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ABSTRACT 

ii 

 

ABSTRACT 

 The Arabidopsis thaliana genome contains genes encoding 10 MAP kinase kinase 

(MKK) and 20 Map kinase (MAPK) proteins, however the exact relationship between 

upstream MKK activators and downstream MAPK protein partners has not fully 

elucidated. In this study, the yeast two -hybrid system was used to identify protein-

protein interactions between all Arabidopsis MAPKs and MKKs. In the yeast two- 

hybrid assay, the result from the qualitative β-galactosidase filter assay showed that 6 

MAPK proteins interacted with 6 MKK proteins. Quantitative β-galactosidase liquid 

assay was used to confirm the interactions between MAPK and MKK in yeast.  

 

 The BiFC approach was used to test whether MKK1, MKK2 and MKK6 associated 

with MPK4 and MPK11 in vivo in Arabidopsis. In these assays, GFP fluorescence was 

observed in the protoplasts suggesting that MKK1, MKK2 and MKK6 interact with 

MPK4 and MPK11, respectively. However, evidence of reciprocal interaction was only 

seen with the combination of MKK1 and MPK11, and with MKK2 and MPK11. This 

contrasts with the findings seen using the yeast two-hybrid system in which reciprocal 

activity was seen for all combinations of MKK1, MKK2 or MKK6 with MPK4 or 

MPK11. Furthermore, the negative controls for BiFC (spilt GFP with no fusions 

partners) gave strong fluorescence, indicative of non-specific interaction between the 

split GFP.   

 

 Since MPK4 is known to be an important regulator of plant stress responses, MPK11 

(similar in sequence to MPK4) might also be involved in such responses. Therefore, a 

knock-out allele of MPK11 was obtained and analysed on a molecular and physiological 

basis. Seed germination experiments showed that no differences between the 

germination of the wildtype and the mpk11 mutant by increasing levels of salt however 

seed germination experiments showed that seedling of mpk11 mutant are hypersensitive 

to ABA during germination. To aid further understanding on the function of MPK11 

and the relationship between MPK11 and interacting activators, HA-epitope tagged 

cDNA for MPK11 was introduced into Arabidopsis Columbia Wildtype, mpk11, mkk1 

and mkk2. Results from Western blot analysis indicated that several lines from each 

transformant produced detectable levels of MPK11-HA, thus generating tools for 

further analysis. 
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1.1 Arabidopsis thaliana 

 

 Arabidopsis thaliana is a small weed and a member of the cabbage family 

(Brassicaceae) (Fig. 1.1). This species is the preferred model organism for the study of 

plants due to the small genome size (125 Mb of DNA), short life cycle (6 weeks), and 

also because it is easy to induce mutations and to carry out techniques of molecular 

biology on this species (Lack and Evans, 2001).  

 

Figure 1.1:  Arabidopsis thaliana (taken from Alberts et al., 1994). 
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 Information obtained from the Arabidopsis genome provides a framework for a unified 

nomenclature and for the assembly and determination of the function of MAPK-

signaling pathways (Jonak et al., 2002). Mitogen-activated protein kinase (MAPK) 

cascades are universal signal transduction pathways associated with various 

physiological, developmental and hormonal responses and completion of Arabidopsis 

genome-sequencing project has revealed the existence of genes encoding 20 MAP 

kinases (MAPKs), 10 MAPK kinases (MKKs) and over 60 MAPK kinase kinases 

(MEKKs) (Ichimura et al., 2002)  

 

1.2 The MAP kinase cascades 

 

 The first MAP (Mitogen Activated Protein) kinase (MAPK) was discovered in 1986 by 

Sturgill and Ray when this protein was isolated from insulin treated 3T3-L1 mammalian 

cells. This protein has the ability to phosphorylate microtubule associated protein-2 

(MAP-2)(Sturgill and Ray, 1986, Ray and Sturgill, 1988), has been named p42 MAP 

kinase (Rossomando et al., 1989) and is activated by phosphorylation of both threonine 

and tyrosine  (Anderson et al., 1990). The MAP kinases are serine/threonine protein 

kinases that are found in all eukaryotes and in the simplest form consist of the three 

protein kinases MEKK, MKK, and MAPK (Hirt, 1997).  

