthamiana epidermis leaf cells (A) and stably transformed tobacco BY-2 cells 

(C). The plot profiles show the fluorescence intensity within the nucleus (yellow line, A and C) of epidermis (B) and BY-2 cells (D), respectively. Scale bars are 50 µm. 



Chapter 3: Localization of the tobacco lectin in plants and cell cultures 

81 
 

3.3.4 The NLS mutant of Nictaba localizes to the nucleus and the cytoplasm of the cell 

Expression of the NLS mutant is observed in stably transformed N. benthamiana plants in the 

cytoplasm but surprisingly also in the nucleus of the plant cell. This pattern was similar for all the 

different cell types (Figure 3.10) and confirmed by the plot profiles .The plot profile as shown in 

figure 3.10 D is very similar to the one seen for the native protein. A higher fluorescence intensity is 

visible at the edges of the nucleus compared to the fluorescence inside the nucleus, which is still 

higher compared to the fluorescence in the rest of the cell (Figure 3.10 D). Transient expression of 

the NLS mutant in tobacco leaves yielded comparable results (Figure 3.11 A). The mutant protein is 

present in both the cytoplasm and the nucleus, again with a higher expression at the nuclear rim 

(Figure 3.10 B). This localization pattern was also seen in stably transformed BY-2 cells (Figure 3.11 C 

and D). 

Fluorescence patterns representing the expression of the NLS mutant yielded very similar results in 

the transformed tobacco plants and suspension cells. Furthermore, the localization of ∆NLS-Nictaba 

is similar to the localization of wild-type Nictaba. The plot profiles show that the Nictaba protein with 

the mutation in the nuclear localization signal still has the opportunity to enter the nucleus. Its 

expression is also more confined to the nuclear rim. However, these results are different compared 

to previous research, where the EGFP-∆NLS-Nictaba construct was introduced into the cell through 

particle bombardement (Lannoo et al. 2006b). 
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Figure 3.10 Localization of fusion protein EGFP-∆NLS-Nictaba in stably transformed N. benthamiana plants. EGFP-∆NLS-Nictaba expression is shown in the trichomes (A), 

mesophyll cells (B), epidermis cells (C) and stomata (inset). A plot profile (D) shows the fluorescence intensity within the nucleus (yellow line, C). Autofluorescence 

originating from the chloroplasts is shown in red. Scale bars are 25 µm, unless stated differently. 
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Figure 3.11 Localization of fusion protein EGFP-∆NLS-Nictaba in transiently transformed N. benthamiana epidermis leaf cells (A) and stably transformed tobacco BY-2 cells 

(C). The plot profiles show the fluorescence intensity within the nucleus (yellow line, A and C) of epidermis (B) and BY-2 cells (D), respectively. Scale bars are 50 µm.
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3.3.5 Nictaba is a highly dynamic protein 

To test if Nictaba can dynamically shuttle between the nucleus and the cytoplasm, the localization of 

the fusion protein EGFP-Nictaba was analyzed in tobacco BY-2 suspension cells after treatment with 

leptomycin B (LMB). LMB has been shown to specifically inhibit nuclear export signal-mediated 

export by interacting with the export receptor Exportin 1 from A. thaliana, AtXPO1 (Haasen et al. 

1999) and was also successfully used in tobacco BY-2 cells (Dong et al. 2005). Different 

concentrations of LMB, ranging from 20 to 100 nM, were used and nuclear localization of EGFP-

Nictaba was followed for 3.5 hours. Every half hour, nuclear fluorescence was checked but no 

significant accumulation of EGFP-labeled protein inside the nucleus or depletion in the cytoplasm 

could be detected (data not shown).  

To assess the molecular dynamics of the tobacco lectin within the nucleus, FRAP analysis was 

performed in stably transformed tobacco BY-2 suspension cells expressing the EGFP-Nictaba fusion 

protein. Fluorescent molecules were permanently bleached at a 4 µm diameter spot inside the 

nucleus and the rate of fluorescence recovery was measured. If Nictaba is bound to other structural 

components of the nucleus, FRAP recovery would be retarded compared to proteins which are 

moving freely and are not hindered. Fluorescence recovery was evaluated by comparing the FRAP 

recovery of the fusion protein EGFP-Nictaba to that of unconjugated EGFP. Judging from the 

fluorescence recovery profile, both EGFP-Nictaba and EGFP behaved in a similar manner (Figure 

3.12). However, using the same settings and a bleaching region of the same size, the bleaching of 

free EGFP was less efficient (5% bleached) presumably due to rapid diffusion of EGFP molecules to 

the bleached region. Also the fusion protein EGFP-Nictaba was difficult to bleach (7% bleached) 

indicating that it is a highly dynamic protein within the nucleus but diffuses less fast than free EGFP. 
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Figure 3.12 Fluorescence recovery after photobleaching of EGFP-Nictaba in stably transformed tobacco BY-2 

suspension cells. FRAP of unconjugated EGFP was used as experimental control. 

3.4 Discussion 

The localization of the wild-type Nictaba protein and two mutants, one affected in the nuclear 

localization signal and one affected in the carbohydrate binding activity, was determined. Enhanced 

green fluorescent protein (EGFP) was used to tag the different Nictaba variants under study. EGFP 

differs from wild-type GFP, originating from Aequorea victoria, by a greater folding efficiency at 37°C 

and a single excitation peak at 490 nm. EGFP has a traditional β-barrel structure with the 

chromophore, Thr65-Tyr66-Gly67 located in the core of the protein (Arpino et al. 2012). 

Previously, Chen et al. (2002) showed that Nictaba is expressed in the nucleus and the cytoplasm of 

the leaf cells of jasmonate-treated N. tabacum plants using a immunocytochemical approach 

(Chapter 1, 1.1.5). Lannoo et al. (2006b) confirmed that EGFP-Nictaba is a functional lectin by 

checking the lectin activity using a binding assay. EGFP-Nictaba specifically bound to a mixture of 

GlcNAc-oligomers which was shown to be efficient for the purification of native Nictaba from 

tobacco leaves. In addition, the fusion protein could agglutinate rabbit erythrocytes indicating that 

EGFP-Nictaba is a fully functional lectin. 

Localization studies were performed in different systems, namely transformed plants and 

transformed suspension cells and a detailed comparison was made. Tobacco BY-2 suspension cells 

are quite easy to transform, deliver a ready-to-use line and are easy to image. But these cells have to 

be transferred into fresh medium every week, which means a risk for contamination or loss of the 
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culture. Furthermore, there is always a difference with the in planta situation, as there are no 

distinguishable structures and cells are completely separated from each other. Nevertheless, BY-2 

cell cultures are a very useful tool.  

Transformation of N. benthamiana plants was performed using both transient and stable techniques. 

Compared to cells, the tobacco plant gives a more realistic image of the exact localization of the 

proteins. Considering this, stable transformation is the best option but also the most labor-intensive 

and time-consuming method. The big advantage of transient transformation is the fast generation of 

results. At the same time transient transformation is a very useful tool to co-transform different 

constructs. Though transient transformation is the most artificial of all the presented methods, it can 

be used to check the expression of the construct, but preferably the results should be confirmed by 

other techniques.  

For all N-terminally tagged proteins, the fusion proteins were expressed and yielded a clear 

fluorescence signal under the confocal microscope. Unfortunately, Nictaba-EGFP expression was 

never visualized after transformation, although RNA and protein were detected in the transformed 

tissues. Possibly, a problem occurred during protein folding. In the three-dimensional model for 

Nictaba, the C-terminal sequence of Nictaba is more buried in the folded polypeptide compared to 

the N-terminal extremity which is far from the core of the protein and therefore more easily 

accessible (Schouppe et al. 2010). Therefore fusion of EGFP to the C-terminus of Nictaba might 

hamper proper protein folding, which can explain the lack of fluorescence for Nictaba-EGFP. 

Confocal microscopy of the transformed cells and plants confirmed the localization of Nictaba in the 

nucleus and cytoplasm of the cell. Within the nucleus a higher expression of Nictaba was observed at 

the periphery near the nuclear envelope. Regardless of the transformation method or cell type used, 

this specific pattern was always confirmed.  

Ever since the first report by Chen et al. in 2002, Nictaba is considered as a nucleocytoplasmatic 

lectin. Immunochemistry as well as particle bombardment of beads coated with plasmid DNA 

expressing EGFP-Nictaba confirmed partial localization of Nictaba in the nucleus. Analysis of the 

cDNA sequence encoding Nictaba revealed the presence of a classical monopartite NLS sequence, 

namely KKKK. The classical nuclear import pathway is the best characterized pathway for 

nucleocytoplasmic transport. In this pathway, the adaptor protein importin α directly binds the 

classical NLS (cNLS) of the protein to be imported. Importin α forms a heterodimeric import receptor 

together with the β-karyopherin importin β. Importin β mediates interactions with the nuclear pore 

complex (Lange et al. 2007).  
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The NLS of Nictaba fits the key requirements for a classical NLS. It consists of a monopartite stretch 

of basic amino acids which fits the consensus sequence of K(K/R)X(K/R). However, based upon 

primary sequence analysis alone, it is impossible to decide whether a NLS is functional. The sequence 

must be necessary for import, implicating a serious hindrance when it is altered. In contrast to 

previous research (Lannoo et al. 2006b), a localization pattern with expression in both the nucleus 

and the cytoplasm was seen for the Nictaba mutant with an altered NLS. The transformation of the 

NLS mutant was repeated several times in both cells and plants, always resulting in the same 

localization pattern. At present, we cannot explain the different localization patterns observed after 

particle bombardement and plant/cell transformation of the same construct. Although a cNLS is 

present but not functional, nuclear localization through alternative mechanisms is also likely to be 

prevalent, for example by passive diffusion of small proteins (<40 kDa) through nuclear pore 

complexes or by a non-classical nuclear import via importin β-like receptors (Lange et al. 2007, Seibel 

et al. 2007). 

The Nictaba mutant lacking carbohydrate binding activity has a very similar expression pattern 

compared to wild-type Nictaba. There is a clear expression in the cytoplasm and in the nucleus, in 

particular at the periphery. Thus nuclear import of Nictaba through nuclear pore complexes is 

independent of the sugar-binding capacity of the lectin. 

Tobacco BY-2 suspension cells stably expressing the fusion protein EGFP-Nictaba were used to 

analyze the mobility of the fusion protein inside the cell. The suspension cells were treated with a 

drug LMB which disturbs export out of the nucleus by blocking the export receptor Exportin 1. Since 

blocking of this receptor did not cause an accumulation of fluorescence inside the nucleus and a 

depletion of fluorescence in the cytoplasm, the tobacco lectin is presumably exported from the 

nucleus by different export pathways or through passive diffusion. Another technique to study 

protein mobility is FRAP. Using tobacco BY-2 suspension cells stably expressing EGFP-Nictaba and 

cells expressing EGFP, the recovery of fluorescence after bleaching was measured. Unfortunately, it 

was technically not possible to bleach a spot completely and therefore no comparison between 

recovery time and diffusion coefficient could be performed. However, it was clear that Nictaba 

recovers fast in FRAP experiments, since no complete bleaching was feasible. Before the software 

was able to measure a decrease in fluorescence, the bleached spot was already recovering, resulting 

in a net effect that is small. Fast recovery is typical for many nuclear proteins, suggesting that these 

proteins are transiently bound to chromatin, since stable binding interactions would result in 

incomplete or very slow FRAP recoveries (Mueller et al. 2010). Fast recovery is typically seen for 

transcription factors which exhibit a highly mobile diffusive behavior allowing complete coverage of 

the nucleus without a need for the cell to invest a lot of energy (Hager et al. 2009). 
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Independent of the transformation method or system used, Nictaba is always localized in the nucleus 

and the cytoplasm of the cell. Surprisingly, mutant Nictaba proteins lacking a monopartite NLS were 

still transported into the nucleus. Similarly the sugar binding capacity of Nictaba is not crucial for 

nuclear import. These results indicate that Nictaba is not shuttled into the nucleus through the 

classical import pathway or via its lectin activity but uses alternative mechanisms. 

3.5 Materials and methods 

3.5.1 Plant material 

Seeds of N. benthamiana were supplied by Dr Verne A. Sisson (Oxford Tobacco Research Station, 

Oxford, NC, USA). To establish an in vitro culture, dry seeds were surface sterilized with 70% (v/v) 

ethanol for 2 min, followed by 7% (v/v) NaOCl for 10 min. After rinsing thoroughly with sterile 

distilled water seeds were sown and germinated on solid Murashige and Skoog medium (containing 

4.3 g/L MS micro and macro nutrients containing vitamins (Duchefa), 30 g/L sucrose, pH 5.7 (adjusted 

with 0.5 M NaOH) and 8 g/L plant agar (Duchefa)). Alternatively seeds were germinated in soil. In 

vitro and in vivo grown tobacco plants were cultivated in a growth cabinet or growth chamber, 

respectively, at 25 °C with a 16/8 h light/dark photoperiod. 

N. tabacum cv Bright Yellow-2 (BY-2) cells were grown in 250 ml erlenmeyers filled with 40 ml of 

liquid Murashige and Skoog (MS) medium on an orbital shaker (25°C, 150 rpm, constant darkness). 

The MS medium (adjusted to pH 5.7 with 1 M KOH) contained 4.3 g/L MS micro and macro nutrients 

(Duchefa), 30 g/L sucrose, 0.2 g/L KH2PO4
 
and 40 μl of a 1000-fold concentrated vitamin/hormone 

stock (containing per ml: 0.4 mg 2.4-D dissolved in ethanol, 1 mg thiamine and 100 mg myo-inositol). 

Cells were subcultured weekly by pipetting 1 ml of a dense culture into 40 ml fresh MS medium.   

 

3.5.2 Construction of EGFP tagged vectors 

The Nictaba cDNA (NCBI accession number AF389848) sequence as well as the Nictaba sequence 

mutated in the NLS (102KKKK105 changed into 102KTAK105) (Lannoo et al. 2006b) or in amino acid W15 

(W15L15) of the carbohydrate binding site (Schouppe et al. 2010) were cloned into the 

pK7WGF2.0 and pK7FWG2.0 (Karimi et al. 2002) vector using the GatewayTM Cloning technology of 

Invitrogen (Figure 3.13). Therefore, the Nictaba sequences were amplified as attB-PCR products in a 

nested PCR using Taq DNA Polymerase (Invitrogen) and primers evd 1/3 (with stop codon) or evd 1/6 

(without stop codon) in a first PCR reaction, and primers evd 2 and evd 4 in a second PCR reaction to 

complete the attB sequences (Appendix A). Using this PCR strategy, the different Nictaba sequences 

were C- or N-terminally tagged with EGFP. Cycling parameters were as follows: 2 min 94°C, 30x (15 s 
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94°C, 30 s 55 °C, 1 min 72°C), 5 min 72°C. In these EGFP fusion constructs the lectin sequence will be 

expressed under the CaMV 35S promoter. 

All attB-PCR products were homogeneously recombined in the pDONR221 vector (Invitrogen) using 

the GatewayR BP ClonaseTM Enzyme mix (Invitrogen). Entry clones were subsequently transferred into 

E. coli strain Top10 cells using heat shock transformation. Transformants were selected by colony 

PCR. Plasmid DNA was sequenced with primers evd 386 and evd 387. Finally LR reactions were 

performed with selected entry clones and the destination vectors pK7WGF2.0 or pK7FWG2.0 using 

the GatewayR LR ClonaseTM Enzyme mix (Invitrogen) to obtain expression clones. These expression 

clones were transformed via heat shock into E. coli cells. Transformants were selected on LB agar 

plates containing spectinomycin (75 µg/ml) and screened with PCR, using gene specific primers evd 

65/66/108 and EGFP primers evd 594/595. All sequences for the PCR primers are shown in Appendix 

A. 

 

Figure 3.13 Schematic representations of the vectors pK7WGF2.0 and pK7FWG2.0 for N- or C-terminal tagging 

Nictaba with EGFP, respectively. LB and RB, T-DNA border sequences; p35S, CaMV 35S promoter; EGFP, 

enhanced green fluorescent protein gene; att, Gateway recombination site; ccdB, toxin protein gene ; T35S, 

35S terminator ; Kan, kanamycin resistance gene; Sm/SpR, streptomycin/spectinomycin resistance gene. 

 

3.5.3 Stable transformation of N. benthamiana leaf disks and selection of transgenic lines 

The binary vectors containing the Nictaba EGFP fusions were introduced into A. tumefaciens C58C1 

PGV4000 cells using cold shock. Transformed cells were selected on LB agar plates containing 

spectinomycin (75 µg/ml) and used for transformation of N. benthamiana leaf disks. Transformed 

plants were grown until they set seeds. These seeds were selected on MS agar plates containing 

kanamycin (100 µg/ml). The seedlings from the T2 generation were used for the different 

experiments.  

After shoots and roots emerged from the transformed calli, the integration of the T-DNA into the 

plant genome was checked by PCR on genomic DNA using the Nictaba and EGFP-specific primers evd 

65/66/108 and evd 594/595 (Tm = 55°C). Plantlets that yielded a positive result on DNA level were 
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subsequently checked at RNA level. Therefore, RNA was extracted from leaf material and transcribed 

into cDNA. The presence of the Nictaba sequence fused to EGFP was analyzed by PCR using the same 

conditions as indicated above. cDNA quality was examined using primers evd 282 and evd 283 (Tm = 

55°C) to amplify part of the ribosomal protein L25 (Genbank accession number L18908).  

After screening on both DNA and RNA level, the T0 plants were submitted to protein extraction. Leaf 

extracts were made using 20 mM 1,3-diaminopropane (2.5 ml/g fresh weight). These protein samples 

were used for Western blot analysis. After separation of the protein extracts by SDS-PAGE in 15% 

acrylamide gels, immunoblot analysis was performed. The membrane was blocked with Tris-buffered 

saline (TBS; 10 mM Tris-HCl, 150 mM NaCl, 0.1% (v/v) Triton X-100, pH 7.6) containing 5% (w/v) non-

fat milk powder, for one hour. Primary antibodies used were a polyclonal rabbit antibody directed 

against Nictaba or a primary mouse antibody against EGFP (diluted 1:1000, Roche, Basel, 

Switzerland). After incubation with the primary antibody directed against Nictaba for 60 minutes, the 

membrane was subsequently incubated with TBS supplemented with a horseradish peroxidase-

coupled goat anti-rabbit IgG (diluted 1:300, Sigma-Aldrich) for 60 minutes followed by incubation 

with the peroxidase-anti-peroxidase complex (diluted 1:400, Sigma-Aldrich) for 45 minutes. In the 

case of EGFP detection the membrane was incubated with a rabbit anti-mouse IgG labeled with 

horseradish peroxidase (diluted 1:1000, Dako Cytomation, Glostrup, Denmark) for 60 minutes. 

Immunodetection was achieved using a 0.1M Tris-HCl buffer (pH 7.6) containing 700 µM 

diaminobenzidine and 0.03% (v/v) H2O2. The reaction was stopped by washing the membrane with 

distilled water. 

 

3.5.5 Transient transformation of N. benthamiana plants 

The binary vectors containing the Nictaba EGFP fusions were introduced into A. tumefaciens C58C1 

pMP90 cells using triparental mating. Transformed cells were selected on YEB agar plates (5 g/L beef 

extract, 5 g/L peptone, 1 g/L yeast extract, 5 g/L sucrose) containing spectinomycin (75 µg/ml) and 

gentamycin (20 µg/ml).  

Transient expression of the gene constructs was obtained by Agrobacterium infiltration in leaves of 

3- to 4-week-old N. benthamiana plants grown in soil. The transformed Agrobacterium cells were 

grown in liquid YEB medium (5 g/L beef extract, 5 g/L peptone, 1 g/L yeast extract, 5 g/L sucrose) 

containing spectinomycin (75 µg/ml) and gentamycin (20 µg/ml) at 25°C (200 rpm) for two days. Cells 

were harvested by centrifugation and resuspended in infiltration medium (50mM MES, 2mM 

Na2HPO4, 0.5% glucose, pH 5.6). The wash step was repeated twice, the second time using infiltration 

medium containing 100 µM acetosyringone. The cells were diluted to yield a final OD600 of 0.1 and 

infiltrated in the leaf epidermal cells. After infiltration, plants were kept in the growth chamber for 2 
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days. Microscopic analyses were performed the second day after infiltration. Next to microscopic 

analyses, protein was extracted from the infiltrated leaves and used for Western blot analysis as 

described in the previous section (3.5.4).  

 

3.5.6 Stable transformation of N. tabacum cv BY-2 cells 

Four ml of a 7 day-old dense culture of BY-2 cells was diluted in 40 ml of MS medium and grown for 

four days at 25°C in the dark on a rotary shaker at 150 rpm. Agrobacterium tumefaciens cells of strain 

LBA4404, were transformed with the expression vectors by triparental mating. Transformed LBA4404 

cells were grown in 5 ml YEB medium containing gentamycin (20 μg/ml) and spectinomycin (75 

μg/ml) for two days at 25°C (200 rpm). One day before co-cultivation the A. tumefaciens cells were 

diluted 1:100 in 10 ml YEB and further grown under the same conditions. For co-cultivation, 4 ml of 4 

day-old BY-2 cells were mixed with various concentrations of bacterial cells and incubated for two 

days at 25°C. Then, the mixtures were transferred onto MS agar plates containing kanamycin (100 

μg/ml), vancomycin (200 μg/ml) and carbenicillin (500 μg/ml), and kept at 25°C in the dark. After 

approximately two weeks, calli became visible and were transferred to fresh selection plates using a 

sterile tooth pick. Surviving calli expressing the EGFP fusion constructs were selected using the FLA-

5100 fluorescent image analyser (FujiFilm, Sint-Niklaas, Belgium) and grown in liquid medium 

containing kanamycin (100 µg/ml). Protein was extracted from these stably transformed cells by 

crushing in liquid nitrogen, extraction in 20 mM 1,3-diaminopropane and lysis using glassbeads. 

These protein samples were subjected to Western blot analysis as described before (3.5.4). 

3.5.7 Microscopic analyses  

Two days after infiltration, fluorescence of the lower epidermis of the leaf discs was visualized with 

the confocal laser scanning microscope Nikon A1R (Nikon Belux) using a 40x Plan Apo objective lens 

(NA of 0.75). EGFP was excitated with a 488 nm line of an argon ion laser, fluorescence emission was 

detected using the 525 nm emission filter for EGFP and 650 nm for autofluorescence of chlorophyll. 

Seedlings, cells and leaf disks were imaged using the software package NIS-Elements (Nikon) and 

analyzed using Fiji (http://fiji.sc/Fiji). 

 

3.5.8 FRAP 

FRAP analysis was performed on stably transformed tobacco BY-2 cells expressing EGFP-Nictaba and 

free EGFP using a confocal laser scanning microscope Nikon A1R (Nikon Belux). The sample was 

scanned for 10 time points (1.8 sec each) to obtain the overall fluorescence level, then a circular 

region of 4 µm diameter was bleached at 100% laser power (488 nm) and 100 scans (1.8 sec each) 
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were taken to monitor recovery. Thirty cells were analyzed for each experiment and the results were 

normalized and averaged.  

3.5.9 Software packages 

NIS-elements: http://nis-elements.com/index.html 

Fiji: http://fiji.sc/   

http://nis-elements.com/index.html
http://fiji.sc/
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4.1 Abstract 

Recently, it was shown that the tobacco lectin is interacting in vitro with the core histone proteins. 

This interaction occurs by binding of the lectin to the O-GlcNAc modification present on the histones. 

The O-GlcNAc modification of histones in mammalian cells was discovered very recently and was 

found to be cell cycle-dependent. Hereupon, the question was raised if this modification also occurs 

in plants and is cell cycle-related. Therefore, tobacco BY-2 and Xanthi suspension cells were 

synchronized using aphidicolin drug treatment. Transcript expression of the O-GlcNAc transferase 

(OGT) gene and the Nictaba gene were monitored through cell cycle progression. Concomitantly, O-

GlcNAcylation of histone proteins was studied. In this chapter, we show that plant histones are also 

modified by O-GlcNAc and that this modification is cell cycle-dependent. Nictaba and O-GlcNAcylated 

histones presumably interact during S- and/or G2-phase, since at this time they are both present 

within the nucleus. It is possible that through this interaction, Nictaba can act as a modulator of gene 

transcription. 

4.2 Introduction 

O-linked N-acetylglucosamine (O-GlcNAc) is a common post-translational modification of proteins 

occurring in the nucleus and/or the cytoplasm. O-GlcNAc-cycling is accomplished by two enzymes, O-

GlcNAc transferase (OGT) and O-GlcNAcase (OGA) responsible for adding and removing the sugar 

unit, respectively. This PTM has been extensively studied in animal cells and serves as a stress sensor 

triggering a variety of stimuli such as altering protein function, influencing transcription factors and 

changing gene expression presumably through epigenetics (Butkinaree et al. 2010; Hanover et al. 

2012). 

Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) serves as the donor substrate for OGT and is 

added on Ser/Thr residues of target proteins. This UDP-coupled sugar is the end product of the 

hexosamine biosynthesis pathway and is also the precursor for glycolipids, O-linked GalNAc and N-

linked glycoproteins. This nutrient-dependent pathway is linked with O-GlcNAc cycling, and this 

series of reactions is referred to as the hexosamine signaling pathway (HSP). HSP serves as a general 

sensor of the cellular nutritional status and results in nutrient uptake (anabolism) or protein 

degradation (catabolism) (Hanover et al. 2010). 

O-GlcNAcylation is very similar to phosphorylation in that both PTMs target the same amino acids, 

are both nutrient-dependent and have a role in cell signaling.  These modifications are characterized 

by an extreme crosstalk and regulate each other in a reciprocal manner. According to the specific 
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state of the cell O-phosphate and O-GlcNAc compete or coexist. Different cellular processes are 

regulated by the interplay between these modifications (Hu et al. 2010; Zeidan and Hart 2010).  

Recently, Sakabe et al. (2010b) discovered that among the big pool of O-GlcNAcylated proteins, also 

histone proteins carry this modification. Using a chemoenzymatic approach, in vitro enzyme assays, 

co-immunoprecipitation and analytical techniques, the presence of O-GlcNAc on histones was 

confirmed in HeLa cells. Liquid chromatography (LC)-MS/MS enabled to determine some of the 

specific O-GlcNAcylation sites, being Thr101 of H2A, Ser36 of H2B and Ser47 of H4, but other sites 

remain to be identified (Sakabe et al. 2010b). Almost at the same time, the research group of Zhang 

detected O-GlcNAc-cycling on Ser10 of histone H3, a known phosphorylation site. All histone proteins 

are glycosylated but H3 is modified to a relatively higher extent compared to H4 and H2B, and H2A 

only weakly displays O-GlcNAc (Zhang et al. 2011). Also Fong and collaborators validated the O-

GlcNAc modification of H3 and identified Thr32 as a novel O-GlcNAc site (Fong et al. 2011).  

By now O-GlcNAcylation is considered as part of the histone code, a set of PTM of histones which can 

influence gene expression in combination with trans-acting factors. Histone O-GlcNAcylation 

associates both with modifications linked with active and repressed chromatin. OGT and OGA can 

participate in the epigenetic regulation of gene expression by interacting with epigenetic regulators, 

histones and histone remodeling complexes (Hanover et al. 2012). For example, the O-GlcNAc 

modification on Ser112 of H2B is associated with active chromatin (Fujiki et al. 2011). Ten eleven 

translocation (TET) enzymes TET2 and TET3 interact with OGT, target OGT to the chromatin and 

regulate glycosylation of H2B Ser112. TET2/3 promote OGT activity and TET2/3-OGT complexes co-

localize on active promoters inducing transcriptional activation (Chen et al. 2013; Deplus et al. 2013). 

OGT can also mediate chromatin repression through interaction with TET1 as well as through O-

GlcNAcylation of TET1 (Shi et al. 2013).  

O-GlcNAc modification on histones was shown to be cell cycle-dependent, whereby O-GlcNAc levels 

on histones decrease during mitosis and subsequently return to basal levels in the G1- phase (Sakabe 

et al. 2010b). O-GlcNAcylation was observed to reduce mitosis-specific phosphorylation and 

therefore O-GlcNAc removal was proposed as a required checkpoint for entering mitosis during G2/M 

transition (Fong et al. 2011). These findings are in accordance with the decreased expression of OGT 

and a decrease in total O-GlcNAcylation level during mitosis (Sakabe et al. 2010a). Although a 

completely different pattern was observed by Zhang et al., glycosylation decreased at the S-phase 

and then increased as cells moved into the G2- and M- phase (Zhang et al. 2011). Also the total level 

of O-GlcNAc is cell cycle-dependent and is crucial for the correct sequence of events leading to 

cellular division. However, results obtained from studies related to this subject often seem 
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contradictory. In Xenopus oocytes O-GlcNAc is clearly requested for M-phase entry (Dehnnaut et al. 

2007), whereas in HeLa cells OGT protein expression decreases during M-phase (Sakabe et al. 2010a; 

Slawson et al. 2005). Overall O-GlcNAc levels increase once cells enter the G1-phase and rapidly 

decrease as the cells progress through the S-phase (Drougat et al. 2012). 

Little research has been performed related to the O-GlcNAc modification of plant proteins. This 

modification was first found on tobacco nuclear proteins. However, in contrast to animal O-

GlcNAcylations, which involve the addition of a single O-GlcNAc residue, the modifications reported 

in plants consisted of an oligosaccharide larger than five O-GlcNAc residues (Heese-Peck et al. 1995; 

Heese-Peck and Raikhel, 1998). In Arabidopsis two OGTs, SPINDLY (SPY) and SECRET AGENT (SEC) are 

known. They have overlapping functions necessary for gametogenesis and embryogenesis (Hartweck 

et al. 2002). In contrast, animals have only one SEC-like OGT encoding multiple splice variants. SEC 

and SPY have overlapping functions, although sec mutants show few developmental defects. SPY is 

also a repressor of gibberellin signaling, a positive regulator of the cytokinin response, affects 

circadian rhythms and is involved in root formation (Butkinaree et al. 2010; Olszewski et al. 2010). 

The OGA gene is extremely conserved in higher eukaryotes but absent in prokaryotes and yeast, and 

has not been detected in higher plants. The latter organisms may have developed alternative means 

for O-GlcNAc removal such as selective proteolysis (Butkinaree et al. 2010; Hanover et al. 2010).  

Only a few O-GlcNAc modified plant proteins have been studied in more detail. The phosphorylated 

capsid protein of the potyvirus Plum pox virus was reported as a plant OGT target (Fernandéz-

Fernandéz et al. 2002; Perez et al. 2006). Similarly the interplay between phosphorylation and 

glycosylation was shown to be essential for the N. tabacum non-cell-autonomous pathway protein1 

(Nt-NCAPP1) and the phloem NCAPs, and for their interaction and cell-to-cell movement through 

plasmodesmata (Toaka et al. 2007). Evidence for some O-GlcNAc modified proteins was also found in 

crops. For instance, in wheat, vernalization increased the overall level of O-GlcNAc modification of 

proteins (Xing et al. 2009). Kilcoyne et al. (2009) indicated the possibility of an O-GlcNAc modification 

on a subpopulation of the 14 kDa protein family of a purified alcohol-soluble rice protein extract. 

Furthermore, two closely related Arabidopsis class I TCP transcription factors, TCP14 and TCP15, are 

modified in E. coli by the Arabidopsis OGT SEC and have the potential to be O-GlcNAc modified in 

planta (Steiner et al. 2012). At present none of these studies has confirmed the addition of an O-

GlcNAc chain to the protein as previously proposed by Heese-Peck et al. (1995). In contrast, similar to 

animal proteins, all evidence suggests the addition of a single GlcNAc residue.   

In this chapter, the presence of O-GlcNAc on plant proteins was analyzed. In particular, the O-GlcNAc 

modification of plant histones was investigated in more detail, taking into account that Nictaba was 
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recently reported to interact with histone proteins through this carbohydrate modification 

(Schouppe et al. 2011). Furthermore, O-GlcNAc levels were followed throughout the cell cycle to 

check if this PTM is also cell cycle-dependent in plant cells, as shown for animal cells.  

4.3 Results 

4.3.1 O-GlcNAc cycling on histone proteins during BY-2 cell cycle progression 

4.3.1.1 Cell synchronization and monitoring of cell cycle progression 

To study if O-GlcNAcylation of histone proteins changes during cell cycle progression, wild-type BY-2 

cells were synchronized at the beginning of the S-phase using aphidicolin treatment. After aphidicolin 

release, cells re-entered the cell cycle and every hour samples were collected for 14 hours to monitor 

cell cycle progression and duration of the specific phases by means of flow cytometry and 

determination of the mitotic index.   

Analysis of the DNA content by flow cytometry allowed to corroborate the synchrony of the cells 

(Figure 4.1). Since N. tabacum is a tetraploid plant, the peaks corresponding to 4C and 8C DNA 

content were followed. These peaks increase and decrease, respectively, as the cells progress 

through cell division. These results indicate the start of mitosis approximately eight hours after 

removal of the aphidicolin block (Figure 4.1 panel 8). In addition, the mitotic index was estimated by 

counting the ratio of cells in prophase to telophase compared with the total amount of cells (data not 

shown). Based on these analyses and previous BY-2 synchronization studies reported in literature 

(Swiatek et al. 2002; Gemperlova et al. 2009) a scheme for cell cycle progression is proposed, as 

shown below the graphs in Figure 4.1. 

 



Chapter 4: O-GlcNAc cycling and expression of Nictaba during cell cycle progression in tobacco 
suspension cells 

99 
 

Figure 4.1 Cell cycle progression of synchronized BY-2 cells monitored by flow cytometric analysis of relative 

DNA content. Wild-type BY-2 cells were synchronized at the G1/S boundary by aphidicolin treatment. Every 

hour after aphidicolin removal, samples were collected for 14 hours. 4x and 8x refer to the tetraploid 4C and 

octaploid 8C DNA content of the cells. A scheme showing the different phases of the cell cycle is shown below 

the graphs.  

4.3.1.2 Histones are highly enriched in acid-extracted proteins from BY-2 synchronized cells 

After BY-2 cell synchronization, samples were also collected for protein analyses. At 1-h-intervals 

after removal of aphidicolin, proteins were prepared by acid extraction. Since few proteins will 

remain in solution using these harsh conditions, it can be assumed that protein preparations will be 

highly enriched for histone proteins. The protein content of histone protein H3 was examined by 

Western blot analysis using a specific antibody directed against histone H3 (Figure 4.2 A). H3 is 

clearly expressed in all samples, the highest concentrations being present during G2- and G1-phase. 

In parallel, a similar blot was detected using an antibody specifically directed against the 

phosphorylation on Ser10 of H3 (Figure 4.2 B). The phosphorylation of histone H3 Ser10 was 

previously shown to be initiated in late G2-phase and continues to the end of mitosis in mammalian 

cells. This process of H3 phosphorylation is considered to be conserved in plants (Houben et al. 

2007). In our analyses, this post-translational modification of histone H3 was followed, to ascertain 

the synchrony of the cells and to check whether the histone preparations contain posttranslational 
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modifications. Figure 4.2 B indicates that phosphorylation of Ser10 on plant histone H3 is present 

especially at G2- and early M-phase, which is in agreement with Houben’s report. 

Figure 4.2 Western blot analysis of protein samples obtained during different stages of cell cycle 

synchronization. Protein extracts were prepared by acid extraction and detected using an antibody against 

histone H3 (A) or an antibody directed against the phosphorylation on Ser10 of histone H3 (B). Sample 4 is not 

shown in the latter analysis. A scheme showing the different phases of the cell cycle is shown between the two 

blots. Equal amounts of protein (1.5 µg) were loaded in each lane. Data shown are representative for 3 (A) and 

1 (B) technical repeat(s). 

4.3.1.3 OGT expression in synchronized BY-2 cells 

The cycling of O-GlcNAc on proteins is carried out by two enzymes, OGT and OGA, responsible for the 

addition and the removal of the carbohydrate structure, respectively. To get an idea on the level of 

O-GlcNAcylation through cell cycle progression, the expression of these enzymes could be 

determined. High levels of OGT and low levels of OGA would generally result in a higher level of the 

O-GlcNAc modifications on proteins.  Two OGT-related genes have been identified in higher plants, 

whereas only one protein sequence was retrieved in N. tabacum (Accession No. Q8VXD3/Q8VXD4). 

Unfortunately, the OGA gene has not been detected in higher plants (Hanover et al. 2012). As a 

consequence, only the transcript levels of OGT have been analyzed during the time course of the cell 

cycle in N. tabacum BY-2 suspension cells.  

First, transcript levels of OGT and histones H1 and H3, used as positive controls, were determined 

using a semi-quantitative approach, regular RT-PCR. To follow the activity of OGT during cell cycle 

progression PCR primers were designed based on the DNA sequence (Accession No. AJ249882). For 

every time point in the cell cycle, cDNA was prepared which served as template for the RT-PCR. 

Besides OGT expression, also the accumulation of corresponding mRNAs encoding histone H1 
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(Accession No. AB029614) and histone H3 (Accession No. AB015760) was investigated using gene-

specific primers. It was shown before that genes encoding histones H1 and H3 are expressed 

specifically in the S-phase of proliferating tobacco cells (Combettes et al. 1999; Meshi et al. 2000, 

Costas et al. 2011). As shown in Figure 4.3, histone genes H1 and H3 show the highest expression 

level in the S-phase whereas highest expression of OGT is found throughout the G2- and M-phase. 

OGT transcription decreases in the G1- and S-stages of the cell cycle. 

 

Figure 4.3 Transcript levels of histones genes H1 and H3, and OGT during cell cycle progression. H1 and H3 are 

mainly expressed during the S-phase (transcript length 70 and 119 bp, respectively). O-GlcNAc transferase 

shows a higher expression during G2- and M-phase (transcript length 74 bp). Equal volumes of PCR 

amplification products were analyzed on gel. Data shown are representative for 3 technical repeats. 

Second, quantitative real-time (qPCR) analysis was performed to obtain quantitative expression data 

for OGT during cell cycle progression. Again N. tabacum histone H1 and histone H3 were included as 

controls. Internal reference genes CycD3;3 (Accession No. AB015222), CycD3;2 (Accession No. 

AJ011894) and CdkA;4 (Accession No. AF289467 ) were chosen because of their stable expression 

levels throughout the cell cycle (Sorrell et al. 1999; Sorrell et al. 2001; Kawamura et al. 2006). Figure 

4.4 shows the expression levels of the different gene transcripts, normalized against time point 2. 

Samples that show significant up- or down-regulation of a gene are indicated with an asterisk. Genes 

encoding histones H1 and H3 are clearly up-regulated during the S-phase and are down-regulated 

during the rest of the cell cycle (Figure 4.4 B and C). Differences in OGT expression throughout the 

cell cycle were less pronounced compared to the expression patterns observed for the histones 

(Figure 4.4 A). According to these results OGT expression is significantly up-regulated during the S-, 

M- and G1-phase. qPCR results for samples taken during the G2-phase were not significantly different 

compared to time point two. 
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Figure 4.4 Quantification of expression levels of OGT (A) and histones H1 (C) and H3 (B) during cell cycle 

progression. Asterisks indicate that the expression of the target gene is significantly different compared to time 

point two. Data shown originate from 3 technical replicates. 

4.3.1.4 O-GlcNAcylation of histone proteins in synchronized BY-2 suspension cells 

OGT transcript levels can give an idea about the activity of the enzyme but it remains to be checked 

which proteins are being modified due to enzymatic activity. Therefore, Western blot analyses were 

performed to analyze whether OGT activity correlates with an increase in O-GlcNAcylation of 

proteins in general, and histones in particular. The histone enriched acid extracted protein samples 

used in Figure 3.3 were further employed to determine the level of O-GlcNAcylation of histone 

proteins. Therefore, Western blot analysis was performed using an antibody (CTD 110.6) directed 

against the O-GlcNAc moiety (Figure 4.5). Based on the molecular mass of the proteins (Table 4.1) 

and additional Western blot analyses using antibodies directed against H2B, H3 and H4 (data not 

shown), the lower protein bands below the 17 kDa marker were identified as histone proteins H2A, 

H2B and H3, whereas the polypeptide for histone H1 was located slightly above the 26 kDa marker 

polypeptide. It is clear that besides the bands matching to the histone proteins, also other 
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polypeptides are showing good interaction with the anti-O-GlcNAc antibody, indicating that the 

corresponding proteins are most probably also modified with O-GlcNAc moieties. 

The results indicate an elevated level of O-GlcNAc residues on histone proteins at S/G2 transition and 

during the M-phase (Figure 4.5). When the data are observed in more detail, some differences 

between the different histone proteins can be perceived. At S/G2 transition they all show an increase 

in O-GlcNAcylation although this phenomenon persists longer at G2 for histone H1 compared to 

histones H2A, H2B and H3. Figure 4.6 suggests a higher level of O-GlcNAc on histone proteins H1 at 

the beginning of mitosis, while histones H2A, H2B and H3 contain more O-GlcNAc during mitosis.  

 

Figure 4.5 Quantification of O-GlcNAc levels visualized by Western blot analysis.  After cell cycle 

synchronization histones were prepared by acid extraction and detected using the CTD 110.6 antibody directed 

against the O-GlcNAc modification. Equal amounts of protein (1.5 µg) were loaded in each lane. Data shown 

are representative for 3 technical repeats. 
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Table 4.1 Calculated molecular masses of the different tobacco histone proteins based on protein sequences 

obtained from Uniprot or NCBI databases. Post-translational modifications of the protein have not been taken 

into account when calculating the total molecular mass. 

 

4.3.2 Localization of the tobacco lectin in synchronized cells of BY-2 overexpression lines 

To check whether the localization pattern of Nictaba is cell cycle-dependent, stably transformed BY-2 

cells constitutively expressing the EGFP-Nictaba fusion protein were synchronized at the S-phase 

using aphidicolin treatment. During 12 hours after aphidicolin removal, samples were collected every 

hour and subsequently, cell cycle progression was examined by flow cytometry, allowing to analyze 

the DNA content of the nuclei, after release from the somatic cells.  In addition, EGFP-Nictaba 

expression was visualized using confocal microscopy. 

The diagrams show the characteristic peaks of fluorescence emission representing the 4C and 8C 

DNA content. As shown in figure 4.6, the peak pattern gradually changes as the cell cycle progresses, 

demonstrating a gradual decrease of the 8C nuclei and an increase of the 4C nuclei (Figure 4.6 panels 

7-11). Flow cytometric results suggest the start of mitosis approximately 7 hours after aphidicolin 

release (Figure 4.6 panel 7). 

The distribution of the EGFP-coupled lectin was followed throughout the cell cycle. Figure 4.7 clearly 

shows that Nictaba is expressed in both the nucleus and the cytoplasm of the BY-2 cell. As the cell 

cycle progresses, no difference in location could be observed for Nictaba. Western blot analyses 

confirmed that EGFP is linked to Nictaba, indicating that the confocal images show the localization 

pattern for the fusion protein (Chapter 3, 3.2.2.2).  
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Figure 4.6 Flow cytometric analysis of the synchronized transgenic BY-2 cell culture expressing the EGFP-

Nictaba fusion protein. Transformed BY-2 cells expressing EGFP-Nictaba were synchronized at the G1/S 

boundary by aphidicolin treatment and followed for 12 hours after aphidicolin removal. At 1 h intervals cell 

cycle progression was monitored by analyzing the DNA content of the cells. 4x and 8x refer to the tetraploid 4C 

and octaploid 8C DNA content of the cells. A scheme showing the different phases of the cell cycle is shown 

below the graphs. 



Chapter 4: O-GlcNAc cycling and expression of Nictaba during cell cycle progression in tobacco 
suspension cells 

106 
 

 

Figure 4.7 Confocal microscopic analysis of synchronized N. tabacum BY-2 cells expressing EGFP-Nictaba. Lectin 

expression was visualized during the different stages of the cell cycle. Scale bar is 50 µm.  

4.3.3 Expression of the tobacco lectin during the cell cycle of N. tabacum cv Xanthi cells  

4.3.3.1 Cell synchronization of N. tabacum cv Xanthi cells and monitoring of cell cycle progression 

Taken into account that the tobacco lectin was shown to interact with histone proteins through their 

O-GlcNAc modification (Schouppe et al. 2011) and the cell cycle dependency of this carbohydrate 

modification, it was of great interest to examine the expression of Nictaba through cell cycle 

progression. However, the BY-2 cells used in previous experiments do not express Nictaba simply 

because the corresponding Nictaba gene is not present in the genome of the cultured BY-2 cell line 

(Lannoo et al., 2006a). Therefore, another widely used tobacco cell line, N. tabacum cv Xanthi cells, 

containing the lectin sequence in its genomic DNA, was used for this experiment. In contrast to BY-2 

cells, which have a cell cycle that takes about 12 hours, the cell cycle of N. tabacum cv Xanthi cells 

lasts much longer and takes approximately 25 hours. Especially the G1-phase is very long and goes on 

for 10 hours (Nishinari and Syõno, 1986). Consequently, synchronization of N. tabacum cv Xanthi 

cells has not been reported frequently and only few records are available in literature.  

Similar to previous experiments the N. tabacum cv Xanthi cells were blocked at G1/S transition using 

aphidicolin and after drug removal, cells could progress through the cell cycle. For practical reasons 

and taken into account that the most interesting phases of the cell cycle correspond to the S, G2 and 

M-phases (right after aphidicolin removal), samples were analyzed in the first 14 hours after drug 

removal. Cell cycle progression was followed using flow cytometric analyses, but unfortunately an 

insufficient amount of nuclei could be extracted and no useful results were obtained. Therefore, the 
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amount of cells at mitosis was also estimated by analyzing the mitotic index (Figure 4.8 A). A clear 

peak representing cells in the mitotic phase was observed at 12 hours after aphidicolin removal. 

Taken into account the data for the analysis of the mitotic index as well as the data reported in 

literature a general scheme for cell cycle progression in N. tabacum cv Xanthi cells is proposed 

(Figure 4.8 B). 

 

Figure 4.8 Cell synchrony of N. tabacum cv Xanthi cells was estimated by calculating the mitotic index (A). 

Below the graph, a scheme shows the different phases of the N. tabacum cv Xanthi cell cycle (B).  

 4.3.3.2 Nictaba and OGT expression in synchronized N. tabacum cv Xanthi cells 

After removal of aphidicolin, samples for RNA and protein analyses were collected from the 

synchronized N. tabacum cv Xanthi cell culture at 1 h intervals, and this for 14 consecutive hours. At 

every time point, RNA was extracted from the synchronized N. tabacum cv Xanthi cells, and 

transcribed into cDNA. Transcript levels for Nictaba, histone H3 and OGT expression were 

determined using semi-quantitative RT-PCR (Figure 4.9). Histone H3 was reported to be expressed 

specifically in the S-phase of synchronized plant cells. In our analyses, however, histone H3 RNA is 

expressed in the late S-phase but also in the other phases of the cell cycle. This result is possibly 

influenced by the larger fraction of non-synchronized cells after aphidicolin treatment (see Figure 

4.8). Nictaba expression is up-regulated in the S-phase and gradually decreases during the G2-phase. 

Lectin expression is clearly reduced during the M-phase. OGT shows a slightly elevated expression 

particularly at mid S-phase, during the G2-phase and at the beginning of G1-phase. 
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Figure 4.9 Transcript levels of histone H3, Nictaba and OGT during cell cycle progression of synchronized N. 

tabacum cv Xanthi cells. Histone H3 is used as a control (transcript length 119 bp). Nictaba (transcript length 

498 bp) expression during the different phases of the cell cycle was compared to the expression of O-GlcNAc 

transferase (transcript length 74 bp). Equal volumes of PCR amplification products were analyzed on gel. 

4.3.3.3 O-GlcNAcylation of proteins in synchronized N. tabacum cv Xanthi cells 

After collection of the acid-extracted proteins, the samples were subjected to Western blotting 

followed by incubation with an antibody directed against histone H3. The highest concentrations of 

histone H3 were detected in protein samples taken at the S/G2 transition (Figure 4.10 A). To verify if 

and which fraction of these proteins are O-GlcNAcylated, a similar blot was incubated with the 

CTD110.6 antibody directed against the O-GlcNAc modification (Figure 4.10 B). Figure 4.10 B 

indicates that in general histone proteins possess a higher amount of O-GlcNAc during the S phase, 

and to a lesser degree at the beginning of the G2-phase and at G2/M transition. The level of O-GlcNAc 

on histones H2A, H2B and H3 remains quite high during cell cycle, but shows an increase during the 

S-phase. Similarly histone H1 has an elevated level of O-GlcNAc moieties during the S-phase and early 

G2-phase.  

A total protein extract containing all proteins soluble at pH 7.4 was analyzed by Western blotting and 

immunodetection using the CTD110.6 antibody. The highest level of O-GlcNAcylation on this protein 

fraction was found during the G2-phase and at G2/M transition (Figure 4.11). This pattern was 

observed for protein polypeptides with a molecular masses of approximately 17 kDa, 26 kDa and 43 

kDa as well as for some high molecular weight polypeptides that migrate at the top of the gel. 
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Figure 4.10 Western blot on acid-extracted proteins from synchronized N. tabacum cv Xanthi cells using an 

antibody against histone H3 (A). Western blot analysis using the CTD110.6 antibody directed against O-GlcNAc, 

shows the cell cycle dependency of O-GlcNAcylation of the histones (B). Equal amounts of protein (2 µg) were 

loaded in each lane.  

 

Figure 4.11 Western blot on total protein fraction extracted from synchronized N. tabacum cv Xanthi cells at 

pH 7.4 using an antibody against directed against O-GlcNAc (CTD110.6). Equal amounts of protein (4 µg) were 

loaded in each lane. 



Chapter 4: O-GlcNAc cycling and expression of Nictaba during cell cycle progression in tobacco 
suspension cells 

110 
 

4.4 Discussion 

In 2011, Schouppe et al. suggested that Nictaba is interacting with histone proteins through a specific 

binding of the lectin with the O-GlcNAc modification on the histones. This interaction was shown by 

pull-down assays using nuclear protein fractions from N. tabacum cv Xanthi cells and a recombinant 

His-tagged Nictaba, and was confirmed by lectin affinity chromatography of a commercial 

preparation from calf histones (Schouppe et al. 2011). O-GlcNAc modification is a well studied post-

translational modification, especially in animal cells. However, in plants cells little research has been 

done concerning this carbohydrate modification. Here, we synchronized N. tabacum BY-2 suspension 

cells as well as N. tabacum cv Xanthi cells, to determine if plant histones are O-GlcNAc modified and 

if so, whether this modification is cell cycle-dependent. 

Synchronized BY-2 cell cultures were obtained after treatment with aphidicolin, an inhibitor of the 

DNA polymerase α blocking cells at G1/S transition. Flow cytometric results allowed to determine 

when the cell culture entered the different phases of the cell cycle. Using flow cytometry, clearly 

defined sharp peaks were obtained, indicating a good degree of synchrony of the tobacco cells. 

Compared to previous reports in literature, the mitotic phase of the synchronized wild-type BY-2 cell 

culture occurred somewhat later (8 h after aphidicolin release compared to 6 h) (Swiatek et al. 2002; 

Gemperlova et al. 2009). Possibly, the aphidicolin removal was not totally efficient and the remaining 

chemical caused a prolonged S-phase.  

Synchrony of the cell cycle was also assessed by analyzing the phosphorylation of histone H3 on 

Ser10. The phosphorylation of H3 Ser10 was previously shown to be initiated during the late G2-

phase and is present until the end of mitosis and hence can be used as a mitotic marker (Houben et 

al. 2007). In the synchronized BY-2 culture H3S10ph modification was already observed during the 

G2-phase and the signal was decreasing during the M-phase. This discrepancy was also observed by 

Zhang et al. (2011) and could be due to the fact that a fraction of cells considered to be in the G2-

phase already enter the mitotic phase. In addition, it should be mentioned that the antibody used 

directed against phosphorylation of Ser10 from histone H3 was only tested in animal cells (Zhang et 

al. 2011). 

Synchronization of N. tabacum cv Xanthi cells was a more challenging task, but necessary, since N. 

tabacum cv BY-2 cells do not express Nictaba. In literature, there are only a few reports describing N. 

tabacum cv Xanthi cell synchronization (Nishinari and Syõno et al. 1986, Qin et al. 1996). This 

experiment has not been performed frequently, simply because synchronization of N. tabacum cv 

Xanthi cells is cumbersome due to the long cell cycle taking up to 25 hours. Therefore, N. tabacum 

BY-2 cells are the better alternative, due to its much shorter cell cycle and the higher synchronization 
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efficiency. N. tabacum cv Xanthi cells were synchronized using a similar protocol as for the BY-2 cells 

and a mitotic peak was detected 12 hours after drug removal. While analyzing the samples, it was 

clear that the level of synchronization obtained for the N. tabacum cv Xanthi cells was much lower 

compared to the BY-2 cells. Unfortunately, the flow cytometric analysis was not successful. The 

isolation of the nuclei was apparently insufficient although preliminary tests yielded good results. 