 

 MAP kinase cascades play a pivotal role in many different eukaryotic organisms from 

yeast, through Dictyostelium, Drosophila, and  Caenorhabditis to mammals and also 

plants (reviewed Morris, 2001). These cascades are basic signaling tools conserved in 

all eukaryotes and involved in various processes, like cell growth and growth arrest, cell 

differentiation, cell cycle regulation, stress responses, apoptosis and action of some 

plant hormones such as ethylene and auxin. MAPK cascades are conserved signaling 

mechanisms as among higher plants the MAPKs and MKKs mechanistically behave 

like their homologues in animals and yeast (Ichimura et al., 2002).  According to Finley 

(2005) signal transduction pathways consist of networks of interacting proteins that 

convert an extracellular signal into changes in a cellular process such as transcription or 

replication. Fig. 1.2 showed the set of three functionally interlinked protein kinases 

forms the basic module of a MAPK pathway.   
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Fig 1.2: The MAP kinase (MAPK) signal transduction cascade. An extracellular signal is 

received by a receptor. Activation of the MAP kinase module (MEKK, MEK and MAPK) by 

the receptor may occur via several intermediate steps and by different routes. The active MAPK 

may allow the activation of other protein kinases, catalyse the phosphorylation of cytoskeletal 

components or be translocated to the nucleus and activate transcription factors. Arrows indicate 

activation (adapted from Hirt, 1997).   
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1.2.1 MAPKs 

 

 Arabidopsis MAPKs can be grouped into four groups based on analysis of amino acid 

sequences. Group A consists of three members, MPK3, MPK6 and MPK10. Group B 

consists of five members, MPK4, MPK5, MPK11, MPK12 and MPK13. Group C 

consists of four members, MPK1, MPK2, MPK7 and MPK14. Group D has eight 

members, MPK8, MPK9 MPK15, MPK16, MPK17, MPK18, MPK19 and MPK20 

(Ichimura et al., 2002). MAPKs of group A appear to be mostly involved in 

environmental and hormonal responses whereas some of the MAPKs of group B are 

involved in cell cycle regulation and some are involved in environmental stress 

responses (Zhang et al., 2006). Currently little is known about the functions of MAPKs 

in group C and group D (Zhang et al., 2006). 

 

 Arabidopsis MAPKs have a conserved activation motif (TXY) which is classified into 

two subtypes: i) those containing the amino acid motif TEY (Groups A, B and C) at the 

phosphorylation site; ii) those with the amino acid motif TDY (Group D) (Ichimura et 

al., 2002). MAPKs for Groups A and B possess a well defined CD domain in their C-

terminal extension however the CD domain in Group C appears to be modified, and no 

CD domain is to be recognised in Group D sequences (Ichimura et al. 2002). The CD 

domain is explained further in the section on docking sites (1.3.1). MAPKs are 

phosphorylated and activated by MKKs on the threonine and tyrosine residues in the T-

X-Y motif and then thus activated MAPKs phosphorylate a variety of substrates 

including transcription factors, protein kinases and cytoskeletal proteins (Jonak et al., 

2002; Nakagami et al., 2005). Fig. 1.3 shows the categorization of  MAPKs in plants.  
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Figure l.3: Categorization of plant MAPKs. Prefixes are used to identify the species, At: 

Arabidopsis thaliana; As: Avena sativa (wild oats); Ca: Capsicum annuum (sweet and 
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hot chili); Car: Cicer arietinum (chickpea); Ee: Euphorbia esula (green spurge); Ib: 

Ipomoea batatas (sweet potato); Ms: Medicago sativa (alfalfa); Nt: Nicotiana tabacum 

(tobacco); Os: Oryza sativa (rice); Pa: Prunus armeniaca (apricot); Pc: Petroselinum 

crispum (garden parsley); Ph: Petunia x hybrida (petunias); Ps: Pisum sativum (garden 

pea); Ta: Triticum aestivum (bread wheat); Zm: Zea mays (maize) (taken from  

Ichimura et al., 2002).     

 

1.2.2 MKKs 

 

 Analysis of the Arabidopsis MKK protein sequences revealed four different groups. 

Group A comprised of three members, MKK1, MKK2 and MKK6. Group B only has 

one member, MKK3. Group C consists of two members, MKK4 and MKK5 whereas 

Group D has four members, MKK7, MKK8, MKK9 and MKK10. The consensus 

activation sequence of the plant MKKs is S/TxxxxxS/T and it is different from that of 

mammalian kinases which is S/TxxxS/T. In MKK10 this consensus is modified because 

three of the amino acid residues are deleted in this region (Ichimura et al., 2002). The 

extended C-terminus region of MKK3 has an unusual structural feature consists of a 

nuclear transport factor 2 (NTF2) domain (Ichimura et al., 2002) which has been shown 

to be essential for the import of the RanGDP protein into the nucleus (Quimby et al., 

2000). 