Since N. tabacum cv Xanthi cells show a lower degree of cell cycle synchrony, the results obtained 

with this experiment should be interpreted with care. 

Every hour during cell cycle progression, samples were taken for analysis at RNA and protein level. To 

study gene transcription, semi-quantitative RT-PCR and quantitative real-time PCR were performed. 

Protein expression was examined using specific antibodies directed against the protein or the 

modification of interest. 

Nictaba expression and its localization in the plant cell were investigated after cell cycle 

synchronization of wild-type N. tabacum cv. Xanthi cells and a transgenic line of N. tabacum BY-2 

cells overexpressing the EGFP-Nictaba fusion protein under the control of the 35S promoter. 

Transcription of the Nictaba gene was shown to be cell cycle-dependent. The lectin is highly 

expressed in N. tabacum cv. Xanthi cells during the S- and G2-phase but expression decreases during 

the mitotic phase. The localization pattern for EGFP-Nictaba in the BY-2 cells appears to be unrelated 

to cell cycle progression since continuous overexpression of the EGFP-lectin yields fluorescence in 

the nucleus and cytoplasm of the cell at every time point of the cell cycle. 

Histone H1 and H3 transcripts in N. tabacum cv. BY-2 cells were analyzed because of their known 

gene expression profile. In general, histone transcript quantity increases and decreases in parallel to 

DNA synthesis during the cell cycle. During the S-phase, the chromosomal DNA but also the 

chromatin structure need to be replicated (Meshi et al. 2000). Both RT-PCR and qPCR confirmed that 

the mRNA transcripts for H1 and H3 are indeed more abundant during the S-phase. Furthermore RT-

PCR analysis also suggested a higher level of histone H1 transcripts compared to H3 transcripts. This 

result was confirmed by real-time PCR analyses that yielded up to 4 fold upregulation for H1 

transcripts during the S-phase compared to two-fold up-regulation for H3 transcripts. Concomitantly, 

an increase in histone H3 protein synthesis was found after DNA synthesis had started. In the 

synchronized N. tabacum cv. Xanthi cell culture, the cell cycle-dependent expression of histone H3 

deviated from this pattern, presumably because of the lower efficiency of synchrony of the cells. 

In both N. tabacum cell types the enzyme OGT showed high transcript levels during the G2-phase and 

to a lesser extent during the M-phase. Unfortunately, qPCR results could not completely validate 
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these data because the results obtained for the samples collected during the G2-phase were not 

significantly different from the control. However, consistent with these findings, O-GlcNAcylation of 

tobacco histones was found during the G2/M transition and the M-phase. Furthermore, tobacco 

histones were also glycosylated during the S/G2 transition. Our results are in accordance with the 

study done by Zhang et al. 2011 on HeLa cells, since an increase of O-GlcNAc residues was observed 

as the cell cycle progresses through the G2- and M-phase, but glycosylation during the S/G2 transition 

phase was not shown. However, O-GlcNAcylation during the S/G2 transition was described by Sakabe 

et al. 2010 and Fong et al. 2011. All these studies were performed in human cells.  

Little is known about O-GlcNAc modification of proteins in plants. Our results clearly showed that 

similar to animal histone proteins, also the plant histones are post-translationally modified with O-

GlcNAc. Next to the acid-extracted histones, the analysis of a total protein fraction extracted at pH 

7.4 also showed a high degree of O-GlcNAcylation of proteins during the G2-phase and during the 

G2/M transition. In this chapter, we detected for the first time the presence of O-GlcNAc on plant 

proteins, especially on histone proteins. Furthermore, cell cycle dependency of the O-GlcNAc 

modification on histone proteins was also demonstrated in plants. Because this histone modification 

takes place at the transition points of the cell cycle, it might be an important regulator of cell cycle 

progression.  

The interaction between Nictaba and the core histones can only occur at those time points when 

lectin expression and O-GlcNAcylation of the histones occur simultaneously. Particularly this means 

that interaction could occur during the S/G2 transition and during the G2-phase, since at this time O-

GlcNAclyation of histones reaches the highest level and Nictaba is expressed. O-GlcNAc modification 

of histones has recently been discovered as an important PTM that could be associated with the 

epigenetic regulation of transcription. It is possible that O-GlcNAcylation of histones recruits effector 

protein complexes influencing gene expression. Whether Nictaba is present within such a complex 

and whether the final result of this interaction will be activating or repressing chromatin 

transcription should be investigated in more detail. For instance, it has been demonstrated that 

acetylation is a PTM that is activating transcription, whereas SUMOylation represses transcription. 

However, methylation and ubiquitylation have variable effects, e.g. a single mark, H3K4me3, can 

recruit different proteins with both activating and repressing functions (Berger 2007).  It is tempting 

to speculate that through the interaction with the core histones, Nictaba can directly or indirectly 

alter gene transcription.  

In conclusion, the occurrence of O-GlcNAc on plant proteins was shown for the first time. In 

particular, the O-GlcNAc modification of plant histones was scrutinized and was also demonstrated 
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to be cell cycle-dependent. The suggested interaction between Nictaba and O-GlcNAcylated histones 

presumably happens during S- and/or G2-phase, since during these phases both are simultaneously 

present within the nucleus.  

4.5 Material and methods  

4.5.1 Cell cultures 

N. tabacum cv ‘Bright Yellow-2’ (BY-2) cells were grown as indicated in Chapter 3, 3.5.1. 

N. tabacum cv Xanthi cells were supplied by Dr Stéphane Bourque (Université de Bourgogne Plante – 

Microbe – Environnement, Dijon Cédex, France) and were grown in 250 ml erlenmeyers on an orbital 

shaker (25°C, 150 rpm, constant darkness). Cell suspensions were maintained in 100 ml medium 

containing 4.4 g/L Linsmaïer-Skoog salts (Duchefa), 0.2 g/L glutamine and 30 g/L saccharose (adjusted 

to pH 5.6 with 1 M KOH). Before subculturing the cells, this medium was supplied with 100 µl of a 

1000-fold concentrated vitamin solution (0.5 mg/L pyridoxine, 2 mg/L biotin, 0.1 mg/L thiamin, 5 

mg/L nicotinic acid, 3 mg/L Ca2+ panthotenic acid and 2 mg/l glycin), folate solution (0.5 mg/L folic 

acid) and hormone solution (0.165 mg/L 2.4-D and 0.1 mg/L kinetin). Cells were subcultured weekly 

by transferring 8 ml dry cells into 100 ml fresh medium. 

4.5.2 Stable transformation of Bright Yellow – 2 cells and confocal microscopic analyses 

BY-2 cells were transformed as indicated in Chapter 3, 3.5.6. Confocal microscopic analysis was 

performed as depicted in Chapter 3, 3.5.7. 

4.5.3 Cell cycle synchronization and monitoring of synchrony 

The synchronization protocol was based on the method of Kumagai-Sano et al. (2007). The stationary 

BY-2 cell culture was diluted 10:100 in fresh medium, supplemented with 4.4 mg/L aphidicolin 

(Sigma-Aldrich). After 24 h of culture, the aphidicolin was removed by extensive washing and 

resuspension of the cells in fresh medium. Every hour, samples were taken from the synchronized 

culture for a period of 14 hours. The cell cycle progression was monitored by determination of the 

mitotic index. Therefore, 0.5 ml cells were sampled every hour, fixed in a solution of ethanol/acetic 

acid (3:1 (v/v)) and washed with MS. After DNA staining with 4’,6-diamidino-2-phenylindole (DAPI), 

cells were again washed with MS, observed under an epifluorescence microscope Nikon Ti (Nikon 

Belux) and dividing cells were counted. Three hundred cells were counted for each timepoint. Stages 

from prophase to telophase were considered as the mitotic phase. Eight-milliliter samples were 

collected for analysis of the DNA content using flow cytometry. To release the cell nuclei, Galbraith’s 

buffer (45 mM MgCl2, 30 mM Na-citrate, 20 mM MOPS and 1 g/L Triton X-100, pH 7.0) was added to 
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a sample of frozen cell pellet, which was carefully chopped with a razor blade and filtered (40 µm 

mesh) prior to the addition of propidium iodide (0.5 mg/ml). The ploidy of the nuclei was determined 

using the flow cytometer (Epics Altra; Beckman). 

4.5.4 Analytical techniques 

Eight-milliliter samples were crushed in liquid nitrogen, lysed using glass beads and protein was 

extracted in PBS (137 mM NaCl, 8 mM Na2HPO4.2H2O, 3 mM KCl, 1.5 mM KH2PO4). The supernatant 

was used for analyzing the protein fraction soluble at pH 7.4. Subsequently, the pellet that remained 

after the first extraction was used for a second extraction using 0.2 M H2SO4, to collect the acid 

soluble proteins. These extracts were used for Western blot analysis. After separation of the proteins 

by SDS-PAGE in 15% acrylamide gels, immunoblot analysis was performed. The membrane was 

blocked with Tris-buffered saline (TBS; 10 mM Tris-HCl, 150 mM NaCl, 0.1% (v/v) Triton X-100, pH 

7.6) containing 5% (w/v) non-fat milk powder, for one hour. Primary antibodies used were a 

polyclonal rabbit antibody directed against Nictaba (1:80) (Vandenborre et al. 2009), a polyclonal 

rabbit antibody against histone H3 (diluted 1:30000, Abcam, Cambridge, United Kingdom), a 

monoclonal mouse antibody against O-GlcNAc CTD 110.6 (1:1000, Covance, California, USA) and a 

monoclonal mouse antibody against Phospho-Histone H3pSer10 (1:1000, ThermoFisher Scientific, 

Rockford, USA). After incubation with the primary antibody for 60 minutes, the membrane was 

incubated with TBS supplemented with a horseradish peroxidase-coupled secondary antibody, goat 

anti-rabbit (diluted 1:300, Sigma-Aldrich) or rabbit anti-mouse IgG (diluted 1:1000, Dako Cytomation) 

depending on the primary antibody, again for 60 minutes. Immunodetection was achieved by adding 

enhanced chemiluminescence detection substrate (Clarity™Western ECL Substrate, Bio-Rad, 

Hertfordshire, UK). Visualization was done using the ChemiDoc MP imaging system (Bio-Rad). The 

intensity of the bands on the blots was measured using the gel analysis tool from Fiji 

(http://fiji.sc/Fiji). 

4.5.5 RT-PCR analysis 

RNA was extracted from eight-milliliter samples and 1 µg was transcribed into cDNA using the First 

Strand cDNA Synthesis RT-PCR kit (Invitrogen, Carlsbad, California, USA). The presence of cDNA 

encoding histone H1, histone H3, O-GlcNAc transferase and Nictaba was analyzed by RT-PCR. The 

primers used to amplify the cDNA for each of the targets under study are shown in Appendix A. 

Cycling parameters were as follows: 2 min 94°C, 30x (15 s 94°C, 30 s 55 °C, 1 min 72°C), 5 min 72°C. 

The intensity of the bands on the blots was measured using the gel analysis tool from Fiji 

(http://fiji.sc/Fiji). 

http://fiji.sc/Fiji
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4.5.6 qPCR analysis 

The SensiMixTMSYBR No-ROX Kit (BIOLINE, London, UK) was used to perform the qRT-PCR reactions. 

In each reaction, 10 µl of 2 x SensiMix, 1 µl cDNA (20 ng/µl), 1 µl of 10 µM from each primer and 7 µl 

water were mixed in a total volume of 20 µl. All reactions were performed in the Rotor-Gene 3000 

(Corbett Life Science, Qiagen, Venlo, The Netherlands) using Rotor Discs (Qiagen), and the results 

were analyzed using the Rotor-Gene 6 software. The thermal profile consisted of 10 min at 95 °C as a 

pre-denaturation step, 45 cycles of 25 s at 96 °C, 25 s at 60 °C, and 20 s at 72 °C.  To test the amplicon 

specificity, a melting curve was generated by increasing the temperature from 72 °C to 95 °C. The 

relative expression level of the target genes under stress conditions were compared with the control 

by using the REST 384 software (Corbett Research, (Pfaffl et al. 2002)). This software allowed 

determining the statistical significance of the results and compared the relative expression between 

a sample and a control group. REST 384 software analyses data for significant differences using 

ANOVA approximate tests (Pfaffl et al. 2002). Primers for qRT-PCR were designed by Primer3Plus 

software: http://primer3plus.com/cgi-bin/dev/primer3plus.cgi to amplify <150 bp amplicons 

(Appendix A). 

http://primer3plus.com/cgi-bin/dev/primer3plus.cgi
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5.1 Abstract 

Nictaba is a nucleocytoplasmic lectin which is expressed in tobacco (N. tabacum) leaves treated with 

jasmonates or subjected to insect herbivory. Consequently, it is believed that Nictaba acts as a 

signaling protein involved in the stress physiology of the plant. In previous research, a nuclear 

proteomics approach was followed to search for binding partners of Nictaba. Using a pull-down assay 

and lectin affinity chromatography with extracts from N. tabacum cv Xanthi nuclei, histones were 

identified as primary interaction partners for Nictaba. This interaction was confirmed in vitro by 

affinity chromatography using purified calf thymus histone proteins on a Nictaba column. 

In this chapter, the interaction between Nictaba and tobacco histones is scrutinized both in vitro and 

in vivo. To this end, a protocol was developed to purify histones from tobacco BY-2 suspension cells. 

Using lectin chromatography and far Western blot, the interaction between tobacco histones and 

Nictaba was confirmed. Furthermore, co-localization studies showed that both binding partners 

reside in the same cellular compartment, the nucleus. To assess the interaction in vivo, bimolecular 

fluorescence complementation (BiFC) and fluorescence resonance energy transfer (FRET) 

experiments were performed. The results of both microscopic techniques could not irrefutably 

confirm the interaction between Nictaba and histones. 

5.2 Introduction 

Protein-protein interactions (PPI) are fundamental to the normal functioning of every biological 

system. They are involved in virtually every cellular process, such as establishing specificity between 

enzymes and substrates in signal transduction pathways, DNA replication, cell cycle control, stress 

responses and building up the cytoskeleton. Knowing a protein’s interaction partner(s) is essential to 

understand the protein’s function. Therefore, in recent years, an increasing number of protein-

protein interaction studies have been performed both in mammals and plant systems, although the 

generation of interactome maps for plants is lagging behind (Lalonde et al. 2008; Braun et al. 2013). 

PPI differ from each other by varying kinetics and thermodynamics. According to the nature of the 

interaction either, stable or dynamic, proteins associate with a high or low affinity. These properties 

must be considered when an appropriate PPI detection method is selected (Lalonde et al. 2008).  

Several techniques are commonly used to discover new interactions both by heterologous expression 

in yeast or purification from plants. Yeast two-hybrid (Y2H) has been extensively used in animal and 

plant interaction experiments. It is the only available high-throughput assay and is often used for 

screening DNA libraries for new interactors, although it is only suitable for the detection of nuclear 

protein interactions. Furthermore, Y2H suffers from a high false positive rate and only binary 
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interactions can be examined (Zhang et al. 2010; Braun et al. 2013). Based upon Y2H, the first 

proteome-wide interaction map for A. thaliana was published in 2011 (Arabidopsis Interactome 

Mapping Consortium, 2011). The Y2H protocol has also been improved for use in Arabidopsis 

protoplasts to avoid missing undetectable interactions in heterologous systems (Ehlert et al. 2006).  

Protein complexes can also be extracted from plants using an affinity purification combined with MS 

(AP-MS). Co-immunoprecipitation is interesting because the endogenous protein is examined, it gives 

the most convincing evidence that proteins physically interact in vivo, although a specific antibody is 

required (Miernyk and Thelen 2008). Tandem affinity purification (TAP) is a very powerful technique 

but the stringent conditions limit identification of weak or low abundance PPIs. TAP followed by MS-

based protein identification is one of the most frequently used techniques to study interaction 

networks in planta. Using this AP-MS platform, Van Leene and collegues studied cell cycle-related 

protein complexes in Arabidopsis suspension cell cultures and identified 28 new protein association 

and confirmed 14 previously described interactions (Van Leene et al. 2007). One-step tag-based 

affinity purification is less stringent but suffers from a high false-positive rate. In planta, a GFP-tag is 

frequently used, combining interaction and localization studies (Braun et al. 2013). Identification of 

transient interactions and/or interactions characterized by high dissociation constants is typically 

done by chemical cross-linking agents, e.g. formaldehyde, which stabilizes the PPI. Since artificial 

associations are also stabilized, a more profound validation becomes necessary (Miernyk and Thelen 

2008). 

In Y2H, proteins are often overexpressed, hence altering the relative concentration of putative 

interactors compared to the in vivo situation. Heterologous expression can also exclude competing 

interactions or introduce novel ones. AP-MS experiments can assemble proteins from different 

cellular compartments which is not an accurate reproduction of the natural situation. Therefore, PPIs 

detected using these methods are considered as potential interactors and must be validated 

preferably in planta using an independent technique (Lalonde et al. 2008; Morsy et al 2008). Protein-

fragment complementation assays (PCAs) like bimolecular fluorescent complementation (BiFC) and 

split luciferase but also co-immunoprecipitation and fluorescence resonance energy transfer (FRET) 

are generally used PPI validation techniques (Braun et al. 2013). 

In PCAs a reporter protein is split into two fragments that are fused to the proteins to be tested for 

interaction. In contrast to Y2H, PCAs allow detection of PPIs in diverse subcellular compartments. The 

split ubiquitin assay is for example especially used for analyzing interaction of membrane proteins 

(Morsy et al. 2008; Braun et al. 2013). 
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BiFC is based on the association of two non-fluorescent fragments of GFP variants, reconstituting its 

fluorescent capacity (Hu et al. 2002). This reaction is quasi-irreversible, which makes BiFC the perfect 

technique for detection of weak or transient interactions, although this can also result in false 

positives. BiFC is applicable in various cellular compartments and allows detection of the localization 

of the interaction complex (Bhat et al. 2006; Lalonde et al. 2008; Zhang et al. 2010, Braun et al. 

2013). In 2004, Bracha-Drori et al. and Walter et al. reported the usage of BiFC in plants. Since then, 

the system has been routinely used for studying protein complexes in plant cells (Bracha-Drori et al. 

2004; Walter et al. 2004; Citovsky et al. 2006; Marion et al. 2008; Citovsky et al. 2008). 

Alternatively, the split luciferase assay is used to report protein interactions. In plants, this assay was 

first described in Arabidopsis protoplasts using the Renilla luciferase (Fujikawa and Kato, 2007) and 

later in N. benthamiana leaves and Arabidopsis protoplasts using the firefly luciferase (Chen et al. 

2008). The split luciferase assay does not suffer from background light and can detect protein 

dissociation, it is thought to be the most sensitive and dynamic PPI detection method, although light 

emission is rather dim, so detection requires a very sensitive charge-coupled device camera (Morsy 

et al. 2008). 

FRET is characterized by the efficiency of the energy transfer E between a donor and an acceptor 

fluorophore both attached to two putative interacting proteins. E is defined as the fraction of the 

photons absorbed by the donor and transferred to the acceptor and is function of the distance 

between the two fluorophores. FRET can occur in the range of 1-10 nm, which is a relevant distance 

for two interacting proteins (Vogel et al. 2006; Lalonde et al. 2008). At present, the most widely used 

donor-acceptor pair is CFP/YFP, although poor spectral overlap does not make it the ideal choice. 

EGFP/mRFP1 would be a superior FRET partnership, using longer, less phototoxic excitation light, if 

mRFP1 displayed a stronger brightness (Campbell et al. 2002; Dixit et al. 2006). This donor-acceptor 

FRET pair was successfully used by Mas et al. 2000 to analyze the interaction between Arabidopsis 

phytoreceptors PHY-B and CRY-2 (Mas et al. 2000). FRET can be determined using different 

procedures of which donor fluorescence recovery after acceptor photobleaching is most frequently 

used because of lack of bleed-through and less sensitivity to artifacts caused by unequal expression 

levels. The most advanced way to determine FRET is measuring the fluorescence lifetime of the 

donor fluorophore, which decreases faster in close proximity to an acceptor fluorophore (Bhat et al. 

2006). 

Besides experimental approaches, computational analysis of previously published interactions 

combined with connections between interologs, orthologous proteins known to interact in model 

species, are used to build an interactome network (Uhrig 2006; Zhang et al. 2010; Fukao 2012). 
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Geisler-Lee and colleagues created an interactome for Arabidopsis based on interologs present in 

yeasts, nematodes and humans (Geisler-Lee et al. 2007). 

In 2011, Schouppe et al. detected the protein interaction between the tobacco lectin and the core 

histone proteins H2A, H2B and H4 using an AP-MS approach. Two independent approaches, lectin 

affinity chromatography and pull-down assay allowed to purify histones from tobacco cv Xanthi 

nuclei and protoplasts, and identified these proteins as interaction partners for Nictaba. 

Furthermore, the interaction between Nictaba and histones was confirmed by lectin affinity 

chromatography of a commercial histone preparation from calf thymus (Schouppe et al. 2011). In 

this chapter, the interaction between Nictaba and plant histones was investigated in more detail. 

Therefore, histones were purified from BY-2 cells and the interaction between Nictaba and these 

tobacco histones was examined in vitro using lectin affinity chromatography and far Western blot 

analysis. The interaction was further evaluated by several microscopy techniques including co-

localization studies, BiFC and FRET analyses.   

5.3 Results 

5.3.1 Purification of tobacco histone proteins 

In 2011, Schouppe et al. identified histones as interacting partners for Nictaba, this interaction was 

tested by biochemical approaches using histone proteins from calf thymus. Although histone 

proteins are known to be highly conserved proteins in eukaryotes, it was of great interest to confirm 

the interaction of the lectin with plant histone proteins. Therefore a protocol was developed to 

purify histone proteins from tobacco BY-2 cells. This protocol can be subdivided into three main 

fractionation/purification steps. First, the cell wall was removed enzymatically to obtain a protoplast 

solution. Second, these protoplasts were lysed and nuclei were collected using an iodixanol gradient. 

Finally, these nuclei were incubated under acidic conditions to acquire the histones. Every step of 

this protocol was monitored by microscopy (Figure 5.1). Figure 5.1 A shows the successful isolation of 

protoplasts and DAPI staining confirms the purification of tobacco nuclei (Figure 5.1 B). 
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Figure 5.1 Microscopical confirmation used to monitor the different steps of the tobacco nuclei purification 

protocol. Transmission microscopy image of BY-2 protoplasts (A). Nuclei extracted from BY-2 cells stained with 

DAPI (B-1) visualized under transmission light (B-2) and a composite image of these two images (B-3). Scale 

bars are 50 µm.  

The acid-purified proteins extracted from the nuclei were subjected to different analytical techniques 

to verify if the procedure allowed purification or enrichment of tobacco histones. The protein sample 

was separated by SDS-PAGE and Coomassie stained (Figure 5.2 A). Based on the molecular masses 

(See Chapter 4 Table 4.1) the protein bands could correspond to the core histone proteins. In 

addition, Western blot analysis was performed to confirm the identity of these bands. Antibodies 

directed against histones H3 and H4 were used to prove the presence of these proteins in the 

purified sample (Figure 5.2 B and C). Furthermore, mass spectrometry of the acid-soluble proteins 

validated the occurrence of histone proteins H2A, H2B, H3 and H4. Histone H3 has three known 

sequence variants denoted as H3.1, H3.2 and H3.3. All these variants were present in the histone 

preparation. Because of their highly similar sequence, they are further referred to as histone H3. 

Since the interaction between Nictaba and histones is dependent on histones carrying an O-GlcNAc 

residue, the O-GlcNAcylation of these proteins was also evaluated. Western blotting with an 

antibody directed against O-GlcNAc (CTD 110.6) resulted in clear bands at the position corresponding 
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to the histone proteins, indicating that the post-translational modification was preserved (Figure 5.2 

D). 

 

Figure 5.2 SDS-PAGE (A) and Western blot (B-D) analysis of acid-soluble protein from tobacco BY-2 cells. The 

different proteins were identified based upon molecular mass and specific antibodies directed against histone 

H3 (B) and histone H4 (C). The purified histones were modified with O-GlcNAc, as confirmed by Western blot 

analysis using the O-GlcNAc-specific antibody CTD 110.6 (D). In lane A, 2 µg of protein was loaded, in lane B and 

C 1 µg and in lane D 2.5 µg.  

5.3.2 In vitro interaction study between the tobacco lectin and tobacco histones 

Two biochemical binding assays were performed to examine the interaction between Nictaba and 

the tobacco histone proteins.   

5.3.2.1 Far Western blot analysis 

Far Western blot is a commonly used approach to detect protein-protein interactions in vitro. This 

technique is derived from the standard Western blot method. Purified histone proteins (prey) were 

first separated by SDS-PAGE and transferred to a membrane. The membrane was blocked and 

probed with purified Nictaba (bait) protein. If the Nictaba-histone interaction takes place, the bait 

protein can be immunodetected on spots in the membrane where a prey protein is located. Figure 

5.3 shows an ECL detection of histone proteins H2A, H2B, H3 and H4 using an antibody directed 

against Nictaba, suggesting that these histone proteins do interact with Nictaba. 
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Figure 5.3 Far Western blot analysis of purified tobacco histone proteins (2 µg) serving as the prey protein and 

Nictaba as a bait.  

5.3.2.2 Lectin affinity chromatography 

Complex formation between Nictaba and the histones was also studied with the Nictaba-Sepharose 

4B column. Lectin affinity chromatography was first performed using a total non-fractionated 

preparation of histone proteins from calf thymus (Figure 5.4 A). Proteins bound to the lectin column 

were eluted by adding a buffer with high pH. Subsequently, eluted proteins were analyzed by SDS-

PAGE, Western blot and MS analyses (Figure 5.4 A). Previously, Schouppe et al. 2011 established 

elution of calf thymus histone proteins from the Nictaba column with 1 M N-acetyl-D-glucosamine, 

pointing out the specificity of this interaction. 

After validation of the lectin affinity chromatography with calf histones, a preparation of tobacco 

histones was also chromatographed on the Nictaba-Sepharose 4B (Figure 5.4 B). Analyses of the 

elution fractions corresponding with the highest absorption by MS confirmed the identity of histones 

H2A, H2B, H3 and H4. Furthermore, Western blotting using the CTD110.6 antibody showed the O-

GlcNAc modification of histones H2A, H2B and H3. 
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Figure 5.4 Interaction of histone proteins with Nictaba-Sepharose 4B column. A, left panel: Elution profile of 

the histone proteins from a commercial calf thymus preparation on Nictaba-Sepharose 4B column. A, right 

panel: The most concentrated fraction from the elution peak was analyzed by SDS-PAGE and Western blotting 

using antibodies directed against histone H3 and O-GlcNAc. B, left panel: Elution profile of the purified tobacco 

histone proteins on Nictaba-Sepharose 4B column. B, right panel: The most concentrated elution fraction was 

analyzed by SDS-PAGE and Western blotting using antibodies directed against histone H3S10ph and O-GlcNAc.  
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5.3.3 Co-localization studies of Nictaba in the plant nucleus  

5.3.3.1 Co-localization between EGFP-Nictaba and DAPI stain 

To confirm the nuclear localization of Nictaba, N. benthamiana leaves were co-infiltrated with EGFP-

Nictaba and DAPI. Free EGFP known to locate to the plant nucleus was used as a control. To quantify 

co-localization, both Pearson and Manders’ coefficients were calculated. The Pearson correlation 

coefficient is a metric that describes the goodness-of-fit for a linear regression between all pixel grey-

values of two different channels. Manders’ coefficients M1 gives a good idea of the proportion of 

green signal coinciding with a signal in the blue channel over its total intensity, whereas M2 gives the 

proportion of blue signal coinciding with the green signal (Bolte and Cordelières et al. 2006). Because 

the leaf material has a complex three-dimensional structure with different cellular organization, 

containing different expression levels of fluorescent proteins and different stoichiometries of 

association, the image is cropped to match only that specific structure to make sure that the 

coefficients will reflect co-localization of a local structure accurately.  

Figure 5.5 A summarizes the correlation between EGFP-Nictaba and DAPI localization patterns. All 

values were positive and much higher than 0 indicating co-localization, albeit not perfect (i.e not 

equal to 1). However, this partial co-localization is also reflected in the images for free EGFP which is 

known to be abundant in the nucleus. The Manders’ coefficient M1 value gives the amount of EGFP-

Nictaba overlapping with the DAPI staining. Since EGFP-Nictaba is not exclusively expressed in the 

nucleus, but also locates for an important part in the cytoplasm, the M1 value was low (Figure 5.5 B). 

Nevertheless, the fraction of DAPI co-localizing with EGFP-Nictaba (M2) is high, confirming the 

localization of Nictaba within the nucleus. 
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Figure 5.5 Co-localization between EGFP-Nictaba and DAPI. Pearson and Manders’ correlation coefficients were 

calculated for EGFP-Nictaba and compared with results for free EGFP. Error bars represent standard deviations 

(A). Overlay picture from transiently transformed N. benthamiana leaves co-infiltrated with EGFP-Nictaba and 

DAPI (B). Differences in co-localization coefficients between EGFP-Nictaba and EGFP were statistically 

significant (p < 0.05). 

5.3.3.2 Co-localization between EGFP-Nictaba and histones 

Co-localization experiments can be used to confirm if two proteins are both expressed in the same 

cellular compartment, which is an obvious condition for these proteins to interact. In general both 

proteins are tagged with a different fluorescent marker. Expression of each of these proteins 

individually will give one fluorescent signal. In the case of co-localization of both fluorescent proteins 

a mixed signal for both fluorochromes will be visualized. 

Construction and testing of vectors for co-localization experiments 

For the co-localization experiments, the constructs as described in Chapter 3 were used, encoding a 

fusion product consisting of EGFP C- or N-terminally fused to the coding sequence of Nictaba. 

Similarly, the different histone proteins H2A, H2B and H4 were covalently coupled with RFP in both 

configurations. Individual expression of the different fusion proteins was tested by Agrobacterium-

mediated leaf infiltration of N. benthamiana leaves. During these experiments, the standard protocol 

for transient transformation was optimized. The optimal concentration of Agrobacterium was 
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defined at OD600 0.1. The optimal timepoint for checking the fluorescence of the transformed 

epidermal cells was on day 2 and 3 after infiltration for EGFP constructs and day 2 for RFP constructs. 

According to these observations, confocal microscopy was performed on day 2 after Agrobacterium 

infiltration.  

All constructs but one yielded an intense fluorescence signal in the cellular compartment where the 

fusion protein was expressed, in particular the nucleus and cytoplasm for Nictaba and the nucleus for 

histone proteins. Only the Nictaba construct containing the C-terminally fused EGFP sequence did 

not give any detectable signal as discussed in chapter 3. Therefore, in further experiments, the 

construct encoding the fusion protein Nictaba-EGFP was no longer considered. 

Co-localization studies 

All possible combinations between EGFP-Nictaba and both N- and C-terminally tagged histone 

proteins were infiltrated in N. benthamiana leaves and examined using confocal microscopy (Figure 

5.6 B). The expression of Nictaba was confined to the nucleus and the cytoplasm.  Especially around 

the nucleus, a strong lectin expression was observed, within the nucleus the expression for EGFP-

Nictaba was less intense but still higher than in the vacuole of the plant cell (Figure 5.6 A-1 and C). 

The histone proteins located exclusively in the nucleus (Figure 5.6 A-2). Figure 5.6 A-3 displays an 

overlay image of the green and red channel which clearly indicates the co-localization of the two 

examined proteins in the nucleus.  

The co-localization between EGFP-Nictaba and H2B-RFP is also presented graphically in Figure 5.6 C. 

Briefly a virtual line was drawn through the nucleus and a plot profile was calculated for every 

fluorophore. Such a plot profile shows the fluorescence intensity for each position on the line. Both 

signals (red and green) can be shown in one graph, as such this shows the fluorescence of the two 

signals at a specific section through the nucleus. Four different plot profiles from the nucleus were 

made and these results were averaged. The percentage overlap between the two fluorescent signals 

was calculated and amounts to almost 60%.  The confocal fluorescent images, shown in figure 5.6 C 

also clearly show a remarkably higher fluorescence intensity of EGFP-Nictaba fusion protein at the 

nuclear rim compared to the centre of the nucleus, whereas the histone proteins were evenly 

distributed in the nucleus. 

All combinations of EGFP-Nictaba and N- or C-terminally labeled histones were analyzed and yielded 

similar results (Figure 5.6 B, Appendix B). These experiments clearly show that Nictaba is co-localizing 

with the histone proteins H2A, H2B and H4 inside the nucleus. 
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Figure 5.6 Co-localization of EGFP-Nictaba with the different histone proteins fused with RFP. Panel A shows 

the localization of EGFP-Nictaba (A-1), the localization of H2B-RFP (A-2) and the overlay image (A-3). The scale 

bar is 25 µm. These results were representative for every combination of EGFP-Nictaba and the RFP labeled 

histones tested (B). Visualization of co-localisation between EGFP-Nictaba and H2B-RFP, the fluorescence 

overlap between the two signals is coloured yellow (C).  

5.3.4 In vivo interaction study between Nictaba and tobacco histone proteins 

Previous experiments showed that histone proteins and Nictaba co-exist in the same cellular 

compartment, the nucleus. However, co-localization does not directly implicate a protein-protein 

interaction, although this association has been suggested after in vitro studies performed by 

Schouppe et al. 2011. Therefore two commonly used approaches, BiFC and FRET were performed to 

study the in vivo interaction between Nictaba and histones. 

5.3.4.1 Bi-molecular fluorescence complementation 

Design of fusion proteins for BiFC analysis 

For BiFC analysis, potential interacting partners were attached to specific fragments of fluorescent 

proteins. Only if the partners bind or interact with each other, these fragments will be joined and will 

form a functional fluorescent protein. Gateway-compatible vectors designed by Gehl et al. (2009) 

were used for this experiment. Because of the steric constraints of the interacting partners, the 
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characteristics of the endogenous proteins had to be reproduced as closely as possible. Therefore, 

both C- or N-tagging of each protein under study had to be investigated. The C terminal part of SCF3A 

(CFPC or SCYCE) was both N- and C-terminal coupled with Nictaba. The N terminal part of VENUS 

(VENUSN or VYNE) was covalently coupled with the different interaction partners, histone H2A, H2B 

and H4, also in both configurations. Every combination between these fusion proteins was tested 

(Figure 5.7). Only when the putative interacting proteins are in close proximity and the fluorophore 

fragments are in the correct orientation, a functional fluorophore is reconstituted and fluorescence 

will be emitted. 

 

Figure 5.7 Overview of fusion proteins constructed for the BiFC assays. The putative interactors are covalently 

fused with fragments of a fluorophore (CFPC and VENUSN). Multiple combinations of fusion proteins were 

tested to check for fluorescence emission. The fragments of the fluorophores are shown in grey to indicate that 

they cannot emit fluorescence (B and C). However, when two fragments interact and form a functional protein 

a fluorescent signal will be detected (A and D). 

When the different BiFC constructs were made, a slight adaptation from the Gateway cloning 

protocol was necessary, because the destination vectors were created with the same antibiotic 

resistance gene as the entry clones. As a consequence, homologous recombination could still occur, 

but selection of the correct expression clones was impossible. To circumvent this problem LR 

recombination was performed between the destination vector and only a fragment of the entry 
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clone. Therefore, a fragment of the entry clones, containing the recombination sites was amplified by 

nested PCR and used for further recombination with the destination vectors. 

Interaction between Nictaba and histone proteins 

Once the BiFC constructs for each of the fusion proteins were created, they were transferred into A. 

tumefaciens C58C1 pMP90 by tri-parental mating. Every possible combination of Agrobacterium 

strains containing plasmids expressing different fusion proteins, was infiltrated in leaf cells of N. 

benthamiana. Two days post-infection, fluorescence was monitored using confocal laser scanning 

microscopy. Only when Nictaba and the histones physically associated, a bi-molecular complex 

containing CFPC and VENUSN was formed and emission of fluorescence could be recorded. As shown 

in Table 5.1, almost half of the tested combinations resulted in emission of fluorescent light upon 

excitation suggesting that interaction between the proteins occurred, resulting in the formation of 

the active fluorophore (Figure 5.8, Appendix C).  

 

Figure 5.8 Confocal microscopy images of transiently transformed N. benthamiana leaves expressing Nictaba 

coupled with CFPC and histone protein H4 coupled with VENUSN. Interaction of these proteins gives an emission 

of green fluorescent light upon excitation (A). The red dots show the autofluorescence of the chloroplasts (B). 

The transmission image shows the surface of the leaves with the typical epidermis cells (C). In the right panel, 

all the images were merged and the complete picture is shown (D). Scale bar is 25 µm. 
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Table 5.1 Overview of different combinations of interaction partners tested for BiFC assays.  

 

Table 5.1 gives an overview of all tested combinations and the corresponding results. According to 

these results, almost all histone VYNE fusion proteins, except the C-terminally tagged histone H2A, 

interacted with the SCYCE-Nictaba fusion protein. None of the interactions tested with the C-

terminally tagged Nictaba yielded fluorescence emission upon excitation.  

Control experiments for BiFC 

Controls consisting of the Arabidopsis protein Cnx6, part of the molybdopterin synthase complex, 

were covalently fused with VYNE or SCYCE by Gehl et al. (2009). These protein fusions were used as 

negative controls since no evidence exists of an interaction between Cnx6 and Nictaba, or between 

Cnx6 and core histones proteins. For example, SCYCE-Nictaba fusion protein was tested for 

interaction with the VYNE-Cnx6 fusion protein. Every combination between Nictaba and VYNE-Cnx6 

yielded a negative result. However, unexpectedly, all the combinations between the different histone 

proteins and SCYCE-Cnx6 resulted in emission of fluorescent light (data not shown).  

To double-check these results, constructs were made expressing a Nictaba mutant incapable of 

binding sugar moieties (Schouppe et al. 2010). Since the interaction between Nictaba and histone 

proteins presumably occurs through binding of the lectin with the O-GlcNAc units present on the 

histone proteins, this mutant should no longer be capable to interact with the histones. Surprisingly, 

positive BiFC results were obtained when different combinations between this mutant Nictaba and 

the histone proteins were tested (Table 5.2), suggesting the presence of an additional binding 

mechanism.  
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Table 5.2 Overview of different combinations of interaction partners tested in BiFC assay using a mutant of 

Nictaba that lacks carbohydrate activity.  

 

5.3.4.2 Fluorescence resonance energy transfer 

Since BiFC interaction studies could neither confirm nor enfeeble the interaction between Nictaba 

and histone proteins, another microscopy-based technique was used to study the in vivo interaction 

between both proteins. FRET describes the radiationless transfer of energy from a donor fluorophore 

to an adjacent acceptor fluorophore that has a significant spectral overlap and appropriate 

orientation. One of the techniques for measuring FRET is acceptor photobleaching, whereby the 

increase in donor fluorescence after complete acceptor photobleaching is a measure for the FRET 

efficiency. In our experiment, the EGFP-Nictaba fusion protein served as the donor fluorophore and 

the histones tagged with RFP as the fluorophore acceptors. Since EGFP and RFP have a spectral 

overlap, FRET efficiencies were calculated by measuring the increase in green fluorescence in the 

nucleus after the red fluorescence was completely bleached. Figure 5.9 shows the FRET efficiency 

calculated for EGFP-Nictaba combined with the histone H4-RFP fusion protein. After bleaching of the 

red fluorescent light (time point 5), the emission of the green fluorescent light increased with 3.5%. 

Table 4.3 gives an overview of the FRET efficiencies tested for all combinations between EGFP-

Nictaba and the RFP-labeled histones. In addition, two Arabidopsis proteins fused with RFP were 

tested in a complete identical acceptor photobleaching experiment, combined with EGFP-Nictaba 

fusion proteins. These Arabidopsis proteins are not expected to interact with Nictaba and thus serve 

as a negative control in this experimental setup. The results show no difference in FRET efficiency 

calculated for Nictaba and histone proteins compared to Nictaba and the negative controls. 
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Figure 5.9 FRET efficiency calculated for the EGFP-Nictaba and the H4-RFP fusion proteins in an acceptor 

photobleaching experiment.  

Table 5.3 FRET efficiencies calculated for every combination between EGFP-Nictaba and the RFP-tagged histone 

proteins tested. Two unrelated and non-interacting proteins Arabidopsis FLA17 and ATS3-A fused to RFP were 

used as negative controls. 

 

5.4 Discussion 

Understanding protein interactions is extremely important to elucidate protein functions and 

networks. In an attempt to further scrutinize the association between Nictaba and the core histone 

proteins in vitro and in vivo, interaction studies were performed. For the in vitro binding studies, 

histone proteins were successfully purified from tobacco BY-2 cells. SDS-PAGE, Western blotting and 

MS analysis confirmed the occurrence of histones in the purified protein samples. In addition, O-

GlcNAc modification was corroborated by Western blotting, using an antibody (CTD 110.6) 
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specifically directed against O-GlcNAc. The purified tobacco histones were used in a biochemical 

approach to investigate the interaction with Nictaba. Far Western blot analyses confirmed the 

interaction between the tobacco lectin and histones H2A, H2B, H3 and H4. Lectin affinity 

chromatography using a Nictaba-Sepharose 4B column with both histone proteins from calf thymus 

and tobacco histone proteins again endorsed their interaction. Previously, the interaction between 

Nictaba and calf histones was proven to be GlcNAc-dependent (Schouppe et al. 2011), therefore the 

eluted histone proteins were inspected for O-GlcNAcylation. All eluted tobacco histones contained 

the O-GlcNAc modification whereas in calf histones this modification was mostly confined to H2A, 

H2B and H3. These in vitro interaction studies give evidence for a direct interaction between the 

proteins of interest, although validation by an independent assay, preferably an in vivo study is 

essential.  

Since a biochemical approach can bring proteins together that would never meet under physiological 

conditions, in planta co-localization studies were performed to validate that both proteins reside in 

the same cellular compartment. First, nuclear localization of Nictaba was judged by co-localization 

with DAPI, a fluorescent stain which binds strongly with A-T regions in DNA. Free EGFP, which can 

diffuse freely into the nucleus, was used as a positive control. Transient expression analysis was 

performed in tobacco leaves infiltrated with constructs expressing EGFP-Nictaba and EGFP. 

Expression of the proteins was analyzed by confocal microscopy, and co-localization was 

investigated. For both the free EGFP and the EGFP-Nictaba fusion protein correlation coefficients 

were calculated. The Pearson coefficient (PC) for EGFP-Nictaba was rather low, but the PC for free 

EGFP was not significantly different. Since PC values are highly dependent on noise, variations in 

fluorescence intensities or heterogeneous co-localization relationships throughout the sample also 

the Manders’ coefficients M1 and M2 were computed (Bolte and Cordelières 2006). The Manders 

coefficient M2 shows the amount of DAPI signal overlapping with the signal generated by the fusion 

protein EGFP-Nictaba signal and indicated co-localization with Nictaba in the nucleus.  

Furthermore, co-localization between Nictaba and the histone proteins was scrutinized. Constructs 

expressing RFP fused to the histone proteins, in both the N- and C-terminal configuration, were 

transiently co-expressed with a construct encoding the EGFP-Nictaba fusion protein in the epidermis 

cells of N. benthamiana leaves. All possible combinations between Nictaba and histone constructs 

were tested and confocal microscopical analysis demonstrated the co-expression of the fusion 

proteins within the nucleus. A virtual cross-section of the nucleus showed the combined fluorescent 

signal of the proteins labelled with EGFP and RFP. Histone proteins are evenly distributed throughout 

the nucleus, whereas Nictaba levels are especially high at the nuclear rim. 
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Proteins residing in the same cellular compartment does not necessarily imply a direct physical 

interaction. Therefore, two independent microscopical analyses, BiFC and FRET, were performed. The 

interpretation of a co-localization experiment is limited by the maximum resolution of the used 

microscopical settings. For example, if the resolution is 200 nm a pixel displaying a double 

fluorescent signal is comparable with a sphere which still can contain 140,000 densely packed GFP-

sized proteins. In contrast, a BiFC- or FRET-signal is comparable to a sphere containing about 100 

GFP-molecules. Therefore, BiFC and FRET analyses can strengthen the evidence for protein 

interaction, but on their own they are insufficient to prove interaction (Vogel et al. 2006). 

BiFC experiments were performed using histone fusion proteins, C- and N-terminally tagged with 

CFPC and Nictaba fusion proteins coupled with VENUSN, also in both configurations. All possible 

combinations were tested and only if putative interacting proteins came in close proximity, less than 

10 nm, a functional fluorophore could be reconstituted and green fluorescent light could be 

observed upon laser light excitation. Almost half of the tested protein pairs resulted in a positive BiFC 

result. Negative results are most likely caused by sterical hindrance. These findings stress the 

importance of checking all possible protein fusions for both the N- and C-terminal ends, in an 

attempt to reproduce the characteristics of the endogenous protein as closely as possible (Bhat et al. 

2006; Kerppola 2008; Kerppola et al. 2009). BiFC is based on the association of fragments of 

fluorescent proteins, which stabilizes protein interactions, and promotes the detection of weak and 

transient interactions. Because of this high sensitivity, it is necessary to add sufficient controls to a 

BiFC experiment (Kerppola 2008). First, control experiments were performed employing fusion 

proteins, VYNE-Cnx6 and SCYCE-Cnx6, which are not expected to interact with the proteins under 

study. BiFC assays in which the Cnx6 constructs were used in combination with the Nictaba 

constructs were negative, but in combination with constructs for the histone proteins the results 

turned out to be positive. No records of interaction between Cnx6 and histones have been reported 

in literature. To rule out the possibility of a true interaction, an additional control experiment was set 

up. Therefore, a construct encoding a mutant Nictaba protein, lacking carbohydrate binding activity 

and thus presumably incapable of interacting with histones, was used. In case a mutation changes 

the interaction interface, this will result in a significant change in the efficiency of the BiFC complex 

formation, and will suggest a specific interaction (Kerppola 2008; Kerppola et al. 2009). 

Unexpectedly, the construct encoding the Nictaba mutant yielded more positive BiFC results 

compared with the construct encoding the native Nictaba sequence. Possibly, this is due to the use of 

a constitutive promoter causing a great abundance of the proteins under study, particularly for the 

histones. Overexpression may favor interactions by chance rather than select for biologically relevant 
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interactions. Moreover the BiFC complex association is very stable, and thus once a (false) interaction 

has occurred, it is irreversible (Bhat et al. 2006; Kerppola et al. 2009).  

FRET microscopical analyses are less prone to have false positive results than BiFC, because 

complexes are at equilibrium and can again dissociate, but a higher level of protein expression is 

necessary to detect energy transfer (Kerppola 2008). An acceptor photobleaching FRET experiment 

was carried out using the EGFP/RFP as the donor-acceptor pair. No problems concerning the lower 

brightness of mRFP, as described by Campell et al. 2002, were encountered during the experiment, 

probably because of the high expression levels and the rather restricted volume of the nucleus. 

Moreover, fluorescence intensities from RFP histone fusions are higher in the nucleus compared to 

those from EGFP Nictaba. FRET efficiencies were calculated based on measurements of donor 

fluorescence in the presence and the absence of acceptors. The obtained values were low, although 

it is difficult to compare FRET results between experiments reported in literature, because FRET 

standards, with known FRET efficiencies, have not been defined (Vogel et al. 2006). Although 

proteins not expected to interact with Nictaba delivered comparable results in the FRET analyses, 

this result does not imply that Nictaba and histones do not physically interact. It is for example 

possible that their dipoles are aligned perpendicular to each other and cancel each other out (Vogel 

et al. 2006) or labeling of the proteins of interest can put the fluorescent proteins too far away from 

each other to allow FRET, even if the proteins actually interact (Dixit et al. 2006). Since the FRET 

donor, EGFP-Nictaba is expressed at low levels in the nucleus, the FRET signal may appear relatively 

weak. Furthermore, endogenous proteins will compete for FRET partners, reducing the apparent 

FRET efficiencies (Dixit et al. 2006). 

Ideally, to perform BiFC and FRET studies some general considerations should be taken into account. 

First, all possible pairwise combinations should be tested, second expression levels should mimic 

endogenous levels and third expression should take place in null mutations to avoid interference of 

untagged endogenous proteins (Bhat et al. 2006). In most cases, it is cumbersome to meet all these 

conditions, but in future experiments it should be feasible to replace the strong 35S promoter by a 

weaker promoter to overcome the problem of nonspecific BiFC (Citovsky et al. 2008; Caplan et al. 

2008).  

In conclusion, in vitro assays like far Western blots and lectin affinity chromatography confirmed the 

interaction between Nictaba and the histone proteins. Furthermore, co-localization studies 

corroborated the occurrence of both proteins within the nucleus. Both FRET and BiFC determine the 

close vicinity of two fluorophore-tagged fusion proteins in vivo, but did not give very conclusive 



Chapter 5: Study of the in vitro and in vivo interaction between Nictaba and the core histone proteins 

139 
 

results. FRET experiments could be expanded to FLIM, which is the most sophisticated technique but 

also a technically very demanding way to determine FRET (Bhat et al. 2006). 

5.5 Materials and methods 

5.5.1 Plant material 

N. benthamiana and N. tabacum cv ‘Bright Yellow-2’ (BY-2) cells were grown as described in Chapter 

3, 3.5.1. 

 

5.5.2 Preparation of tobacco histone proteins 

4-day-old BY-2 cells were harvested using vacuum filtration and incubated at 37°C in an enzyme 

solution (2% cellulose RS (Duchefa), 1% macerozyme (Yakult, Brussels, Belgium), 0.1% pectolyase 

(Duchefa), 0.4 M mannitol (VWR, International, West Chester, PA USA), 40 mM CaCl2 (VWR), 10 mM 

MES (Sigma-Aldrich), pH 5.5) for three hours with gentle shaking. The protoplast suspension was 

filtered through a 100 µm nylon cloth using wash buffer (10 mM MES, 0.4 M mannitol, pH 6.7), 

centrifuged for 5 min at 200 g and washed with wash buffer. Protoplasts were dissolved in 3 ml 20% 

Ficoll-400 (Sigma-Aldrich) in a 15 ml glass tube. On top of this layer 10% Ficoll-400 (Sigma-Aldrich) 

and wash buffer (0%) were added. After centrifugation for 30 min at 160 g at 4°C, purified 

protoplasts were recovered from the 10%-0% interphase. Subsequently, BY-2 protoplasts were 

suspended in ice-cold nuclei isolation (NIB) buffer (20 mM KCl (VWR), 20 mM HEPES (Duchefa), 0.6 % 

Triton X-100 (Thermo Fisher Scientific), 13.8% hexylene glycol (Sigma-Aldrich), 20 mM β-

mercaptoethanol (Sigma-Aldrich), 50 μM spermine (Sigma-Aldrich), 125 μM spermidine (Sigma-

Aldrich), 1mM phenylmethylsulfonyl fluoride (Roche Diagnostics GmbH, Mannheim, Germany), 2 

μg/ml apoprotinine (Sigma-Aldrich), pH = 7.4) and passed 8 times through a 0.45 x 12 mm needle 

(Terumo, Somerset, USA) to completely lyse the cells. This solution was then filtered through a 31 µm 

mesh to remove unlysed protoplasts. To further purify the nuclei, the lysed protoplast solution was 

loaded on a 25%/36% iodixanol gradient (diluted in NIB buffer without Triton X-100, OptiPrep® 

Density Gradient Medium, Sigma-Aldrich) in a 15 ml glass tube. Gradients were centrifuged for 30 

minutes at 4°C at 3,000 g and nuclei were isolated from the 25%/36% interphase. Purified nuclei 

were washed twice with NIB buffer without Triton X-100 to remove iodixanol and solvent remnants. 

After centrifugation for 30 min at 4°C at 3,000 g, the pellet containing nuclei was resuspended in a 

minimal amount of 0.2 M H2SO4 and vortexed. This acidic solution was incubated on a rotator (Stuart 

SB3, VWR) at 4°C overnight and thereupon centrifuged at 16,000 g for 10 min to remove nuclear 

debris. Undiluted TCA was added to the supernatant to a final concentration of 33%, to precipitate 

the histones, and this solution was incubated overnight on ice. Subsequently histones were collected 
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by centrifugation at 16,000 g for 10 min at 4°C and washed twice with ice-cold acetone (VWR). The 

histone pellet was air dried at room temperature and finally dissolved in an appropriate volume of 

Milli Q water. 