  

 In Arabidopsis MKK1 is involved in wounding and abiotic stress (Matsuoka et al., 

2002) and also in defense responses (Meszaros et al., 2006) and MKK2 is involved in 

cold and stress responses (Teige et al., 2004). MKK3 has roles in jasmonate-mediated 

developmental signaling (Takahashi et al., 2007). MKK3, MKK4 and MKK5 are 

involved in pathogen signaling (Doczi et al., 2007; Asai et al., 2002). Studies by 

Takahasi et al. (2007) noted that MKK4 and MKK5 function in the stomatal 

development and MKK6 is involved in cell division (Soyano et al., 2003). MKK7 is 

involved in generating the mobile signal of systemic acquired resistance (Zhang et al., 

2007) and also function as an inhibitor of polar auxin transport (Zhang et al., 2008). 

MKK9 is involved in ethylene and camalexin biosynthesis, and enhanced sensitivity to 

salt stress (Xu et al., 2008).  
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 Recently studies by Zhou et al. (2009) found that MPK6 can be activated by MKK9 

and the MKK9-MPK6 cascade plays an important role in the regulation of leaf 

senescence, as knocking out MKK9 or MPK6 delayed the leaf senescence. No 

information is currently available on the expression and function of MKK8 and MKK10 

(Ichimura et al., 2002). Fig. 1.4 shows the categorization of MKKs in plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure l.4: Categorization of plant MKKs. Prefixes are used to identify the species, At: 

Arabidopsis thaliana; Le: Lycopersicon esculentum (tomato); Ms: Medicago sativa 

(alfalfa); Nt: Nicotiana tabacum (tobacco); Os: Oryza sativa (rice); Zm: Zea mays 

(maize) (taken from Ichimura et al., 2002).     
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1.2.3 MEKKs 

 

 According to Ichimura et al. (2002) Arabidopsis MEKKs can be divided (based on 

amino acid sequence) into two main classes: i) MEKKs such as MEKK1 ii) the RAF-

like MEKK. Alternatively, the MEKKs have been divided into three groups; Group A, 

B and C. MEKK1 is representative of the members of group A. The expression of 

MEKK1 is enhanced by drought, high salinity and touch (Mizoguchi et al., 1996) and 

this protein is upstream of MPK4, MKK1 and MKK2 (Ichimura et al., 1998a; 

Mizoguchi et al., 1998). Group B and group C are related to the RAF kinases. CTR1 

(Kieber et al., 1993) and EDR1 (Frye et al., 2001) are the members of Group B and are 

involved in ethylene and disease resistance signaling, respectively. The only two 

Arabidopsis members of Group C are ATN1 and ATMRK1 (Tregear et al., 1996; 

Ichimura et al., 1997). The biological function of group C still unknown.  Alternatively, 

Champion et al. (2004) divided MEKKs into three main subgroups: MEKK 

(MAPK/ERK kinase kinase) for which there is functional evidence that they act as 

MAP3Ks in planta, the Raf-like and ZIK-like subgroups for which the only functional 

evidence comes from non-plant systems. Plant MEKKs often contain long N- or C-

terminal regions that might function in regulation or scaffolding to recruit MKKs and 

MAPKs, or integration of the input signals. 

 

1.3 Protein phosphorylation in  MAP kinase cascades 

  

 In living organisms including plants, protein phosphorylation is the most important 

mechanism for controlling many fundamental cellular processes (Mishra et al., 2006). 

Plant genomes encode more than 1000 protein kinases and about 10% of these kinases 

are involved in MAPK pathways (Van Bentem et al., 2008) which as noted, in 

Arabidopsis contains more than 60 MEKKs, 10 MKKs and 20 MAPKs. Activated 

MAPKs phosphorylate their targets including transcription factors, other kinases and 

other enzymes and after that they will be dephosphorylated and deactivated by protein 

phosphatase such as MKPs (MAPK phosphatases) (Keyse, 2000). In animals the 

phosphorylation targets of activated MAP kinases include both nuclear and cytosolic 

proteins, including upstream elements of the MAP kinase cascade indicating feed-back 

regulation of the pathway. Target specificity is determined at least in part through 

docking domains in the substrate protein (Sharrocks et al., 2000).   
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 Rapid phosphorylation and activation of MAPKs in the cells follows stimulation by 

hormones, growth factors, cytokines and environmental stress whereupon MAPKs are 

translocated to the nucleus where they phosphorylate and activate transcriptions factors 

in order to regulate gene expression. Activated MAPKs also induce expression of genes 

that encode a family of MAPK phosphatases (MKPs) that dephosphorylate and 

inactivate MAPKs, thus forming a negative feedback mechanism (Farooq et al., 2001). 