5.5.3 Western blot analysis 

Purified tobacco histone proteins were analyzed by SDS-PAGE in 15 % acrylamide gels. Immunoblot 

analysis was performed by blocking the membrane first with Tris-buffered saline (TBS; 10 mM Tris-

HCl, 150 mM NaCl, 0.1 % (v/v) Triton X-100, pH 7.6) containing 5 %(w/v) non-fat milk powder, 

followed by consecutive incubations in TBS supplemented with a primary rabbit antibody directed 

histone H4 (Abcam, diluted 1:12,500), a horseradish peroxidase-coupled goat anti-rabbit IgG (diluted 

1:300, Sigma-Aldrich, Bornem, Belgium). Immunodetection was achieved by adding a sufficient 

amount of enhanced chemiluminescence detection substrate (Clarity™Western ECL Substrate, Bio-

Rad). Visualization of the signals on the blot was done with the ChemiDoc MP imaging system (Bio-

Rad). Western blot analysis for histone H3 and O-GlcNAc was performed as described in Chapter 4, 

4.5.4. 

5.5.4 Far Western blot analysis 

Prior to Western blot analyses, SDS-PAGE was performed to separate the prey protein based on 

molecular mass. These separated proteins were subsequently blotted onto a PVDF membrane (Pall, 

New York, USA). The membrane was blocked with Tris-buffered saline (TBS; 10 mM Tris-HCl, 150 mM 

NaCl, 0.1% (v/v) Triton X-100, pH 7.6) containing 5% (w/v) BSA for one hour. Prior to 

immunodetection, the membrane is incubated with 10 ml of the bait protein Nictaba (1 µg/ml) for 

one hour. Then, a polyclonal rabbit antibody directed against Nictaba (1:80) was added for one hour, 

followed by a horseradish peroxidase-coupled goat anti-rabbit secondary antibody (1:25000, Sigma-

Aldrich, Bornem, Belgium) also for one hour. Immunodetection was achieved by adding a sufficient 

amount of enhanced chemiluminescence detection substrate (Clarity™Western ECL Substrate, Bio-

Rad). Visualization of the signals on the blot was done with the ChemiDoc MP imaging system (Bio-

Rad). 

5.5.5 Lectin affinity chromatography 

Approximately 3 mg total Type II histone preparation from calf thymus (Sigma-Aldrich) or 1 mg 

purified tobacco histones were used for affinity chromatography using a Nictaba-Sepharose column, 

equilibrated with phosphate buffered saline (PBS, 137 mM NaCl, 8 mM Na2HPO4.2H2O, 3 mM KCl, 1.5 

mM KH2PO4, pH 7.2). The column was washed with 1 column volume of PBS and bound proteins 
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were eluted with 20 mM 1.3 diaminopropane. Fractions were collected and analyzed by SDS-PAGE 

and Western blot. 

5.5.6 Construction of plasmids for co-localization studies 

The coding sequences of Nictaba (AF389848), histone H2A (AK228063), histone H2B (AK228050) and 

histone H4 (AK229241) (Riken, Ibaraki, Japan) were used to construct the different plasmids.  

The Nictaba coding sequence was cloned into the vectors pK7WGF2.0 and pK7FWG2.0 (Karimi et al. 

2002) using the GatewayTM Cloning technology of Invitrogen as described in Chapter 3, 3.4.2. 

Following the same strategy the coding sequences of histones H2A, H2B and H4 were cloned into the 

vectors pH7WGR2.0 and pH7RWG2.0 (Figure 5.11). The primers used for the first round of PCR for 

amplifying the attB-PCR products were evd 624/625 and evd 626/627 for H2A, evd 620/621 and 

622/623 for H2B and evd 628/629 and evd 630/631 for H4. The attB sequences were completed in a 

second PCR using primers evd 2 and evd 4 (Appendix A). 

 

Figure 5.11 Vector maps of the Gateway vectors used for co-localization studies. Schematic representations of 

the vectors pH7WGR2.0 and pH7RWG2.0 for N- or C-terminal tagging of the histone sequences with RFP, 

respectively. LB and RB, T-DNA border sequences; p35S, CaMV 35S promoter; RFP, red fluorescent protein; att, 

Gateway recombination site; ccdB, toxin protein gene; T35S, 35S terminator; Kan, kanamycin resistance gene; 

Hyg, hygromicin resistance gene; Sm/SpR, streptomycin/spectinomycin resistance gene. 

5.5.7 Construction of BiFC vectors 

The BiFC constructs were generated by using GATEWAY-compatible BiFC binary destination vectors 

(Gehl et al. 2009). The entry clones used were the same as those for constructing the co-localization 

vectors. Since both sets of vectors have the same antibiotic resistance gene a different cloning 

strategy was used. After sequencing, the plasmid of the entry clones was used for a nested PCR using 

M13 primers and pfx DNA polymerase. This PCR was performed twice. For each PCR a dilution of the 

start material was used to reduce the amount of entry clone as much as possible. This PCR product 
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and the BiFC destination vectors were used for the final LR reactions using the GatewayR LR 

ClonaseTM Enzyme mix (Invitrogen) to obtain expression clones. The expression clones were 

transformed via heat shock into E. coli cells. Transformants were selected on LB agar plates 

containing kanamycin (50 µg/ml) and screened by PCR. Plasmid DNA was also checked by sequencing 

using gene specific and/or vector specific primers (VYNE: evd 652 and evd 653; SCYCE: evd 654 and 

evd 655) to confirm whether the protein and tag sequence are in the correct frame.  

Following this strategy, the coding sequence of Nictaba was cloned into destination vectors pDEST-

SCYCE®gw and pDEST-gwSCYCE (Figure 5.12). The coding sequence of histones H2A, H2B and H4 was 

recombined into destination vectors pDEST-VYNE®gw and pDEST-gwVYNE (Figure 5.12). 

 

Figure 5.12 Vector maps of the Gateway vectors used for BiFC studies. Schematic representations of the 

vectors pDEST-GWSCYCE and pDEST-SCYCE(R)GW for N- or C-terminal tagging of the Nictaba sequence with SCP, 

respectively, and vectors pDEST-GWVYNE and pDEST-VYNE(R)GW for N- or C-terminal tagging of the histones 

sequences with VENUS, respectively. LB and RB, T-DNA border sequences; p35S, CaMV 35S promoter; CFP, 

cyan fluorescent protein gene; VENUS, variant yellow fluorescent protein; att, Gateway recombination site; 

ccdB, toxin protein gene ; NosT, Nos terminator ; Kan, kanamycin resistance gene; Hyg, hygromicin resistance 

gene. 

5.5.8 Agrobacterium-mediated transient expression in N. benthamiana 

The procedure was followed as described in Chapter 3, 3.4.5 and 3.4.6. For every BiFC combination at 

least three independent repetitions of the Agrobacterium infiltration were performed. 

5.5.9 Confocal microscopy 

Fluorescence microscopy was performed of the lower epidermis cells of leaf discs 2 days after 

infiltration using a confocal laser scanning microscope, type Nikon A1R (Nikon). The specimens were 

examined using the 40x Plan Apo ELWD objective lens (NA of 0.75).  A 488 nm argon laser was used 

for excitation of EGFP and chlorophyll autofluorescence. For EGFP, the emitted light was separated 

by a beam splitter 560 nm long pass beam splitter and fluorescence was detected through a 525/50 

nm and 700/75 nm bandpass for EGFP and autofluorescence, respectively. The 561 nm diode laser 
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was used to excite RFP. The emitted light first passed the beam splitting mirror 560 long pass and 

was then separated by a dichroic mirror 640 long pass and detected using 595/50 bandpass filter. For 

BiFC (VenusN/S(CFP)3AC) experiments confocal settings were similar as for EGFP detection. 

For co-localization studies, the Pearson correlation coefficient and Manders’ coefficients were 

calculated on the cropped images using the JACoP plugin 

(http://rsb.info.nih.gov/ij/plugins/track/jacop.html) for Fiji image analysis freeware (http://fiji.sc) 

(Manders et al. 1993). To quantify co-localization, both Pearson and Manders’ coefficients were 

calculated. Because the leaf material has a complex three-dimensional structure with heterogeneous 

cellular organization, containing different expression levels of fluorescent proteins and different 

stoichiometries of association, the image was cropped (always to the same size) to match only that 

specific structure to make sure that the coefficients would reflect co-localization of a local structure 

accurately.  

FRET efficiencies were calculated during an acceptor photobleaching experiment by measuring the 

fluorescence intensity after excitation of EGFP in the region of interest (60 x 60 pixel) before and 

after bleaching the RFP fluorescence. These results were compared with a reference with the same 

experimental set-up except bleaching of the RFP channel. Using the formula [Ii/Io]ROI / [Ii/Io]REF, E was 

calculated. For every combination, this measurement was repeated at least 30 times. 

 

http://rsb.info.nih.gov/ij/plugins/track/jacop.html
http://fiji.sc/
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Every living organism is constantly exposed to a continuously changing environment, which most of 

the time can be considered as ‘stress’. Due to their sedentary life style, plants cannot escape to limit 

this exposure to stress. Therefore, plants developed a series of defense mechanisms in an attempt to 

control the effect of varying external stimuli. Since Nictaba is induced by both jasmonates and 

herbivory, it is suggested that Nictaba has a role in the defense mechanism of the plant. In this final 

chapter, the physiological processes that precede and follow Nictaba expression will be discussed 

(Figure 6.1). Experiments for future research focusing on elucidating the physiological role of the 

tobacco lectin in the plant will be suggested. 

6.1 Nictaba induction by stress  

Nictaba is induced in the leaves of N. tabacum cv Samsun NN after herbivory by Lepidopteran pest 

insects and jasmonate treatment (Figure 6.1-1). Both chewing insects, such as S. littoralis, M. sexta 

and cell content feeders, such as T. urtica, have the capacity to induce Nictaba gene expression most 

probably through activation of the jasmonate pathway (Vandenborre et al. 2009a). Jasmonates are 

synthesized from the fatty acid α-linolenic acid (18:3) by the octadecanoid pathway. Upon wounding 

by insects, JA biosynthesis is initiated in the chloroplasts. The exact mechanism how plants are 

capable to perceive insect herbivory and trigger the plant immune system is not clear, but 

endogenous plant signals produced in response to tissue damage and herbivore-associated 

molecular patterns from insect secretions play an important role (Pieterse et al. 2012).  After transfer 

into the cytosol, Jasmonate Resistant1 catalyzes the conjugation of JA with isoleucine into the 

bioactive form (+)-7-iso-JA-Ile, which binds to the F-box protein COI1, thereby mediating the 

interaction of COI1 with JAZ proteins. This leads to the assembly of a functional SCFCOI1 complex, an 

E3 ubiquitin ligase. Consequently, the JAZ proteins are targeted for 26S proteasome degradation. The 

JAZ proteins repress the JA pathway by blocking the basic helix-loop-helix (bHLH) transcription factor 

(TF) MYC2. In Arabidopsis it was shown that JAZ proteins act as part of a protein complex which 

recruits co-repressors of gene transcription, such as chromatin remodeling factors. Unfortunately, 

not all the components of this protein complex are known in N. tabacum (Shoji and Hashimoto 

2011). Once JAZ proteins are degraded, MYC2 binds with JA-responsive elements present in 

promoter sequences of JA-responsive genes (Chini et al. 2009, Wasternack and Hause 2013). Several 

JA-responsive elements such as JASE1ATOPR1, G-boxes and T/GBOXATPIN have been identified in 

silico in the Nictaba promoter sequence (Chapter 2). In order to delimit the JA-responsive regions in 

the Nictaba promoter, GUS activity could be analyzed in transgenic tobacco plants, transformed with 

promoter fragments of different lengths.   
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MYC2 can activate the transcription of early JA-responsive genes. Since Nictaba is a late response 

gene, it is unlikely that MYC2 activates transcription of Nictaba. Several other transcription factors 

belonging to the bHLH and R2R3 MYB TF family and TFs involved in other hormonal signaling 

pathways are also targeted by JAZ proteins (Pauwels and Goossens 2011). Possibly, Nictaba is 

activated by one of these transcription factors. However, MYC2 was also shown to activate proteins 

associated with wound response and defense against insect herbivores, which correlates with 

Nictaba expression (Pieterse et al. 2012). Possibly, an extra step is involved and Nictaba is not a 

primary but a secondary JA-responsive gene, which can explain the late response of Nictaba 

expression. MYC2 might activate TFs which are synthesized de novo and in turn bind with the G-

boxes in the promoter sequence of Nictaba. Such a G-box sequence can be bound by G-box-binding 

factor (GBF)-type of basic leucine zipper proteins or bHLH transcription factors synthesized in 

response to JA (Pauw and Memelink 2005). 

6.2 Nictaba expression during plant development 

In Chapter 2, the jasmonate induced expression of Nictaba in different plant tissues and 

developmental stages was followed by promoter-GUS experiments using transformed Arabidopsis 

and tobacco plants. Despite some similarities such as Nictaba expression in the leaves, also important 

differences were found between the two plant systems, such as the absence of GUS staining in the 

apical meristem in tobacco in contrast with Arabidopsis and completely different staining patterns in 

the hypocotyl. Interestingly, these experiments also demonstrated for the first time the expression of 

Nictaba in the roots of tobacco plants, which was confirmed by Western blot analyses and ELISA. 

Furthermore, cold stress induced Nictaba expression in the roots but not in the leaves. How Nictaba 

expression in the roots is correlated with cold stress and if this has an effect on the physiology of the 

plant remains unknown. Whether this cold induced Nictaba expression is beneficial for the plant, 

could be tested for example by comparing the plant performance after cold treatment of wild-type 

N. attenuata plants, which lacks Nictaba expression, and N. attenuata plants ectopically expressing 

Nictaba. 

During plant development Nictaba is highly expressed in the young developmental stages of the 

plant. The presence of Nictaba in the different plant tissues gradually decreases as the plant gets 

older. In addition, there seems to be a switch from expression in the youngest leaves in the beginning 

of plant development towards expression in the developed leaves as the plant gets older. Nictaba 

expression might be more important in the young tissues during seedling growth since these tissues 

are more vulnerable to stress conditions. The switch to older leaves in adult plants might be linked 

with leaf ageing.  
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Figure 6.1 Model of the physiological processes preceding and following Nictaba expression in the tobacco cell. 

After jasmonate treatment or insect herbivory, which is known to activate the jasmonate pathway, Nictaba 

expression is triggered. JA interacts with the COI1 receptor of the SCF complex and thereby recruits JAZ 

proteins which are subjected to ubiquitinylation and subsequent degradation by the 26S proteasome. 

Subsequently, transcription factors are unblocked and can activate transcription of Nictaba (1). mRNAs 

encoding Nictaba are translocated into the cytoplasm where they are translated on free polysomes (2) (A). 

After a certain amount of time and in the same cell, Nictaba is partly transported into the nucleus through the 

NPCs (3) where it can interact with core histones proteins, presumably to regulate gene transcription (4) (B). 

For more details we refer to the text. 

6.3 Nictaba is expressed in the cytoplasm of the cell 

After transcription, Nictaba mRNA is translated into protein on free polysomes in the cytoplasm 

(Figure 6.1-2). In Chapter 3, the cytoplasmic expression of Nictaba was confirmed by co-localization 

studies with an ABC-transporter with a known cytoplasmic localization. Since the resolution of the 

confocal microscope is not high enough to clearly distinguish between the cytoplasm and the cellular 

membrane, tobacco BY-2 protoplasts ectopically expressing the EGFP-Nictaba fusion protein were 
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treated with a nonionic detergent. This experiment corroborated that Nictaba is not associated with 

the cellular membrane.  

At present, little is known about the physiological importance of Nictaba within the cytoplasm. Since 

Nictaba was shown to possess entomotoxic activity on larvae of Lepidopteran pest insects 

(Vandeborre et al. 2010), it is possibly a product of the direct defense reaction of the tobacco plant 

which produces molecules that act as toxins or feeding deterrents. To this end, (nuclear) localization 

is probably of minor importance. 

Although Nictaba possesses a NLS, a large part of the lectin is found in the cytoplasm of the cell. 

Possibly, there is a cytoplasmic interaction partner serving as a cytoplasmic retention factor or 

masking the nuclear target sequence. Also phosphorylation can interfere with the interaction 

between the NLS and the importin and as such can interfere with nuclear import (Jans et al. 2000).  

In 2011, Schouppe et al. initiated a search for interacting proteins in the cytoplasm by using an 

unfractionated protoplast extract in a pull-down assay. Besides a putative heat shock protein PS1, 

the majority of the identified proteins localized to the nucleus (Schouppe et al. 2011). In future work, 

a pull-down assay can be performed using a fraction of cytoplasmic proteins which is free of 

contaminations originating from cellular organelles or the cytoplasmic membrane. Such a fraction 

can be obtained by lysis of the cell followed by a centrifugation step (NE-PER Nuclear and 

cytoplasmic extraction reagents, Thermo Scientific, with reference to Tsai et al. 2010), although 

acquiring a completely pure fraction will be challenging.  

6.4 Nictaba is transported into the nucleus 

Nictaba is a nucleocytoplasmic protein. The distribution of the lectin in the cytoplasm and the 

nucleus was confirmed in Chapter 3 by stable and transient transformation techniques in both 

tobacco plants and suspension cells. The mechanisms responsible for transport of the lectin into the 

nucleus were scrutinized (Figure 6.1-3). In 2006, Lannoo et al. showed that the monopartite NLS 

102KKKK105 present in the Nictaba sequence was sufficient and necessary for nuclear import (Lannoo 

et al. 2006b). These results could not be confirmed, since the Nictaba protein mutated in its NLS was 

still transferred into the nucleus after Agrobacterium-mediated transformation. Complete diffusion is 

unlikely, since the localization pattern of free EGFP is clearly different from the one of EGFP-Nictaba. 

Possibly, multiple pathways are responsible for the nuclear import. For example, a combination of 

active transport and passive diffusion as seen for galectin-3 (Nakahara and Raz 2007) or Nictaba uses 

a novel pathway like β-catenin to enter the nucleus (Suh and Gumbiner 2003). In future research, it 

should be clarified how nuclear import is mediated. The functionality of the NLS can be checked by 
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fusing EGFP-Nictaba with a large non-nuclear protein e.g. GUS and monitoring its nuclear import. The 

discrepancy between results can also be evaluated by micro-injection of the wheat germ agglutinin 

(WGA) into the cytoplasm of the cell. This lectin binds to proteins of the nuclear pore complex and 

selectively blocks carrier-mediated transport without interfering with passive diffusion or alternative 

pathways (Davis 1995, Liashkovich et al. 2012). WGA recognizes the O-GlcNAc residues present on 

numerous nuclear pore proteins (NUPs) located in the periphery of the nuclear pore complex. O-

GlcNAc is presumably involved in nuclear transport but this process is poorly understood. However, 

the O-GlcNAcylation of NUPs is believed not to have an active role in nuclear translocation. O-GlcNAc 

residues on the cargos themselves rather than the NLS were suggested to be a signal for nuclear 

residence (Guinez et al. 2005). 

Nictaba has a high affinity towards O-GlcNAc moieties. The putative involvement of this sugar-

binding activity in nuclear transport was assessed by evaluating the localization of a Nictaba protein 

lacking carbohydrate binding activity (Chapter 3). Neither the NLS sequence (see above) nor the 

lectin activity seemed to be involved in the nuclear transport of Nictaba. However, it remains unclear 

how the nuclear transport happens. Two different mechanisms can be proposed: nuclear import by 

an alternative NLS-independent transport pathway or by passive diffusion through the NPC. The 

previously suggested WGA experiment should give some ideas and can possibly confirm or exclude 

passive diffusion. 

Whether Nictaba is dynamically shuttling between the nucleus and the cytoplasm is not clear. 

Leptomycin treatment executed in Chapter 3 did not influence the localization pattern of Nictaba, 

indicating two possibilities: (a) Nictaba does not dynamically shuttle between the nucleus and the 

cytoplasm or (b) Nictaba does not need a NES sequence for nuclear export. The latter possibility 

seems to be the most likely one. Proteins lacking a NES sequence can also be exported from the 

nucleus by specific exportins, although this export is connected with substrate phosphorylation 

(Sorokin et al. 2007). Furthermore, nuclear export can also happen through passive diffusion. 

6.5 Occurrence of glycosylated proteins in the nucleus  

Glycan array analysis showed that Nictaba specifically interacts with GlcNAc-(oligomers) and with the 

Man3GlcNAc2-core of high mannose and complex N-glycans (Lannoo et al. 2006b). By now evidence is 

growing for the occurrence of glycosylated proteins in the nucleus and the cytoplasm and especially 

O-GlcNAc is seen as a common PTM of proteins occurring in the nucleus and/or cytoplasm. However, 

the majority of the research was carried out in mammals and much less is known about glycosylation 

in these cellular compartements in plants. In Chapter 4, we confirmed the presence of O-GlcNAc on 

nuclear proteins in plants and identify this modification on histone proteins. Recently, O-
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GlcNAcylation of histone proteins was also detected in animal systems, but to our knowledge this is 

the first time histone glycosylation was found in plants. In animal cells, O-GlcNAc was shown to serve 

as a stress sensor which triggers different processes such as changing gene expression. Furthermore, 

it was shown that O-GlcNAcylation of histones is cell cycle dependent in animal cells, which was 

confirmed in our analyses for plant cells. These data suggest that O-GlcNAc might serve as a 

checkpoint for cell cycle progression, similar to phosphorylation of core histones. Since the O-

GlcNAcylation of core histones is a very recent discovery, it remains unclear what its precise function 

is and more research will be needed to elucidate this phenomenon. 

6.6 Nictaba interacts with histones in the nucleus 

Once Nictaba has entered the nucleus, the lectin is distributed throughout the entire nucleus (Figure 

6.1-4) except the nucleolus. Nictaba was shown to be very mobile within the nucleus similar to 

nuclear proteins transiently interacting with chromatin (Chapter 3). Furthermore, the lectin is found 

especially at the periphery of the nucleus. Whether Nictaba is associated within the nuclear envelope 

could not be clarified. However, Nictaba seems to be highly enriched in that region. Electron 

microscopy using immunogold labeling of EGFP or Nictaba could give a decisive answer about the 

exact localization. According to the conventional chromatin architecture especially gene-poor 

domains localize at the nuclear periphery, whereas the interior regions of the nucleus are 

preferentially occupied by gene-rich regions. However, exceptions to this model of nuclear 

architecture exist, such as in Saccharomyces. cerevisiae, where the highly transcriped GAL1 gene 

associates with the nuclear pore complexes (Bartova et al. 2008).  

It was suggested that Nictaba was transported within the nucleus by diffusion to be able to cover the 

entire nucleus (Chapter 3). Inside the nucleus, Nictaba was shown to interact with the core histone 

proteins using a proteomics approach (Schouppe et al. 2011). These findings were confirmed in vitro 

using plant histone proteins, whereas in vivo studies using BiFC and FRET could not confirm nor reject 

this interaction (Chapter 5). Additional experiments such as FLIM and SPR could help to confirm the 

association between Nictaba and the core histones. 

Through the putative interaction with histones, Nictaba can associate with euchromatin or 

heterochromatin. Since Nictaba is induced upon stress, it seems rather unlikely that the lectin 

interacts with heterochromatin which is more correlated with differential gene expression during 

development or cellular differentiation (Bannister et al. 2011). Nictaba is presumably associated with 

euchromatin and might be involved in activating or silencing transcription. It is tempting to speculate 

that the recognition of the O-GlcNAc modification on histone proteins by Nictaba is similar to the 

chromodomains and bromodomains recognizing histone methylation and acetylation, respectively, 
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and tethers different protein complexes onto chromatin. These complexes can have various 

functions, such as specific enzymatic activities to remodel chromatin or to prevent other complexes 

to bind, which eventually will influence transcription. 

To further elucidate the interaction between Nictaba and histones and the effects resulting 

therefrom, more experiments are needed. First of all, a chromatin immunoprecipitation experiment 

would be very helpful to identify the chromatin regions which are associated with Nictaba. 

Characterization of the histone modifications can be useful to check whether this chromatin region 

belongs to euchromatin or heterochromatin. Also the identification of the genomic DNA sequences 

which are bound by Nictaba would be of great interest to further elucidate the function of Nictaba. If 

Nictaba is involved in gene regulation, a micro-array experiment could give an idea of which genes 

are up- or down-regulated in the absence or presence of the lectin. 

6.7 Conclusion 

In this work, research was performed to meet with some predefined objectives in an attempt to 

elucidate the physiological role of Nictaba. The tissue-specific expression of the lectin in transgenic 

Arabidopsis and tobacco plants was analyzed and compared. Also several jasmonate responsive 

elements were identified in the promoter sequence of Nictaba (objective 1). Subcellular localization 

of Nictaba in plants and suspension cells was investigated. Surprisingly, we found that nuclear import 

was independent of the NLS and the carbohydrate activity of Nictaba. No complete answer was 

found for the mobility of the lectin in the nucleus (objective 2). Both the presence of the O-GlcNAc 

modification on tobacco histones and the cell cycle dependency of this O-GlcNAc modification have 

been shown (objective 3). Finally, the interaction between Nictaba and histones was confirmed in 

vitro but could not irrefutably be confirmed in vivo (objective 4). 
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Table A1 List of primers sequences used and their amplification products. 

Primer 5’ – 3’ sequence Amplification product 

Evd 1 AAAAAGCAGGCTTCACCATGCAAGGCCAGTGGATAGCCGC 

Forward primer to amplify 

Nictaba (AF389848) and first part 

of attB1 

Evd 2 GGGGACAAGTTTGTACAAAAAAGCAGGCT Primer to complete the attB1-site 

Evd 3 AGAAAGCTGGGTGTTAGTTTGGACGAATGTCGAAGCC 
Reverse primer to amplify Nictaba 

(AF389848) and first part of attB2 

Evd 4 GGGGACCACTTTGTACAAGAAAGCTGGGT Primer to complete the attB2-site 

Evd 6 AGAAAGCTGGGTGGTTTGGACGAATGTCGAAGCC 

Reverse primer to amplify Nictaba 

(AF389848) without stopcodon 

and first part of attB2 

Evd 43 AGAAAATCATAAAGACAAAC 

Reverse primer to amplify 3' UTR 

of Nictaba 

 

Evd 65 CAGTGGATAGCCGCAAGAGACCTTTC 
Forward primer to amplify cDNA 

of WT Nictaba (AF389848) 

Evd 66 TTAGTTTGGACGAATGTCGAAGCCC 
Reverse primer to amplify cDNA 

of WT Nictaba (AF389848) 

Evd 88 GTAATTGAAAGGTCTCTTGCGGCTAT GSP2 promoter study Nictaba 

Evd 89 CCAGTACTGAGGATTGTCCACCCATG GSP1 promoter study Nictaba 

Evd 108 AAAAAGCAGGCTTCCCTCTGTCTCGCCTTCAT 
Forward attB1 primer to amplify 

promoter Nictaba in tobacco 

Evd 109 AGAAAGCTGGGTGATTGCTATATATGATATGATGCTC 
Reverse attB2 primer to amplify 

promoter Nictaba in tobacco 

Evd 155 GGACGAAGCAAAGGGGAGTAGAG 
Reverse primer to amplify Nictaba 

promoter from tobacco 

Evd 252 GGGTCATCCTCGACACACTGGCG 

Forward primer to amplify actin 

gene from tobacco (U60495) 

 

Evd 253 GTTGTAGGTAGTCTCATGGATACCTGC 
Reverse primer to amplify actin 

gene from tobacco (U60495) 

Evd 261 TCAGAAGAACTCGTCAAGAAGGCG 

Reverse primer to amplify 

aminoglycoside 3'-

phosphotransfrerease 

Evd 280 GGCTGGATTTGCTGGAGATGATGC 
Forward primer to amplify 

Arabidopsis actin (X63603) 

Evd 281 GTACGACCACTGGCATACAGGGA 
Reverse primer to amplify 

Arabidopsis actin (X63603) 

Evd 282 TGCAATGAAGAAGATTGAGGACAACA 

Forward primer to amplify 

tobacco ribosomal protein L25 

(L18908) 

Evd 283 CCATTCAAGTGTATCTAGTAACTCAAATCCAAG 

Reverse primer to amplify 

tobacco ribosomal protein L25 

(L18908) 

Evd 386 GTAAAACGACGGCCAG M13 forward primer 
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Evd 387 CAGGAAACAGCTATGAC M13 reverse primer 

Evd 463 GAACAAGATGGATTGCACGCAGG 

Forward primer to amplify part of 

kanamycine gene in the SALK 

lines 

Evd 594 CTTGTACAGCTCGTCCATGC Reverse primer to amplify EGFP 

Evd 595 CTCGTGACCACCCTGACCTA Forward primer to amplify EGFP 

Evd 596 AAAAAGCAGGCTTCGATTTGGAAACGGCAGAGAAGG 
Forward primer to amplify GUS 

gene 

Evd 597 AGAAAGCTGGGTGTTTCTTGTTACCGCCAACGCG 
Reverse primer to amplify GUS 

gene 

Evd 620 AAAAAGCAGGCTTCATGGCGAAGGCAGATAAGAAACC 

Forward primer to amplify 

histone H2B (AK228050) N-

terminal fusion and first part of 

attB1 

Evd 621 AGAAAGCTGGGTGTTAAGAACTCGTAAACTTCGTAAC 

Reverse primer to amplify histone 

H2B (AK228050) N-terminal 

fusion and first part of attB2 

Evd 622 AAAAAGCAGGCTTCACCATGGCGAAGGCAGATAAGAAACC 

Forward primer to amplify 

histone H2B (AK228050) C-

terminal fusion and first part of 

attB1 

Evd 623 AGAAAGCTGGGTGAGAACTCGTAAACTTCGTAAC 

Reverse primer to amplify histone 

H2B (AK228050) N-terminal 

fusion and first part of attB2 

Evd 624 AAAAAGCAGGCTTCATGGCAGGCAAAGGTGGAAAAGG 

Forward primer to amplify 

histone H2A (AK228063) N-

terminal fusion and first part of 

attB1 

Evd 625 AGAAAGCTGGGTGTTACTCCTTGGTGGTTTTGTTGATG 

Reverse primer to amplify histone 

H2A (AK228063) N-terminal 

fusion and first part of attB2 

Evd 626 AAAAAGCAGGCTTCACCATGGCAGGCAAAGGTGGAAAAGG 

Forward primer to amplify 

histone H2A (AK228063) C-

terminal fusion and first part of 

attB1 

Evd 627 AGAAAGCTGGGTGCTCCTTGGTGGTTTTGTTGATG 

Reverse primer to amplify histone 

H2A (AK228063) C-terminal fusion 

and first part of attB2 

Evd 628 AAAAAGCAGGCTTCATGTCAGGTCGTGGAAAGGGAGGC 

Forward primer to amplify 

histone H4 (AK229241) N-

terminal fusion and first part of 

attB1 

Evd 629 AGAAAGCTGGGTGTTAGCCGCCGAATCCGTAGAGAG 

Reverse primer to amplify histone 

H4 (AK229241) N-terminal fusion 

and first part of attB2 

Evd 630 AAAAAGCAGGCTTCACCATGTCAGGTCGTGGAAAGGGAGGC 

Forward primer to amplify 

histone H4 (AK229241) C-terminal 

fusion and first part of attB1 
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Evd 631 AGAAAGCTGGGTGGCCGCCGAATCCGTAGAGAG 

Reverse primer to amplify histone 

H4 (AK229241)  C-terminal fusion 

and first part of attB1 

Evd 650 GCATGAACTCCTTGATGACGT Reverse primer to amplify RFP 

Evd 651 CTGGACATCACCTCCCACAAC Forward primer to amplify RFP 

Evd 652 GTAAACGGCCACAAGTTCAG Forward primer to amplify VYNE 

Evd 653 CGGCGGTGATATAGACGTTG Reverse primer to amplify VYNE 

Evd 654 CAAGGCCAACTTCAAGATCC Forward primer to amplify SCYCE 

Evd 655 CTTGTACAGCTCGTCCATGC Reverse primer to amplify SCYCE 

Evd 667 GGACTTGAAGAAGTCGTGCTG Reverse primer to amplify EGFP 

Evd 668 ACTTCAAGATCCGCCACAAC Forward primer to amplify EGFP 

Evd 1067 ACCACGGGCAGCATATAAAG 

Forward primer to amplify N. 

tabacum O-GlcNAc transferase 

(AJ249882) 

Evd 1068 CAGGGCCAACAAGGAATACA 

Reverse primer to amplify N. 

tabacum O-GlcNAc transferase 

(AJ249882) 

Evd 1069 TCTGCTAGAAAGGGGAGGAAG 
Forward primer to amplify N. 

tabacum H1 (AB029614) 

Evd 1070 AACCACCCACAAAGATCCAG 
Reverse primer to amplify N. 

tabacum H1 (AB029614) 

Evd 1071 ATCTGCTCTGCTTTGTCGTG 
Forward primer to amplify N. 

tabacum H3.3 (AB015760) 

Evd 1072 CCAGTATGCCACAGCCATT 
Reverse prime to amplify N. 

tabacum H3.3 (AB015760) 

GUS-F AAAAAGCAGGCTTCGATTTGGAAACGGCAGAGAAGG 
Forward primer to amplify GUS 

gene 

GUS-RV AGAAAGCTGGGTGTTTCTTGTTACCGCCAACGCG 
Reverse primer to amplify GUS 

gene 
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Figure B Co-localization of EGFP-Nictaba with the different histone proteins fused with RFP. Panel 1 shows the 

localization of EGFP-Nictaba, panel 2 shows the localization of the different histones and panel 3 shows the 

overlay image of panels 1 and 2. A, RFP-H2A; B, H2A-RFP; C, RFP-H2B; D, RFP-H4; E, H4-RFP.The scale bar is 25 

µm. 
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Legend on page 166. 
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Figure C Confocal microscopy images of transiently transformed N. benthamiana leaves expressing Nictaba 

coupled with CFPC and histone proteins coupled with VENUSN. Interaction of these proteins gives an emission 

of green fluorescent light upon excitation (1). The red dots show the autofluorescence of the chloroplasts (2). 

The transmission image shows the surface of the leaves with the typical epidermis cells (3). In the right panel, 

all the images were merged and the complete picture is shown (4). A, SCYCE-Nictaba + VYNE-H2A; B, SCYCE-

Nictaba + H2A-VYNE; C, SCYCE-Nictaba + VYNE-H2B; D, SCYCE-Nictaba + H2B-VYNE; E, SYCE-Nictaba + H4-VYNE. 

F, Nictaba-SCYCE + VYNE-H2A; G, Nictaba-SCYCE + H2A-VYNE; H, Nictaba-SCYCE + VYNE-H2B; I, Nictaba-SCYCE + 

H2B-VYNE; J, Nictaba-SCYCE + VYNE-H4; K, Nictaba-SCYCE + H4-VYNE, Scale bar is 25 µm.  
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Plant lectins are defined as ‘‘all plant proteins that possess at least one non-catalytic domain that 

binds reversibly to a specific mono- or oligosaccharide’’. For a long time, plant lectin research has 

concentrated on lectins found in seeds and vegetative storage tissues. These lectins are constitutively 

expressed in the plant and are targeted via the secretory pathway into the vacuolar or extracellular 

compartment. It was shown that many of these lectins combine a defense-related role against 

predators with a function as a storage protein. In the last decade, a new class of lectins was 

identified, which are only expressed after exposure of the plant to stress and changing 

environmental conditions. These stress-related lectins are expressed in low concentrations and 

reside in the nucleocytoplasmic compartment of the plant cell. Consequently, it was proposed that 

some of these lectins are involved in endogenous signaling events induced in the plant upon stress. 

The research performed in this work focuses on elucidating the physiological role of one particular 

nucleocytoplasmic lectin, the N. tabacum agglutinin or Nictaba. Nictaba is expressed in tobacco 

leaves treated with jasmonates or subjected to insect herbivory. Therefore, it is believed that Nictaba 

acts as a signaling protein involved in the stress physiology of the plant. In the first chapter an 

overview is given of current literature concerning the tobacco lectin.  

In chapter 2, experiments were executed using A. thaliana and N. tabacum plants stably expressing a 

promoter-GUS fusion construct to gain more knowledge with respect to the tissue-specific 

expression of the jasmonate-inducible lectin during plant development. In Arabidopsis, a strong GUS 

staining pattern was detected in very young tissues (the apical and root meristems, the cotyledons 

and the first true leaves), but the promoter activity decreased when plants were getting older. Both 

histochemical and fluorometric techniques were used to follow Nictaba promoter activity during the 

development of the tobacco plants. GUS staining was predominantly detected in the cotyledons, the 

leaves and the roots during the youngest plant stages. As the plants grow older GUS staining was 

mostly present in the older leaves. A detailed comparative analysis was made of the GUS staining 

results obtained in transgenic Arabidopsis and tobacco lines. Furthermore, Nictaba expression was 

also detected at low concentrations in tobacco roots and expression levels increased after cold 

treatment.  

Molecular cloning of the lectin cDNA and sequence analysis revealed the absence of a signal peptide 

and the presence of a typical monopartite nuclear localization signal (NLS) KKKK, suggesting that the 

protein could locate to the nucleus. Immunolocalization studies revealed the nucleocytoplasmic 

localization of Nictaba in jasmonate treated tobacco leaves. Previous localization studies using EGFP-

tagged fusion proteins, which were transiently expressed in tobacco BY-2 suspension cells by particle 

bombardment, indicated that the NLS is required and sufficient for transporting Nictaba from the 
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cytoplasm into the nucleus. In chapter 3, these localization studies were extended to stably 

transformed suspension cells as well as transiently and stably transformed N. benthamiana leaf cells. 

Three different EGFP constructs were included in the analysis, being the native Nictaba sequence, an 

NLS mutant (102KTAK105) and a mutant affected in the carbohydrate binding site (W15
L15). No 

differences were observed in the localization patterns for Nictaba between suspension cells and leaf 

cells being transiently or stably transformed with the different EGFP constructs. Unexpectedly, the 

localization pattern for Nictaba and the two mutant proteins was similar, indicating that neither the 

NLS nor the carbohydrate binding activity of the protein are necessary for nuclear import.   

In previous research, a nuclear proteomics approach was followed to search for binding partners of 

Nictaba. Using a pull-down assay and lectin affinity chromatography with N. tabacum cv Xanthi 

nuclei, histones were identified as primary interaction partners for Nictaba. This interaction was 

confirmed in vitro by affinity chromatography of purified calf thymus histone proteins on a Nictaba 

column and occurred by binding of the lectin to the O-GlcNAc modification present on the calf 

histones. The O-GlcNAc modification of histones in mammalian cells was discovered very recently 

and was found to be cell cycle dependent. Hereupon, the question was raised whether this 

modification also occurs in plants and is cell cycle related. Therefore, in chapter 4, tobacco BY-2 and 

Xanthi suspension cells were synchronized using aphidicolin drug treatment. Transcript expression 

for the O-GlcNAc transferase gene and the Nictaba gene were monitored through cell cycle 

progression. Concomitantly, O-GlcNAcylation of histone proteins was studied. We showed for the 

first time that also plants histones are modified by O-GlcNAc and that this modification is cell cycle 

dependent. Nictaba and O-GlcNAcylated histones presumably interact during S- and/or G2-phase, 

since at this time they are both present within the nucleus. It is suggested that this interaction allows 

Nictaba to act as a modulator of gene transcription. 

In chapter 5, the interaction between Nictaba and tobacco histones is scrutinized both in vitro and in 

vivo. To this end, a protocol was developed to purify histones from tobacco BY-2 suspension cells. 

Using lectin chromatography and far Western blot analysis, the interaction between tobacco 

histones and Nictaba was confirmed. Furthermore, co-localization studies showed that both binding 

partners reside in the same cellular compartment, the nucleus. To assess the interaction in vivo, 

bimolecular fluorescence complementation and fluorescence resonance energy transfer experiments 

were performed. The results of both microscopic techniques could not irrefutably confirm the 

interaction between Nictaba and histones. 

 

 



Summary/Samenvatting 

171 
 

Plantlectinen worden gedefinieerd als “alle planteiwitten die minstens één niet-katalytisch domein 

bevatten dat reversibel kan binden met een specifiek mono- of oligosaccharide”. Het onderzoek naar 

plantlectinen heeft zich lange tijd geconcentreerd op lectines gevonden in zaden en vegetatieve 

opslagweefsels. Deze lectinen komen constitutief tot expressie in de plant en worden via de 

secretorische pathway getarget naar de vacuole of het extracellulaire compartiment. Er werd 

aangetoond dat veel van deze lectines een verdedigingsgerelateerde functie tegen predatoren 

combineren met een functie als opslageiwit. In het laatste decennium werd een nieuwe klasse van 

lectinen geïdentificeerd, die enkel tot expressie komen als de plant wordt blootgesteld aan stress of 

wisselende omgevingscondities. Deze stressgerelateerde lectines komen in lage concentraties tot 

expressie en zijn aanwezig in het nucleocytoplasmatische compartiment van de plantencel. Bijgevolg 

werd voorgesteld dat sommige van deze lectines betrokken zijn in endogene signaalreacties die 

ontstaan in de plant als een respons op een stresssituatie. 

Het onderzoek verricht in dit werk focust op het verduidelijken van de fysiologische rol van één 

specifiek nucleocytplasmatisch lectine, het N. tabacum agglutinine of Nictaba. Nictaba komt tot 

expressie in tabaksbladeren behandeld met jasmijnzuur of onderworpen aan insectenvraat. Daarom 

wordt aangenomen dat Nictaba functioneert als een signaaleiwit betrokken in de stressfysiologie van 

de plant. In het eerste hoofdstuk wordt een overzicht gegeven van de literatuur met betrekking tot 

het tabakslectine. 

In hoofdstuk 2 werden experimenten uitgevoerd gebruik makende van A. thaliana en N. tabacum 

planten die een promoter-GUS fusieconstruct tot expressie brengen, om meer inzicht te krijgen in de 

weefselspecifieke expressie van het jasmijnzuur geïnduceerde lectine tijdens de ontwikkeling van de 

plant. In Arabidopsis werd een sterke GUS-kleuring gedetecteerd in de heel jonge weefsels (het 

apicaal- en wortelmeristeem, de cotyledonen en de eerste echte bladeren), maar de 

promoteractiviteit daalde naarmate de planten ouder werden. Zowel histochemische als 

fluorometrische technieken werden gebruikt om de activiteit van de Nictabapromoter te volgen 

tijdens de ontwikkeling van de tabaksplanten. Tijdens de jongste plantstadia was GUS-kleuring 

voornamelijk aanwezig in de cotyledonen, de bladeren en de wortels. Wanneer de planten ouder 

werden was er vooral GUS-kleuring in de oudere bladeren. Er werd een gedetailleerde vergelijkende 

analyse gemaakt van de GUS-kleuringsresultaten verkregen in transgene Arabidopsis en tabakslijnen. 

Bovendien werd Nictaba expressie ook in lage concentraties gedetecteerd in de wortels van tabak en 

stegen de expressieniveaus na een koudebehandeling. 

Moleculair klonen van het lectine cDNA en sequentieanalyse toonden de afwezigheid van een 

signaalpeptide en de aanwezigheid van een typisch ééndeling nucleair lokalisatiesignaal (NLS) KKKK 
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aan, wat erop wijst dat het eiwit aanwezig kan zijn in de nucleus. Immunolokalisatiestudies toonden 

de nucleocytoplasmatische lokalisatie van Nictaba aan in de bladcellen van met jasmijnzuur 

behandelde tabaksplanten. Vroeger uitgevoerde lokalisatiestudies met EGFP-gelabelde fusie-

eiwitten, die transient tot expressie werden gebracht in BY-2 suspensiecellen door middel van 

deeltjesbombardement, gaven aan dat de NLS vereist en voldoende is om Nictaba vanuit het 

cytoplasma naar de kern te transporteren. In hoofdstuk 3, werden de lokalisatiestudies uitgebreid 

met stabiel getransformeerde suspensiecellen en zowel transient als stabiel getransformeerde N. 

benthamiana bladcellen. Drie verschillende EGFP constructen werden opgenomen in deze analyse, 

namelijk de natieve Nictaba sequentie, een NLS mutant (102KTAK105) en een mutant met een 

gewijzigde suikerbindingsplaats (W15
L15). Er werden geen verschillen waargenomen tussen 

suspensiecellen en bladcellen na stabiele of transiente transformatie met de drie EGFP-constructen. 

Het lokalisatiepatroon van Nictaba was gelijkaardig aan dat van de twee mutanten, wat aangeeft dat 

noch de NLS noch de suikerbindingsactiviteit van het eiwit noodzakelijk zijn voor import in de kern. 

In voorgaand onderzoek werd door middel van proteomics op zoek gegaan naar bindingspartners 

voor Nictaba in de kern. Met behulp van pull-down assays en lectine affiniteitschromatografie van N. 

tabacum cv. Xanthi kernen werden histonen geïdentificeerd als primaire interactiepartners van 

Nictaba. Deze interactie werd in vitro bevestigd door affiniteitschromatografie met opgezuiverde 

histoneiwitten van kalfthymus op een Nictabakolom en gebeurde door het binden van het lectine 

met de O-GlcNAc modificatie aanwezig op de kalfhistonen. De O-GlcNAc modificatie van histonen in 

dierlijke cellen werd vrij recent ontdekt en is bovendien celcyclusafhankelijk. Hierdoor ontstond de 

vraag of deze modificatie ook voorkomt in planten en eveneens celcyclus gerelateerd is. Daarom 

werden in hoofdstuk 4 BY-2 en Xanthi suspensiecellen gesynchronizeerd door behandeling met de 

drug aphidicoline. Expressie van het O-GlcNActransferase gen en het Nictaba gen werd gevolgd 

tijdens de progressie van de celcyclus. Daarnaast werd ook de O-GlcNAc modificatie van de 

histoneiwitten bestudeerd. We toonden voor de eerste keer aan dat ook planthistonen 

gemodificeerd zijn met O-GlcNAc en dat deze modificatie celcyclusafhankelijk is. Nictaba en O-

GlcNAc gemodificeerde histonen interageren waarschijnlijk tijdens de S- en/of de G2-phase aangezien 

beide op dat moment aanwezig zijn in de nucleus. Er werd gesuggereerd dat Nictaba door deze 

interactie kan optreden als een modulator van gentranscriptie. 

In hoofdstuk 5 werd de interactie tussen Nictaba en de tabakshistonen zowel in vitro als in vivo in 

detail onderzocht. Hiervoor werd een protocol ontwikkeld om histonen op te zuiveren uit een BY-2 

suspensiecultuur. De interactie tussen tabakshistonen en Nictaba werd bevestigd met behulp van 

lectine affiniteitschromotografie en far Western blot analyse. Bovendien toonden co-

lokalisatiestudies aan dat beide bindingspartners aanwezig zijn in hetzelfde cellulaire compartiment, 
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namelijk de kern. Om de interactie in vivo te bepalen werden bimoleculaire fluorescentie 

complementatie en fluorescentie resonantie energietransfer experimenten uitgevoerd. De resultaten 

van beide microscopische technieken laten echter niet toe om op een onweerlegbare manier de 

interactie tussen Nictaba en histonen te bevestigen. 



 

174 
 

 



 

 
 

 

 

 

 

 

 

 

 

References 

  



References 

 

176 
 

An S.H., Choi H.W., Hong J.K., Hwang B.K., Regulation and function of the pepper pectin methyl 

esterase inhibitor (CaPMEI1) gene promoter in defense and ethylene and methyl jasmonate signaling 

in plants, Planta 230 (2009) 1223–1237. 

Arabidopsis Interactome Mapping Consortium, Evidence for network evolution in an Arabidopsis 

interactome map, Science 333 (2011) 601-607. 

Arpino J.A.J., Rizkallah P.J., Dafydd Jones D., Crystal structure of enhanced green fluorescent protein 

to 1.35 Å resolution reveals alternative conformations for Glu222, Plos One 7 (2012) 1-8. 

Avdiushko S., Croft K.P.C., Brown G.C., Jackson D.M., Hamilton-Kemp T.R., Hildebrand D., Effect of 

volatile methyl jasmonate on the oxylipin pathway in tobacco, cucumber, and Arabidopsis, Plant 

Physiol. 109 (1995) 1227-1230. 

Bai C., Sen P., Hofmann K., Ma L., Goebl M., Harper J.W., Elledge S.J., SKP1 connects cell cycle 

regulators to the ubiquitin proteolysis machinery through a novel motif, the F-Box, Cell 86 (1996)  

263-274. 

Bannister A.J., Kouzarides T., Regulation of chromatin by histone modifications, Cell Res. 21 (2011) 

381-395. 

Bártová E., Krejčí J., Harničarová A., Galiová G., Kozubek S., Histone modifications and nuclear 

architecture: a review, J. Histochem. Cytochem. 56 (2008) 711–721. 

Beeckman T., Viane R., Embedding thin plant specimens for oriented sectioning, Biotech. Histochem. 

75 (1999) 23-26. 

Bencharki B., Boissinot S., Revollon S., Ziegler-Graff V., Erdinger M., Wiss L., Dinant S., Renard D., 

Beuve M., Lemaitre-Guillier C., Brault V., Phloem protein partners of Cucurbit aphid borne yellows 

virus: possible involvement of phloem proteins in virus transmission by aphids, Mol. Plant-Microbe 

Interact. 23 (2010) 799–810. 

Beneteau J., Renard D., Marché L., Douville E., Lavenant L., Rahbé Y., Dupont D., Vilaine F., Dinant 

S., Binding properties of the N-acetylglucosamine and high-mannose N-glycan PP2-A1 phloem lectin 

in Arabidopsis, Plant Physiol. 153 (2010) 1345-1361. 

Berger S.L., The complex language of chromatin regulation during transcription, Nature 447 (2007) 

407-412. 



References 

 

177 
 

Bhat R.A., Lahaye T., Panstruga R., The visible touch: in planta visualization of protein-protein 

interactions by fluorophore-based methods, Plant Methods 2 (2006) 1-14. 

Bolte S., Cordelières F.P., A guided tour into subcellular colocalization analysis in light microscopy, J. 

Microsc. 224 (2006) 213–232. 

Boter M., Ruíz-Rivero O., Abdeen A., Prat S., Conserved MYC transcription factors play a key role in 

jasmonate signaling both in tomato and Arabidopsis, Genes Dev. 18 (2004) 1577-1591. 

Bostwick D.E., Dannenhoffer J.M., Skaggs M., Lister R.M., Larkins B.A., Thompson G.A., Pumpkin 

phloem lectin genes are specifically expressed in companion cells, Plant Cell 4 (1992) 1539-1548.  

Boyko A., Kathiria P., Zemp F.J., Yao Y., Pogribny I., Kovalchuk I., Transgenerational changes in the 

genome stability and methylation in pathogen-infected plants (virus-induced plant genome 

instability), Nucleic Acids Res. 35 (2007) 51714–1725. 

Boyko A., Kovalchuk I., Epigenetic control of plant stress response, Environ. Mol. Mutagen. 49 (2008) 

61-72. 

Bracha-Drori K., Shichrur K., Katz A., Oliva M., Angelovici R., Yalovsky S., Ohad N., Detection of 

protein–protein interactions in plants using bimolecular fluorescence complementation, Plant J. 40 

(2004) 419–427. 

Braun P., Aubourg S., Van Leene J., De Jaeger G., Lurin C., Plant protein interactomes, Annu. Rev. 

Plant Biol. 64 (2013) 6.1-6.27. 

Burch-Smith T.M., Schiff M., Caplan J.L., Tsao J.T., Czymmek K., Dinesh-Kumar S.P., A novel role for 

the tir domain in association with pathogen-derived elicitors, PLoS Biology 5 (20007) 501-514.  

Butkinaree C., Park K., Hart G.W., O-linked β-N-acetylglucosamine (O-GlcNAc): Extensive crosstalk 

with phosphorylation to regulate signaling and transcription in response to nutrients and stress, 

Biochim. Biophys. Acta 1800 (2010) 96–106. 

Campbell R.E., Tour O., Palmer A.E., Steinbach P.A., Baird G.S., Zacharias D.A., Tsien R.Y., A 

monomeric red fluorescent protein, Proc. Natl. Acad. Sci. USA 99 (2002) 7877-7882.  

Caplan J.L., Mamillapalli P., Burch-Smith T.M., Czymmek K., Dinesh-Kumar S.P., Chloroplastic 

protein NRIP1 mediates innate immune receptor recognition of a viral effector, Cell 132 (2008) 449–

462. 