Interactions between kinases within a MAPK cascade can occur through docking sites 

presents in the kinases and/or with the help of external scaffolding proteins (reviewed 

by Colcombet and Hirt, 2008). These proteins assist in MAPK activation by binding 

MAPKs and other components of the cascade (Bardwell, 2006). In yeast two-hybrid 

assays, the N-terminal regulatory domain of MEKK1 interacts with MPK4 indicating 

that MEKK1 may act as a scaffold to establish specific phosphorylation relays for the 

MEKK1-MKK1/MKK2-MPK4 cascade (Mizoguchi et al., 1998; Ichimura et al., 

1998a). There are two MAP-kinase pathways-scaffold proteins identified in 

Saccharomyces cerevisiae: i) Ste5p, the pheromone mating-response pathway; ii) 

Pbs2p, the osmoregulatory pathway (Whitmarsh and Davis, 1998). 

 

1.3.1 Docking site  

 

 Tanoue et al. (2000) reported that MAPKs have a docking site called the CD (common 

docking) domain which is utilized commonly for docking interactions with MKKs, 

phosphatases and protein substrates and contains a consensus amino acid sequence 

[LH][LHY]Dxx[DE]xx[DE]EPxC. This site increases efficiency of substrate 

phosphorylation by providing specificity (Sharrocks et al., 2000; Enslen and Davis, 

2001; Bardwell, 2006). On MAPK interacting proteins, there is a short conserved amino 

acid stretch called the ‘D-site’ that binds to cognate docking regions (CD) on MAPKs to 

promote efficient enzymic transactions involving MAPKs, including MAPK activation, 

MAPK substrate phosphorylation and MAPK dephosphorylation (Bardwell, 2006). ‘D-

sites’ in MKKs are found in the N-terminal of the protein and this site is important to 

tether their cognate MAPK near the MKK kinase domain in vivo (Grewal et al., 2006). 

Table 1.1 shows the alignment of ‘D-site’ MAPK-docking sites in N-terminal of MKKs 

in Arabidopsis thaliana. Fig. 1.5 shows a model of tethering by MAPK-docking sites.   
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Table 1.1: Alignment for presumptive ‘D-site’ MAPK-docking sites in N-terminal of 

MKKs in Arabidopsis thaliana. Residues matching the consensus sequence are 

underlined. ++++ = basic residues in the N-terminal of MKKs. φxφ = conserved 

hydrophobic residues.   

 

       ++++XXXXXXφxφ 

MKKs 
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MKK2 
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Figure 1.5: Tethering by MAPK-docking sites 

(A) Docking of MKK and MAPK during the process of MAPK activation. 

(B) Docking of MAPK and a substrate during substrate phosphorylation (adapted from  

      Bardwell, 2006). D is the docking site on the substrate. 
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1.4 The functions of MAP kinase pathways in Arabidopsis thaliana 

 

 It is suggested that MKKs in Arabidopsis act as convergence points of upstream 

MEKKs and as bifurcation points for activation of MAPKs because signal perceived by 

MKKs form over 60 MEKKs need to be transmitted through the 10 MKKs to 20 

MAPKs (Hwa and Yang, 2008). MAPKs play an important role in the response to a 

broad variety of abiotic and biotic stresses (Zhang et al., 2006). The most widely 

described functions of MAPKs in Arabidopsis are related to plant defense responses 

(Hwa and Yang, 2008). In Arabidopsis, MPK3, MPK4 and MPK6 in particular had 

been widely studied and are activated by diverse set of stresses, including pathogens, 

osmotic, cold, and oxidative stress (Ichimura et al., 2000; Kovtun et al., 2000; Nuhse et 

al., 2000; Petersen et al., 2000; Morris, 2001; Romeis, 2001; Tena et al., 2001; Asai et 

al., 2002; Desikan et al., 2001; Droillard et al., 2002; Colcombet and Hirt, 2008). Plant 

MAP kinase pathways are complex as there may be an element of cross-talk such that 

several MAPK cascades component are activated by more than one type of abiotic and 

biotic stress in plant (Zhang et al., 2006).                                                                                                                                            

          

1.4.1 MAPK cascades in abiotic stress signalling  

 

 Abiotic stresses are those such as high and low temperature, drought, ozone, UV light, 

salinity and osmotic stress (Zhang et al., 2006). There are as yet only a few descriptions 

of MAPK signal transduction cascades in response to abiotic stress in plants. Two MKK 

proteins, MKK1 (Morris et al., 1997) and MKK2 (Ichimura et al., 1998a), have been 

shown to phosphorylate MPK4 or both MPK4 and MPK6 under salt stress in vivo, 

respectively (Matsuoka et al., 2002; Teige et al., 2004). Meanwhile studies by Ichimura 

et al. (2000) found that MPK4 and MPK6 are both activated by low temperature, low 

humidity, osmotic stress, touch and wounding but the kinetics of activation of MPK4 

and MPK6 differ and they are thought be governed by different signal transduction 

pathway responding to these environmental stresses.  For example in low temperatures 