References 

 

178 
 

Cardozo T., Pagano M., The SCF ubiquitin ligase: insights into a molecular machine, Nat. Rev. Mol. 

Cell Biol. 5 (2004) 739-751. 

Chen H., Zou Y., Shang Y., Lin H., Wang Y., Cai R., Tang X., Zhou J., Firefly luciferase 

complementation imaging assay for protein-protein interactions in plants, Plant Physiol. 146 (2008) 

368–376. 

Chen Q., Chen Y., Bian C., Fujiki R., Yu X., TET2 promotes histone O-GlcNAcylation during gene 

transcription, Nature 493 (2013) 461-466. 

Chen Y., Peumans W., Hause B., Bras J., Kumar M., Proost P., Barre A., Rougé P., Van Damme 

E.J.M., Jasmonate methyl ester induces the synthesis of a cytoplasmic/nuclear chitooligosaccharide-

binding lectin in tobacco leaves, FASEB J. 16 (2002) 905-907. 

Chini A., Fonseca S., Fernández G., Adie B., Chico J.M., Lorenzo O., Garcia-Casado G., Lopez-Vidriero 

I., Lozano F.M., Ponce M.R., Micol J.L., Solano R., The JAZ family of repressors is the missing link in 

JA signaling, Nature 448 (2007) 666-671. 

Chini A., Boter M., Solano R., Plant oxylipins: COI1/JAZs/MYC2 as the core jasmonic acid-signaling 

module, FEBS J. 276 (2009) 4682–4692. 

Chinnusamy V., Zhu J., Epigenetic regulation of stress responses in plants, Curr. Opin. Plant Biol. 12 

(2009) 133–139. 

Choe J., Kelker M.S., Wilson I.A., Crystal structure of human toll-like receptor 3 (TLR3) ectodomain, 

Science 309 (2005) 581-585. 

Citovsky V., Lee L., Vyas S., Glick E., Chen M., Vainstein A., Gafni Y., Gelvin S.B., Tzfira T., Subcellular 

Localization of interacting proteins by bimolecular fluorescence complementation in planta, J. Mol. 

Biol. 362 (2006) 1120–1131. 

Citovsky V., Gafni Y., Tzfira T., Localizing protein–protein interactions by bimolecular fluorescence 

complementation in planta, Methods 45 (2008) 196–206. 

Combettes B., Reichheld J.P., Chabouté M.E., Philipps G., Shen W.S., Chaubet-Gigot N., Study of 

phase-specific gene expression in synchronized tobacco cells, Methods Cell Sci. 21 (1999) 109–121. 

Costas C., Desvoyes B., Gutierrez C., A chromatin perspective of plant cell cycle progression, 

Biochim. Biophys. Acta 1809 (2011) 379–387. 



References 

 

179 
 

Cui F., Wu S., Sun W., Coaker G., Kunkel B., He P., Shan L., The Pseudomonas syringae type III 

effector AvrRpt2 promotes pathogen virulence via stimulating Arabidopsis auxin/indole acetic acid 

protein turnover, Plant Physiol. 162 (2013) 1018-1129. 

Cutler S.R., Ehrhardt D.W., Griffitts J.S., Somerville C.R., Random GFP::cDNA fusions enable 

visualization of subcellular structures in cells of Arabidopsis at a high frequency, Proc. Natl. Acad. Sci. 

USA, 97 (2000) 3718–3723. 

Davis L., The nuclear pore complex, Annu. Rev. Biochem. 64 (1995) 865-896. 

Deal R.B., Henikoff S., Histone variants and modifications in plant gene regulation, Curr. Opin. Plant 

Biol. 14 (2010) 1–7. 

Dehennaut V., Lefebvre T., Sellier C., Leroy Y., Gross B., Walker S., Cacan R., Michalski J., Vilain J., 

Bodart J., Xenopus laevis oocytes inhibition prevents G2/M transition in O-Linked N-

acetylglucosaminyltransferase, J. Biol. Chem. (2007) 12527-12536. 

Delporte A., Lannoo N., Vandenborre G., Ongenaert M., Van Damme E.J.M., Jasmonate response of 

the Nicotiana tabacum agglutinin promoter in Arabidopsis thaliana, Plant Physiol. Biochem. 49 

(2011) 843–851. 

Deplus R., Delatte B., Schwinn M.K., Defrance M., Mendez J., Murphy N., Dawson M.A., Volkmar 

M., Putmans P., Calonne E.., Shih A.H., Levine R.L., Bernard O., Mercher T., Solary E., Urh M., 

Daniels D.L., Fuks F., TET2 and TET3 regulate GlcNAcylation and H3K4 methylation through OGT and 

SET1/COMPASS, EMBO J. 32 (2013) 645–655. 

De Smet I., Chaerle P., Vanneste S., De Rycke R., An easy and versatile embedding method for 

transverse sections, J. Microsc. 213 (2003) 76-80. 

Dinant S., Clark A.M., Zhu Y., Vilaine F., Palauqui J.C., Kusiak C., Thompson G.A., Diversity of the 

superfamily of phloem lectins (phloem protein 2) in angiosperms. Plant Physiol 131 (2003) 114–128. 

Dixit R., Cyr R., Gilroy S., Using intrinsically fluorescent proteins for plant cell imaging, Plant J. 45 

(2006) 599–615. 

Dong A., Liu Z., Zhu Y., Yu F., Li Z., Cao K., Shen W., Interacting proteins and differences in nuclear 

transport reveal specific functions for the NAP1 family proteins in plants, Plant Physiol. 138 (2005) 

1446–1456. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Cui%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=Wu%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20W%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=Coaker%20G%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=Kunkel%20B%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=He%20P%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed?term=Shan%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23632856
http://www.ncbi.nlm.nih.gov/pubmed/23632856


References 

 

180 
 

Drougat L., Olivier-Van Stichelen S., Mortuaire M., Foulquier F., Lacoste A., Michalski J., Lefebvre T., 

Vercoutter-Edouart A., Characterization of O-GlcNAc cycling and proteomic identification of 

differentially O-GlcNAcylated proteins during G1/S transition, Biochim. Biophys. Acta 1820 (2012) 

1839–1848. 

Ehlert A., Weltmeier F., Wang X., Mayer C.S., Smeekens S., Vicente-Carbajosa J., Droge-Laser W., 

Two-hybrid protein–protein interaction analysis in Arabidopsis protoplasts: establishment of a 

heterodimerization map of group C and group S bZIP transcription factors, Plant J. 46 (2006) 890–

900. 

Feng H., Xu W., Lin H., Chong K., Transcriptional regulatin of wheat VER2 promoter in rice in 

response to abscisic acid, jasmonate, and light, J. Genet. Genomics 36 (2009) 371-377. 

Fernandez-Fernandez M.R., Camafeita E., Bonay P., Mendez E., Albar J.P., Garcia J.A., The capsid 

protein of a plant single-stranded RNA virus is modified by O-linked N-acetylglucosamine, J. Biol. 

Chem. 277 (2002) 135–140. 

Finley D., Recognition and processing of ubiquitin protein conjugates by the proteasome, Ann. Rev. 

Biochem. 78 (2009) 477-513. 

Fiserova J., Kiseleva E., Goldberg M.W., Nuclear envelope and nuclear pore complex structure and 

organization in tobacco BY-2 cells, Plant J. (2009) 59, 243–255. 

Fong J.J., Nguyen B.L., Bridger R., Medrano E.E., Wells L., Pan S., Sifers R.N., β-N-acetylglucosamine 

(O-GlcNAc) is a novel regulator of mitosis-specific phosphorylations on histone H3, J. Biol. Chem. 287 

(2012) 12195–12203. 

Fuchs J., Demidov D., Houben A., Schubert I., Chromosomal histone modification patterns – from 

conservation to diversity, Plant Sci. 11 (2006) 1360-1385 

Fujikawa Y., Kato N., Split luciferase complementation assay to study protein–protein interactions in 

Arabidopsis protoplasts, Plant J. 52 (2007) 185–195. 

Fujiki R., Hashiba W., Sekine H., Yokoyama A., Chikanishi T., Ito S., Imai Y., Kim J., He H.H., Igarashi 

K., Kanno J., Ohtake F., Kitagawa H., Roeder R.G., Brown M., Kato S., GlcNAcylation of histone H2B 

facilitates its monoubiquitination, Nature 480 (2011) 557-561.  

Fukao Y., Protein–protein interactions in plants, Plant Cell Physiol. 53 (2012) 617–625. 



References 

 

181 
 

Garcia A., de Almeida Engler J., Claes B., Villarroel R., Van Montagu M., Gerats T., Caplan A., The 

expression of the salt-responsive gene salt from rice is regulated by hormonal and developmental 

cues, Planta 207 (1998) 172-180. 

Gehl C., Waadt R., Kudla J., Mendel R., Hänsch R., New GATEWAY vectors for high throughput 

analyses of protein–protein interactions by bimolecular fluorescence complementation, Mol. Plant, 2 

(2009) 1051-1058.  

Geisler-Lee J., O’Toole N., Ammar R., Provart N.J., Millar H., Geisler M., A predicted interactome for 

Arabidopsis, Plant Physiol. 145 (2007) 317–329. 

Gemperlova L., Cvikrova M., Fischerova L., Binarova P., Fischer L., Eder J., Polyamine metabolism 

during the cell cycle of synchronized tobacco BY-2 cell line, Plant Physiol. Biochem. 47 (2009) 584-

591.  

Gheysen K., Gebruik van NMR voor de studie van de structuur van suikers en intermoleculaire 

interacties, PhD thesis, Ghent University, 2011. 

Guinez C., Morelle W., Michalski J., Lefebvre T., O-GlcNAc glycosylation: a signal for the nuclear 

transport of cytosolic proteins?, Biochem. Cell Biol. 37 (2005) 765–774. 

Ha M., Review: Understanding the chromatin remodeling code, Plant Sci. 211 (2013) 137-145.  

Haasen D., Köhler C., Neuhaus G., Merkle T., Nuclear export of proteins in plants: AtXPO1 is the 

export receptor for leucine-rich nuclear export signals in Arabidopsis thaliana, Plant J. 20 (1999) 695-

705. 

Hager G.L., McNally J.G., Misteli T., Transcription dynamics, Mol. Cell 35 (2009) 741-753. 

Hanks S.K., Hunter T., Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic) 

domain structure and classification, FASEB J. 9 (1995) 576-596. 

Hanks S.K., Quinn A.M., Protein kinase catalytic domain sequence database: identification of 

conserved features of primary structure and classification of family members, Methods Enzymol. 200 

(1991) 38-61. 

Hanover J.A., Krause M.W., Love D.C., The hexosamine signaling pathway: O-GlcNAc cycling in feast 

or famine, Biochim. Biophys. Acta 1800 (2010) 80–95. 

Hanover J.A., Krause M.W., Love D.C., Bittersweet memories: linking metabolism to epigenetics 

through O-GlcNAcylation, Nat. Rev. Mol. Cell Biol. 13 (2012) 312-321. 



References 

 

182 
 

Hart G.W., Housley M.P., Slawson C., Cycling of O-linked β-N-acetylglucosamine on 

nucleocytoplasmic proteins, Nature 446 (2007) 1017-1022. 

Hartweck L.M., Scott C.L., Olszewski N.E., Two O-linked N-acetylglucosamine transferase genes of 

Arabidopsis thaliana l. heynh. have overlapping functions necessary for gamete and seed 

development, Genetics 161 (2002) 1279–1291. 

He G., Elling A.A., Deng X.W., The epigenome and plant development, Annu. Rev. Plant Biol. 62 

(2011) 411–35. 

He Y., Gan S., Identical promoter elements are involved in regulation of the OPR1 gene by 

senescence and jasmonic acid in Arabidopsis, Plant Mol. Biol. 47 (2001) 595-605. 

Heese-Peck A., Cole R.N., Borkhsenious O.N., Hart G.W., Raikhel N.V., Plant nuclear pore complex 

proteins are modified by novel oligosaccharides with terminal N-acetylglucosamine, Plant Cell 7 

(1995) 1459-1471. 

Heese-Peck A., Raikhel N.V., A glycoprotein modified with terminal N-acetylglucosamine and 

localized at the nuclear rim shows sequence similarity to aldose-1-epimerases, Plant Cell 10 (1998) 

599–612. 

Higo K., Ugawa Y., Iwamoto M., Korenaga T., Plant cis-acting regulatory DNA elements (PLACE) 

database, Nucleic Acids Res. 27 (1999) 297-300. 

Ho M., Tsai P., Chien C., F-box proteins: the key to protein degradation, J. Biomed. Sci. 13 (2006) 

181–91. 

Houben A., Demidov D., Caperta A.D., Karimi R., Agueci F., Vlasenko L., Phosphorylation of histone 

H3 in plants—A dynamic affair, Biochim. Biophys. Acta 1769 (2007) 308–315. 

Hu C., Chinenov Y., Kerppola T., Visualization of interactions among bZIP and Rel family proteins in 

living cells using bimolecular fluorescence complementation, Mol. Cell 9 (2002) 789–798. 

Hu P., Shimoji S., Hart G.W, Site-specific interplay between O-GlcNAcylation and phosphorylation in 

cellular regulation, FEBS Lett. 584 (2010) 2526–2538. 

Huelsenbeck J.P., Ronquist F., MrBayes: Bayesian inference of phylogenetic trees, Bioinformatics 17 

(2001) 754-755. 



References 

 

183 
 

Inaba Y., Zhong W.Q., Zhang X., Widholm J.M., Specificity of expression of the GUS reporter gene 

(uidA) driven by the tobacco ASA2 promoter in soybean plants and tissue cultures, J. Plant Physiol. 

164 (2007) 824-834. 

Jans D.A., Xiao C., Lam M.H.C., Nuclear targeting signal recognition: a key control point in nuclear 

transport? BioEssays 22 (2000) 532-544. 

Jefferson R.A., Assaying chimeric genes in plants: the GUS gene fusion system, Plant Mol. Biol. Rep. 5 

(1987) 387-405. 

Jensen A.B., Raventos D., Mundy J., Fusion genetic analysis of jasmonate-signaling mutants in 

Arabidopsis. Planta 208 (1999) 463-471. 

Karimi M., Inzé D., Depicker A., GATEWAYTM vectors for Agrobacterium-mediated plant 

transformation, Trends Plant Sci. 7 (2002) 193-195. 

Kammerloher W., Fischer U., Piechottka G.P., Schiiffner AR., Water channels in the plant plasma 

membrane cloned by immunoselection from a mammalian expression system, Plant J. 6 (1994) 187-

199. 

Kazan K., Manners J.M., Jasmonate signaling: toward an integrated view, Plant Physiol. 146 (2008) 

1459-1468. 

Kelley T.J., St A.T., Groll J.M., Ray S., Basu S.,  DNA polymerase-associated lectin (DPAL) and its 

binding to the galactose-containing glycoconjugate of the replication complex, Biosci. Rep. 19 (1999) 

433-447. 

Kerppola T.K., Bimolecular Fluorescence Complementation (BiFC) analysis as a probe of protein 

interactions in living cells, Annu. Rev. Biophys. 37 (2008) 465-487.  

Kerppola T.K., Visualization of molecular interactions using bimolecular fluorescence 

complementation analysis: Characteristics of protein fragment complementation, Chem. Soc. Rev. 38 

(2009) 2876-2886. 

Khurana R., Kapoor S., Tyagi A.K., Spatial and temporal activity of upstream regulatory regions of 

rice anther-specific genes in transgenic rice and Arabidopsis, Transgenic Res. 22 (2013) 31-46. 

Kilcoyne M., Shah M., Gerlach J.Q., Bhavanandan V., Nagaraj V., Smith A.D., Fujiyama K., Sommer 

U., Costello C.E., Olszewski N., Joshi L., O-glycosylation of protein subpopulations in alcohol-

extracted rice proteins, J. Plant Physiol. 166 (2009) 219—232. 



References 

 

184 
 

Kim J., To T.K., Ishida J., Morosawa T., Kawashima M., Matsui A., Toyoda T., Kimura H., Shinozaki 

K., Seki M., Alterations of lysine modifications on the histone H3 N-tail under drought stress 

conditions in Arabidopsis thaliana, Plant Cell Physiol. 49 (2008) 1580–1588. 

Kobayashi T., Yoshihara T., Itai R.N., Nakanishi H., Takahashi M., Mori S., Nishizawa N.K., Promoter 

analysis of iron-deficiency-inducible barley IDS3 gene in Arabidopsis and tobacco plants, Plant 

Physiol. Biochem. 45 (2007) 262-269. 

Komander D., Rape M., The ubiquitin code, Annu. Rev. Biochem. 81 (2012) 203-229. 

Kopp E.B., Medzhitov R., The Toll-receptor family and control of innate immunity, Curr. Opin. 

Immunol. 11 (1999) 13-18. 

Kouzarides T., Chromatin modifications and their function, Cell 128 (2007) 693–705. 

Kumagai-Sano F., Hayashi T., Sano T., Hasezawa S., Cell cycle synchronization of tobacco BY-2 cells, 

Nat. Protoc. 1 (2007) 2621-2627. 

Kuriakose B., Arun V., Gnanamanickam S.S., Thomas G., Tissue-specific expression in transgenic rice 

and Arabidopsis thaliana plants of GUS gene driven by the 50 regulatory sequences of an anther 

specific rice gene YY2, Plant Sci. 177 (2009) 390-397. 

Lalonde S., Ehrhardt D.W., Loqué D., Chen J., Rhee S.Y., Frommer W.B., Molecular and cellular 

approaches for the detection of protein–protein interactions: latest techniques and current 

limitations, Plant J. 53 (2008) 610-635.  

Lange A., Mills R.E., Lange C.J., Stewart M., Devine S.E., Corbett A.H., Classical nuclear localization, 

signals: definition, function, and interaction with importin α, J. Biol. Chem. 282 (2007) 5101–5105. 

Lannoo N., Peumans W.J., Van Damme E.J.M., The presence of jasmonate-inducible lectin genes in 

some but not all Nicotiana species explains a marked intragenus difference in plant responses to 

hormone treatment, J. Exp. Bot. 57 (2006a) 3145-3155. 

Lannoo N., Peumans W.J., Van Pamel E., Alvarez R., Xiong T.-C., Hause G., Mazars C., Van Damme 

E.J.M., Localization and in vitro binding studies suggest that the cytoplasmic/nuclear tobacco lectin 

can interact in situ with high-mannose and complex N-glycans, FEBS Lett. 580 (2006b) 6329-6337. 

Lannoo N., Vandenborre G., Miersch O., Smagghe G., Wasternack C., Peumans W.J., Van Damme 

E.J.M., The jasmonate-induced expression of the Nicotiana tabacum leaf lectin, Plant Cell Physiol. 48 

(2007a) 1207-1218. 



References 

 

185 
 

Lannoo N., Functional characterization of a jasmonate-inducible carbohydrate-binding protein in 

tobacco plants, PhD thesis, Ghent University, 2007b. 

Lannoo N., Peumans W.J., Van Damme E.J.M., Do F-box proteins with a C-terminal 

domainhomologous with the tobacco lectin play a role in protein degradation in plants?, Biochem. 

Soc. Trans. 36 (2008) 843–847. 

Lannoo N., Van Damme E.J.M., Nucleocytoplasmic plant lectins, Biochim. Biophys. Acta 1800 (2010) 

190-201. 

Lauria M., Rossi V., Epigenetic control of gene regulation in plants, Biochim. Biophys. Acta 1809 

(2011) 369–378. 

Lehti-Shiu M.D., Shiu SH., Diversity, classification and function of the plant protein kinase 

superfamily, Philos. Trans. R. Soc. Lond. B. Biol. Sci. 367 (2012)  2619-2639.  

Lescot M., Déhais P., Thijs G., Marchal K., Moreau Y., Van de Peer Y., Rouzé P., Rombauts S., 

PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico 

analysis of promoter sequences, Nucleic Acids Res. 30 (2002) 325-327. 

Liashkovich I., Meyring A., Oberleithner H., Shahin V., Structural organization of the nuclear pore 

permeability barrier, J. of Controlled Release 160 (2012) 601–608. 

Lodish H., Kaiser C.A., Bretscher A., Amon A., Berk A., Krieger M., Ploegh H., Scott M.P., Molecular 

cell biology, W.H. Freeman and Company 7 (2013) 256-266. 

Lorenzo O., Chico J.M., Sánchez-Serrano J.J., Solano R., JASMONATE-INSENSITIVE1 encodes a MYC 

transcription factor essential to discriminate between different jasmonate-regulated defense 

responses in Arabidopsis, Plant Cell 16 (2004) 1938-1950. 

Lorenzo O., Solano R., Molecular players regulating the jasmonate signaling network, Curr. Opin. 

Plant Biol. 8 (2005) 532-540. 

Luger K., Dynamic nucleosomes, Chromosome Res. 14 (2006) 5-16. 

Ma K., Flores C., Ma W., Chromatin configuration as a battlefield in plant-bacteria interactions, Plant 

Physiol. 157 (2011) 535-543. 

Marin E., Divol F., Bechtold N., Vavasseur A., Nussaume L., Forestier C., Molecular characterization 

of three Arabidopsis soluble ABC proteins which expression is induced by sugars, Plant Sci. 171 (2006) 

84–90. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Lehti-Shiu%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=22889912
http://www.ncbi.nlm.nih.gov/pubmed?term=Shiu%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=22889912
http://www.ncbi.nlm.nih.gov/pubmed/22889912


References 

 

186 
 

Marion J., Bach L., Bellec Y., Meyer C., Gissot L., Faure J., Systematic analysis of protein subcellular 

localization and interaction using high-throughput transient transformation of Arabidopsis seedlings, 

Plant J. 56 (2008) 169–179. 

Martinon F., Tschopp J,. NLRs join TLRs as innate sensors of pathogens, Trends Immunol. 26 (2005) 

447-454. 

Mas P., Devlin P.F., Panda S., Kay S.A., Functional interaction of phytochrome B and cryptochrome 2, 

Nature 408 (2000) 207-211. 

McGrath K.C., Dombrecht B., Manners J.M., Schenk P.M., Edgar C.I., Maclean D.J., Scheible W., 

Udvardi M.K., Kazan K., Repressor- and activator-type ethylene response factors functioning in 

jasmonate signaling and disease resistance identified via a genome-wide screen of Arabidopsis 

transcription factor gene expression, Plant Physiol. 139 (2005) 949-959. 

Memelink J., Regulation of gene expression by jasmonate hormones, Phytochemistry 70 (2009) 

1560-1570. 

Meshi T., Taoka K., Iwabuchi W., Regulation of histone gene expression during the cell cycle, Plant 

Mol. Biol. 43 (2000) 643-657. 

Miernyk J.A., Thelen J.J., Biochemical approaches for discovering protein–protein interactions, Plant 

J. 53 (2008), 597–609. 

Mithöfer A., Maitrejean M., Boland W., Structural and biological diversity of cyclic octadecanoids, 

jasmonates and mimetics,  J. Plant Growth Regul. 23 (2005) 170-178. 

Morsy M., Gouthu S., Orchard S., Thorneycroft D., Harper J.F., Mittler R., Cushman J.C., Charting 

plant interactomes: possibilities and challenges, Trends Plant Sci. 13 (2008) 183-191. 

Mueller F., Mazza D., Stasevich T.J., McNally J.G., FRAP and kinetic modeling in the analysis of 

nuclear protein dynamics: what do we really know? Curr. Opin. Cell Biol. 22 (2010) 1–9. 

Nakahara S., Raz A., Regulation of cancer-related gene expression by galectin-3 and the molecular 

mechanism of its nuclear import pathway, Cancer Metast. Rev. 26 (2007) 605–610. 

Narahari A., Swamy M.J., Tryptophan exposure and accessibility in the chitooligosaccharide-

specificphloem exudate lectin from pumpkin (Cucurbita maxima). A fluorescence study, Journal of 

Photochem. Photobiol. 97 (2009) 40–47. 



References 

 

187 
 

Narahari A., Swamy M.J., Rapid affinity-purification and physicochemical characterization of 

pumpkin (Cucurbita maxima) phloem exudate lectin, Biosci. Rep. 30 (2010) 341–349. 

Narahari A., Singla H., Nareddy P.K., Bulusu G., Surolia A., Swamy M.J., Isothermal titration 

calorimetric and computational studies on the binding of chitooligosaccharides to pumpkin 

(Cucurbita maxima) phloem exudate lectin, J. Phys. Chem. 115 (2011) 4110–4117. 

Nelissen H., Boccardi T.M., Himanen K., Van Lijsebettens M., Impact of core histone modifications 

on transcriptional regulation and plant growth, Crit. Rev. Plant Sci., 26 (2007)243–263. 

Nishinari N., Syono K, Induction of cell division synchrony and variation of cytokinin contents 

through the cell cycle in tobacco cultured cells, Plant Cell Physiol. 27 (1986) 147-153.  

Nizard P., Tetley S., Le Drean Y., Watrin T., Le Goff P., Wilson M.R., Michel D., Stress-induced 

retrotranslocation of clusterin/ApoJ into the cytosol, Traffic 8 (2007) 554-565. 

Nurnberger T., Brunner F., Kemmerling B., Piater L., Innate immunity in plants and animals: Striking 

similarities and obvious differences, Immunol Rev. 198 (2004)249-266. 

Olszewski N.E., West C.M., Sassi S.O., Hartweck L.M., O-GlcNAc protein modification in plants: 

evolution and function, Biochim. Biophys. Acta 1800 (2010) 49–56. 

Ota E., Tsuchiya W., Yamazaki T., Nakamura M., Hirayama C., Konno K., Purification, cDNA cloning 

and recombinant protein expression of a phloem lectin-like anti-insect defense protein BPLP from 

the phloem exudates of the wax gourd, Benincasa hispida, Phytochemistry 89 (2013) 15–25. 

Pauw B., Memelink J., Jasmonate-responsive gene expression, J. Plant Growth Regul. 23 (2005) 200–

210. 

Pauwels L., Inzé D., Goossens A., Jasmonate-inducible gene: what does it mean? Trends Plant Sci. 14 

(2008) 87-91. 

Pauwels L., Goossens A., The JAZ proteins: a crucial interface in the jasmonate signaling cascade, 

Plant Cell 23 (2011) 3089–3100. 

Perez J.d.J., Juarez S., Chen D., Scott C.L., Hartweck L.M., Olszewski N.E., Garcia J.A., Mapping of 

two O-GlcNAc modification sites in the capsid protein of the potyvirus plum pox virus, FEBS Lett. 580 

(2006) 5822–5828. 

Petroski M.D., Deshaies R.J., Function and regulation of cullin-RING ubiquitin ligases, Nature Rev. 

Mol. Cell Biol. 6 (2005) 9-20. 



References 

 

188 
 

Pieterse C.M.J., Van der Does D., Zamioudis C., Leon-Reyes A., Van Wees S.C.M., Hormonal 

modulation of plant immunity, Annu. Rev. Cell Dev. Biol. 28 (2012) 489–521. 

Poirier G.M.C., Anderson G., Huvar A., Wagaman P.C., Shuttleworth J., Jenkinson E., Jackson M.R., 

Peterson P.A., Erlander M.G,. Immune-associated nucleotide (IAN-1) is a thymic selection marker 

and defines a novel gene family conserved in plants, J. Immunol. 163 (1999) 4960-4969. 

Prak S., Hem S., Boudet J., Viennois G., Sommerer N., Rossignol M., Maurel C., Santoni V., Multiple 

phosphorylations in the c-terminal tail of plant plasma membrane aquaporins, Mol. Cell. Proteomics 

7.6 (2008) 1019-1030. 

Qin L., Perennes C., Richard L., Bouvier-Durand M., Tréhin C., lnzé D., Bergounioux C., G2- and early-

M-specific expression of the NTCYC1 cyclin gene in Nicotiana tabacum cells, Plant Mol. Biol. 32 

(1996) 1093-1101. 

Rate D.N., Cuenc J.V., Bowman G.R., Guttman D.S., Greenberg, J.T., The gain-of-function 

Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid signaling pathway 

in controlling cell death, defenses, and cell growth, Plant Cell 11 (1999) 1695-1708. 

Read S.M., Northcote D.H., Subunit structure and interactions of the phloem proteins of Cucurbita 

maxima (pumpkin), Eur. J. Biochem. 134 (1983) 561-569. 

Reuber T.L., Ausubel F.M., Isolation of Arabidopsis genes that differentiate between resistance 

responses mediated by the RPS2 and RPM1 disease resistance genes, Plant Cell. 8 (1996) 241-249. 

Rousseau C., Felin M., Doyennette-Moyne M.A., Sève A.P., CBP70, a glycosylated nuclear lectin, J. 

Cell. Biochem. 66 (1997) 370-385.  

Sabins D.D., Hart J.W., The isolation and some properties of a lectin (haemagglutinin) from cucurbita 

phloem exudates, Planta 142 (1978) 97–101. 

Saito S., Sidis Y., Mukherjee A., Xia Y., Schneyer A., Differential biosynthesis and intracellular 

transport of follistatin isoforms and follistatin-like-3, Endocrinology 146 (2005) 5052-5062.  

Sakabe K., Hart G.W., O-GlcNAc transferase regulates mitotic chromatin dynamics, J. Biol. Chem. 285 

(2010a) 34460–34468. 

Sakabe K., Wang Z., Hart G.W., β-N-acetylglucosamine (O-GlcNAc) is part of the histone code, Proc. 

Natl. Acad. Sci. USA 107 (2010b) 19915–19920. 



References 

 

189 
 

Sato Y., Suzuki Y., Ito E., Shimazaki S., Ishida M., Yamamoto T., Yamamoto H., Toda T., Suzuki M., 

Suzuki A., Endo T., Identification and characterization of an increased glycoprotein in aging: age-

associated translocation of cathepsin D, Mech. Ageing Dev. 127 (2006) 771-778. 

Schalch T., Duda S., Sargent D.F., Richmond T.J., X-ray structure of a tetranucleosome and its 

implications for the chromatin fibre, Nature 436 (2005) 138-141. 

Schmidt G.W., Delaney S.K., Stable internal reference genes for normalization of real-time RT-PCR in 

tobacco (Nicotiana tabacum) during development and abiotic stress, Mol. Genet. Genomics 283 

(2010) 233–241. 

Schouppe D., Rougé P., Lasanajak Y., Barre A., Smith D.F., Proost P., Van Damme E.J.M., Mutational 

analysis of the carbohydrate binding activity of the tobacco lectin, Glycoconj. J. 27 (2010) 613–623. 

Schouppe D. , Ghesquière B., Menschaert G. , De Vos W.H., Bourque S., Trooskens G., Proost P., 

Gevaert K., Van Damme E.J.M., Interaction of the tobacco lectin with histone proteins, Plant Physiol. 

155 (2011) 1091-1102.  

Seibel N.M., Eljouni J., Nalaskowski M.M., Hampe W., Nuclear localization of enhanced green 

fluorescent protein homomultimers, Anal. Biochem. 368 (2007) 95–99. 

Shi F., Kim H., Lu W., He Q., Liu D., Goodell M.A., Wan M., Songyang Z., Ten-eleven translocation 1 

(Tet1) is regulated by O-linked N-acetylglucosamine transferase (Ogt) for target gene repression in 

mouse embryonic stem cells, J. Biol. Chem. 288 (2013) 20776-20784. 

Shoji T., Hashimoto T., Tobacco MYC2 regulates jasmonate-inducible nicotine biosynthesis genes 

directly and by way of the NIC2-locus ERF genes, Plant Cell Physiol. 52 (2011) 1117–1130.  

Siddique H., Rao V.N., Reddy E.S.P., CBP-mediated post-translational N-glycosylation of BRCA2, Int. J. 

Oncol. 35 (2009) 387-391. 

Singer S.D., Hily J.M., Cox K.D., The sucrose synthase-1 promoter from Citrus sinensis directs 

expression of the β-glucuronidase reporter gene in phloem tissue and in response to wounding in 

transgenic plants, Planta 234 (2011) 623-637. 

Skaar J.R., Pagan J.K., Pagano M., Mechanisms and function of substrate recruitment by F-box 

proteins, Nature Rev. Mol. Cell Biol. 14 (2013) 369-381.  



References 

 

190 
 

Slawson C., Zachara N.E., Vosseller K., Cheung W.D., Lane M.D., Hart G.W., Perturbations in O-

linked β-N-acetylglucosamine protein modification cause severe defects in mitotic progression and 

cytokinesis, J. Biol. Chem. 280 (2005) 32944-32956. 

Smith K.T., Workman J.L., Chromatin proteins: key responders to stress, PLoS Biol. 10 (2012) 1-4. 

Sokol A., Kwiatkowska A., Jerzmanowski A., Prymakowska-Bosak M., Up-regulation of stress-

inducible genes in tobacco and Arabidopsis cells in response to abiotic stresses and ABA treatment 

correlates with dynamic changes in histone H3 and H4 modifications, Planta 227 (2007) 245–254. 

Sorokin A.V., Kim E.R., Ovchinnikov L.P., Nucleocytoplasmic transport of proteins, Biochemistry 72 

(2007) 1439-1457. 

Suh E., Gumbiner B.M., Translocation of β-catenin into the nucleus independent of interactions with 

FG-rich nucleoporins, Exp. Cell Res. 290 (2003) 447–456. 

Stefanowicz K., Lannoo N., Proost P., Van Damme E.J.M., Arabidopsis F-box protein containing a 

Nictaba-related lectin domain interacts with N-acetyllactosamine structures, FEBS Open Bio 2 (2012) 

151-158. 

Steiner E., Efroni I., Gopalraj M., Saathoff K., Tseng T., Kieffer M., Eshed Y., Olszewski N., Weiss D., 

The Arabidopsis O-linked N-acetylglucosamine transferase SPINDLY interacts with class I TCPs to 

facilitate cytokinin responses in leaves and flowers, Plant Cell 24 (2012) 96-108. 

Stenzel I., Hause B., Proels R., Miersch O., Oka M., Roitsch T., Wasternack C., The AOC promoter of 

tomato is regulated by developmental and environmental stimuli, Phytochemistry 69 (2008) 1859-

1869. 

Stone J.M., Walker J.C., Plant protein kinase families and signal transduction, Plant Physiol. 108 

(1995) 451-457. 

Swiatek A., Lenjou M., Van Bockstaele D., Inzé D., Van Onckelen H., Differential effect of jasmonic 

acid and abscisic acid on cell cycle progression in tobacco BY-2 cells, Plant Physiol. 128 (2002) 201–

211. 

Tamura K., Fukao Y., Iwamoto M., Haraguchi T., Hara-Nishimuraa I., Identification and 

characterization of nuclear pore complex components in Arabidopsis thaliana, Plant Cell 22 (2010) 

4084–4097.  



References 

 

191 
 

Taoka K., Ham B., Xoconostle-Cazares B., Rojas M.R., Lucas W.J., Reciprocal phosphorylation and 

glycosylation recognition motifs control NCAPP1 interaction with pumpkin phloem proteins and their 

cell-to-cell movement, Plant Cell 19 (2007) 1866–1884. 

Thines B., Katsir L., Melotto M., Niu Y., Mandaokar A., Liu G., Nomura K., He S.Y., Howe G.A., 

Browse J., JAZ repressor proteins are targets of the SCFCOI1 complex during JA signaling, Nature 448 

(2007) 661-665. 

Trooskens G., De Beule D., Decouttere F., Van Criekinge W., Phylogenetic trees: visualizing, 

customizing and detecting incongruence, Bioinformatics 21 (2005) 3801-3802. 

Tsai N., Lin Y., Tsui Y., Wei L., Dual action of epidermal growth factor: extracellular signal-stimulated 

nuclear–cytoplasmic export and coordinated translation of selected messenger RNA, J. Cell Biol. 188 

(2010) 325-333. 

Uematsu S., Akira S., Toll-like receptors and innate immunity. J. Mol. Med. 84 (2006) 712-725. 

Uhrig J.F., Protein interaction networks in plants, Planta 224 (2006) 771–781. 

Van Damme E.J.M., Lannoo N., Peumans W.J., Plant lectins, Adv. Bot. Res. 48 (2008) 107-209. 

Vandenborre G., Miersch O., Hause B., Smagghe G., Wasternack C., Van Damme E.J.M., Spodoptera 

littoralis-induced lectin expression in tobacco, Plant Cell Physiol. 50 (2009a) 1142-1155. 

Vandenborre G.,Van Damme E.J.M., Smagghe G., Nicotiana tabacum agglutinin expression in 

response to different biotic challengers, Arthropod Plant Interact. 3 (2009b) 193–202. 

Vandenborre G., Role of the jasmonate-inducible tobacco agglutinin in the defense against insect 

herbivory. PhD thesis, Ghent University. 

Vandenborre G., Groten K., Smagghe G., Lannoo N., Baldwin I.T., Van Damme E.J.M., Nicotiana 

tabacum agglutinin is active against Lepidopteran pest insects, J. Exp. Bot. 61 (2010) 1003-1014. 

Van Leene J., Stals H., Eeckhout D., Persiau G., Van De Slijke E., Van Isterdael G., De Clercq A., 

Bonnet E., Laukens K., Remmerie N., Henderickx K., De Vijlder T., Abdelkrim A., Pharazyn A., Van 

Onckelen H., Inzé D., Witters E., De Jaeger G., A Tandem Affinity Purification-based technology 

platform to study the cell cycle interactome in Arabidopsis thaliana, Mol. Cell. Proteomics 6.7 (2007) 

1226-1238. 

Vogel S.S., Thaler C., Koushik S.V., Fanciful FRET, Sci. STKE 331 (2006) 1-9. 



References 

 

192 
 

Walter M., Chaban C., Schutze K., Batistic O., Weckermann K., Nake C., Blazevic D., Grefen C., 

Schumacher K., Oecking C., Harter K., Kudla J., Visualization of protein interactions in living plant 

cells using bimolecular fluorescence complementation, Plant J. 40 (2004) 428-438. 

Wasternack C., JAs: An update on biosynthesis, signal transduction and action in plant stress 

response, growth and development, Ann. Bot. 100 (2007) 681-697. 

Yong W.D., Xu Y.Y., Xu W.Z., Li N., Wu J.S., Liang T.B., Xu Z.H., Tan K.H., Zhu Z., Chong K., 

Vernalization-induced flowering in wheat is mediated by a lectin-like gene VER2, Planta 217 (2003) 

261-270. 

Wang Z., Zang C., Rosenfeld J.A., Schones D.E., Barski A., Cuddapah S., Cui K., Roh T., Peng W., 

Zhang M.Q., Zhao K, Combinatorial patterns of histone acetylations and methylations in the human 

genome, Nat. Genet. 40 (2008) 897-903. 

Wasternack C., Hause B., Jasmonates: biosynthesis, perception, signal transduction and action in 

plant stress response, growth and development. An update to the 2007 review in Annals of Botany, 

Ann. Bot. 111 (2013) 1021–1058. 

Weiner A., Chen H.V., Liu C.L., Rahat A., Klien A., Soares L., Gudipati M., Pfeffner J., Regev A., 

Buratowski S., Pleiss J.A., Friedman N., Rando O.J., Systematic dissection of roles for chromatin 

regulators in a yeast stress response, PLoS Biol. 10 (2012) 1-20. 

Whitham S., Dinesh-Kumar S.P., Choi D., Hehl R., Corr C., Baker B., The product of the tobacco 

mosaic virus resistance gene N: similarity to Toll and the interleukin-1 receptor, Cell 78 (1994) 1101-

1115.  

Woodcock C.L., Ghosh R.P., Chromatin higher-order structure and dynamics, Cold Spring Harb. 

Perspect. Biol. 2 (2010) 1-25. 

Xing L., Li J., Xu Y., Xu Z., Chong K., Phosphorylation modification of wheat lectin VER2 is associated 

with vernalization-induced O-GlcNAc signaling and intracellular motility, Plos One 4 (2009) 1-13.  

Xu X.M., Meier I., The nuclear pore comes to the fore, Trends Plant Sci. 13 (2007) 20-27. 

Zeidan Q., Hart G.W., The intersections between O-GlcNAcylation and phosphorylation: implications 

for multiple signaling pathways, J. Cell Sci. 123 (2010) 13-22. 

Zemach A., Grafi G., Methyl-CpG-binding domain proteins in plants: interpreters of DNA methylation, 

Trends Plant Sci. 12 (2007) 1360-1385. 



References 

 

193 
 

Zhang S., Roche K., Nasheuer H., Lowndes N.F., Modification of histones by the sugar β-N-

acetylglucosamine (GlcNAc) occurs on multiple residues, including H3 serine 10, and is cell cycle 

regulated, J. Biol. Chem. 286 (2011) 37483–37495. 

Zhang Y., Gao P., Yuan J.S., Plant protein-protein interaction network and interactome, Curr. 

Genomics 11 (2010) 40-46. 



 

194 
 



 

195 
 

Dankwoord 

Finito! Eindelijk is het zover, het is af. Ik kan niet ontkennen dat er nu toch een last van mijn 

schouders valt, vooral als mijn verdediging zal gedaan zijn. Al 4 jaar probeer ik niet aan deze moment 

te denken, maar nu is het toch zover en ik ben blij dat het mij gelukt is. De afgelopen 4 jaar zijn echt 

de max geweest, ik heb enorm veel bijgeleerd, zelfstandig geworden en mezelf ontwikkelt tot wie ik 

nu ben. Daarnaast heb ik de kans gekregen om superleuke mensen te ontmoeten, die mij in meer of 

mindere mate hebben bijgestaan. Deze wil ik dan ook van harte bedanken. 

Eerst en vooral wil ik mijn promoter Els Van Damme bedanken. Bedankt voor het vertrouwen en de 

professionele begeleiding. Bedankt om altijd heel snel mijn teksten te lezen (echt ongelooflijk). 

Bedankt dat je altijd tijd maakt en actief ons onderzoek volgt. Een dikke merci! 

De mensen van de examencommissie, Guy Smagghe, Danny Geelen, Alain Goossens, Yves Guisez 

and Winnok De Vos wil ik bedanken voor het lezen van mijn proefschrift en het geven van nuttige 

commentaren. 

Een dikke merci aan alle mensen van de glyco’s, de glyco’tjes :-). Dank zij hun was het altijd leuk om 

op het werk te zijn, ook al vielen de resultaten soms tegen. Nausicaä, mijn chaperonne van in het 

begin, bedankt voor alle hulp en uitleg. Je bent professioneel als het moet, maar een lachebekje als 

het kan, een toffe madam! Aja, ik kijk al uit naar ons volgende eclairkes-moment, mmm ;-). Jonas, ik 

vond het leuk om met jou te discussiëren over het onderzoek, voor mij de beste manier om tot 

nieuwe ideëen te komen. Je hebt een goed gevoel voor humor, altijd lachen geblazen. Ik ben blij dat 

jij in mijn team zat. Bassam, it was a pleasure to work with you. You are a very joyful and nice person, 

and you always laugh when I make a (stupid) joke :-p. I will miss you! I wish you a lot of luck with 

everything that comes next. Shang, you are funny, even though you don’t always intend to be. I like 

your spontaneity :-). Good luck with the remaining experiments and the final writing. Karolka, you 

are a treat! Thanks for the lovely moments in the lab but also our external activities. And a special 

thank you for your wonderful massages when my back was aching, you are the best. Tomasz, you are 

a funny guy, I like the way you think. Always nice talking to you! Lore, mijn moatje! Ge zijt een zalige 

madam, soms een beetje wereldvreemd, maar je kan er heel goed mee om ;-). Altijd lachen geblazen. 

Je zal nu het West-Vlaamse evenwicht moeten in stand houden. Sofie, mijn thesiskindje :p, merci 

voor het werk dat je voor mij hebt gedaan. Ik ben blij dat jij nu een beetje waakt over het algemeen 

welvaren van het labo, tis nodig ;-). Liuyi, always jumping and laughing, I wish you all the best with 

your cucumbers! Hopefully you still remember how to pronounce usually ;-)? Jeroen, nog een 



 

196 
 

thesiskindje van mij. Je bent een zalige gast, veel succes met je IWT aanvraag en het komende 

onderzoek.  

Kirsten, je hebt bergschoenen en daarmee vind ik je per definitie al leuk :-). Maar je bent meer dan 

voeten alleen, je bent een leutige en grappige madam. Verder nog een woordje van dank voor de 

anciens van de glyco’s: Gianni, Romina, Dieter, Elke en Bieke, het was heel leuk om te starten bij 

jullie in de groep. 

Een woordje van dank voor twee mensen van de Plantaardige Productie. Inge Verstraeten, een 

superdikke merci voor het helpen met het maken van coupes. Dankzij jou was het prutswerk toch 

nog tof! En Nico De Storme, bedankt om mij te begeleiden bij mijn eerste stapjes in de wereld van de 

flow cytometrie. 

Verder wil ik iedereen van de vakgroep Moleculaire Biotechnologie bedanken voor de leuke 

traktaties, bbq’s, quizzen of gewoon een babbeltje in de gang.  

Een aantal mensen wil ik toch nog specifiek bedanken. Sarah, mijn knuffelbeer! Merci voor alle leuke 

momenten en je luisterend oor! Annelien, je zorgt voor mij als geen ander! Bedankt voor alle leuke 

avonden, delhaize-uitstappen, zwempartijen en vooral om mij tijdens het schrijven van een 

koekjesvoorraad te voorzien! Stefanie, ik vond het echt tof dat je bij ons in de bureau zat. Altijd 

bereid om een babbeltje te slaan of te luisteren, maar vooral heel veel te lachen, merci!  

Fien en Sofie, bedankt om altijd te zorgen voor de dingen waar ik niet aan denk en dat altijd met de 

glimlach :-). Lander, de quizmaster, je bent de liefheid zelve. Merci voor de oppepbriefjes, je wist 

altijd een glimlach op mijn gezicht te toveren. Katrien, jij zotte doze! Ik vond het echt de max om bij 

jou te zitten schrijven. Wanneer huppelen we nog eens door de gang? Tom, merci om mij te helpen 

met mijn foto’s van mijn plantjes, microscopie en ook deze cover. Je valt echt heel goed mee voor 

een Limburger :-). Tobias, altijd gehaast en zo gefocust :-). Merci voor de leuke babbels tijdens onze 

treinritten. Pieter, ik ben blij dat je uw draai gevonden hebt. Wanneer spreken we nog eens af om te 

lunchen? Winnok, gij zijt de max! Merci om mij zo veel te helpen aan de microscoop en voor onze 

leuke babbels. Ik vind het echt tof dat je zo onnozel kunt zijn in combinatie met al je intelligentie (je 

zit in mijn jury é). Ik zal je vettige lach missen ;-). En Birger, ook al zit je al twee jaar aan de andere 

kant van de wereld, je herinnering is levendig en wel. Merci om altijd te springen als ik belde met een 

probleem aan de microscoop! En de feestjes zijn niet meer hetzelfde zonder jou :-p. 

  



 

197 
 

Daarnaast wil ik ook heel wat mensen bedanken die er voor zorgden dat ik ook nog met andere 

dingen ben bezig geweest de afgelopen jaren. Bedankt Chris, Eline, Wouter, Pieter en Eline voor de 

leuke skireisjes, Sandra, Kevin en Wouter voor de zotte reizen en ook Griet voor de even zotte reizen 

:-). Speciale dank voor mijn Gentse vriendjes, voor de leuke etentjes, feestjes, spelletjesavonden, ... 

en aan al de rest die ik nu niet vermeld om ervoor te zorgen dat ik mij heb geamuseerd! 

Merci Evelien, mijn kleine zug, voor de aliasavonden en de leuke turnuitstapjes. Ten slotte wil ik mijn 

mama en papa bedanken voor alle kansen en mogelijkheden die jullie mij hebben gegeven. Zonder 

jullie zou ik nu hier niet staan, bedankt! 

 

 

Annelies Delporte 

November 2013  



 

198 
 

 



 

 
 

 

 

 

 

 

 

 

 

Curriculum vitae 

  



Curriculum vitae 

200 
 

Personalia 

Name:    Delporte Annelies 

Address:   Moerstraat 78, 8560 Wevelgem 

Current work address:  Coupure Links 653, 9000 Gent 

Telephone:   +32 474 814723 

E-mail:    delporteannelies@hotmail.com 

Date of birth:   27/12/1985 

Place of birth:   Kortrijk 

Nationality:   Belgian 

Civil status:   not married 

 

Education 

2009-2013 

 Doctoral schools training program: Bioscience engineering  

2007-2009 

 Master of Science in Bio-engineering sciences: cell- and gene biotechnology 

Ghent Univeristy 

 2003-2007 

 Master of Science in Industrial sciences: chemistry option biochemistry 

PIH Kortrijk 

1997-2003 

 Sciences-Mathematics (8) 

 Sint Aloysiuscollege Menen 

  

mailto:delporteannelies@hotmail.com


Curriculum vitae 

201 
 

Experience 

2006-2007 

 Master thesis: “Lokalisatie en identificatie van genen verantwoordelijk voor osteoporose.”

 Centrum Medische Genetica UZ Gent 

2008-2009 

Master thesis: “Kloneren en knock-out van het ALG3 gen in N. benthamiana.” Bayer 

Cropscience Technologiepark Zwijnaarde 

2009-2013 

 PhD thesis: 

  “Expression and nuclear interacting partners of the tobacco lectin.” 

Department of Molecular Biotechnology, Lab. of Biochemistry and Glycobiology 

(Prof. Dr. Els J.M. Van Damme), Ghent University  

Supervision of students during their thesis: 

Céline Alonso Granados (2010-2011), “Co-localization and interaction studies of 

NICTABA and histone proteins.” 

Sofie Van Holle (2011-2012), “Expressie-analyse van de Nictabapromoter in tabak.” 

Jeroen De Zaeytijd (2012-2013), “Studie van de interactie tussen Nictaba en O-

GlcNAc gemodificeerde histonen in tabak.” 

 

International training 

19-25 August 2012 

Wellcome Trust Advanced Course: Protein Interactions and Networks 

Hinxton, Cambridge, UK  

 

  



Curriculum vitae 

202 
 

Publications with peer review 

Delporte A., Lannoo N., Vandenborre G., Ongenaert M., Van Damme E.J.M., Jasmonate response of 

the Nicotiana tabacum agglutinin promoter in Arabidopsis thaliana, Plant Physiol. Biochem. 49 

(2011) 843-851. 

Delporte A., Van Holle S., Van Damme E.J.M., Qualitative and quantitative analysis of the Nictaba 

promoter activity during development in Nicotiana tabacum, Plant Physiol. Biochem. 67 (2013) 162-

168. 

Delporte A., Van Holle S., Lannoo N., Van Damme E.J.M., The tobacco lectin, prototype of the family 

of Nictaba-related proteins, Curr. Protein Pept. Sci., in press. 

Meetings 

Meetings with poster presentation 

 Keystone Symposia: Receptors and signaling in plant development and biotic interactions. 

Tahoe City, California, USA. March 14-19, 2010.  

  “The jasmonate-inducible NICTABA protein and its homologs “ 

Van Damme E.J.M., Lannoo N., Schouppe D., Vandenborre G., Delporte A. 

 The 21st Joint Glycobiology Meeting, Annual Conference of The Society for Glycobiology, 

Gent, 7-10 November 2010. 

“Characterization of the promoter of the jasmonate-inducible lectin gene NICTABA using a 

GUS gene reporter system” 

Delporte A.,  Lannoo N., Vandenborre G., Van Damme E.J.M. 

 EMBL conference series – Chromatin and epigenetics, Heidelberg, 1-5 June 2011. 

“In planta interaction of the tobacco lectin with histone proteins” 

Schouppe D., Delporte A., De Vos W.H., Van Damme E.J.M. 

 Keystone Symposia: Nuclear events in Plant Gene Expression and Signaling. Taos, New 

Mexico, USA. March 6-11, 2012. 

“The sweet side of histone proteins: interaction with lectins” 

Van Damme E.J.M., Delporte A., Eggermont L., Lannoo N. 

 The 23rd International Conference on Arabidopsis Research, Vienna, 3-7 July. 

“Lectin-histone interactions in the plant cell nucleus” 

Eggermont L., Delporte A., Van Damme E.J.M. 

Meetings without presentation 

 Joint meeting COST action/Groupe de Contact FNRS Proteomique 

“Systems biology and Omic approaches” 

May 7th, 2010 at Namur 

 Advanced Light Microscopy Symposium 

September 23-24, 2012 at Ghent 

 Belgian Society of Biochemistry and Molecular Biology 

" Proteomics and interactomics in signaling networks "  

May 25th, 2012 at the University of Ghent 



 

 
 

 

 