MPK4 was fully activated at 60 min whereas MPK6 was activated after only 10 min 

(Ichimura et al., 2000).  
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 MPK4 and MPK6 are classified in different groups; MPK4 interacts with MEKK1, 

MKK1 and MKK2 but MPK6 does not (Ichimura et al., 1998a). As shown by 

Mizoguchi et al. (1996) salt and cold stress can up-regulate the expression of the 

MEKK1 gene and MEKK1 has been shown to interact with MKK1 and MKK2 by using 

yeast two-hybrid assays (Mizoguchi et al., 1998; Ichimura et al., 1998a). Teige et al. 

(2004) also found that MKK2 was activated by cold and salt stress and by stress-

induced MEKK1 in Arabidopsis protoplasts. Teige et al. (2004) found that MKK2 is an 

upstream activator of both MPK4 and MPK6 and plays a critical role in the cold and 

salt stress response in Arabidopsis, however does not mediate activation of these 

MAPKs by the microbial elicitors flagellin and laminarin. 

 

 Wounding is an abiotic stress, which may be caused by mechanical injury, pathogen or 

herbivore attack, and will trigger defense systems in plants (Jonak et al., 1997). Morris 

et al (1997) showed that the gene expression of MKK1 is up-regulated by wounding. 

The role of MKK1 in wounding signalling was confirmed by Matsuoka et al. (2002). 

Analysis of MKK1 using a specific antibody revealed that multiple abiotic stresses such 

as wounding, cold, drought and high salt stress activated MKK1, which activates its 

downstream target MPK4 (Matsuoka et al., 2002).  

 

1.4.2 MAPK cascades in biotic stress signalling  

 

 Biotic factors consists of wide range of pathogens such as fungi, bacteria, protozoa, 

viruses and nematodes and plants have developed specific mechanisms to survive from 

these pathogens, such as the expression of specific sets of genes that result in changes in 

the composition of the major cell components (Lucas, 1998; Munnik and Meijer, 2001). 

Plant pathogens are generally divided into necrotrophs and biotrophs according to their 

lifestyles where necrotrophs first destroy host cells often through the production of 

phytotoxins, after they feed on the contents. Biotrophs derive nutrients from living host 

tissues through specialized feeding structure (haustoria) that invaginate the host cell 

without disrupting it. Many of plant pathogens display both lifestyles, depending on the 

stage of their life cycle and are called hemibiotrophs (reviewed by Pieterse et al., 2009).  

 

 

 

 



CHAPTER 1                                                                                          INTRODUCTION  

15 

 

 Plant adaptation and survival depends on the responses to stress signals through MAPK 

cascade-mediated signalling, which is an essential step in the establishment of 

resistance to pathogens (reviewed by Pitzshke  et al., 2009). Plants have innate defense 

mechanisms to battle against microbial pathogens (Jones and Takemoto, 2004). Plants 

must first recognise the pathogens, and they do so by detection of pathogen derived 

compounds such as flagellin, chitin, glycoproteins and lipopolysaccharides which are 

referred to as pathogen-associated molecular patterns (PAMPs) (Jones and Dangl, 2006; 

Gohre and Robatzek, 2008; Chisholm et al., 2006). PAMPs initiate the activation of a 

basal resistance called PAMP-triggered immunity (PTI) through activation of pattern-

recognition receptors (PRRs), which results in local and systemic resistance to 

pathogens through, for example, systemic acquired resistance (SAR) (Jones and Dangl, 

2006; Chisholm et al., 2006). But successful pathogens have effector molecules that can 

suppress PTI and result in effector-triggered susceptibility (ETS), as effector proteins 

are delivered directly into the host cell by type III secretion system of the pathogen 

(He,1998; Nurnberger et al., 2004). In turn, plants express resistance (R) proteins that 

recognize the effector molecules and results in a secondary immune response called 

effector-triggered immunity (ETI) (Jones and Dangl, 2006; Chisholm et al., 2006).  

 

 The protein product from disease resistance (R) genes are responsible for recognition of 

the specific avirulence (avr) gene products or derivatives in plants (Ryal et al., 1994; 

(Martin, 1999; Dangl and Jones., 2001; Tian et al., 2003; Jones and Dangl, 2006). ETI 

triggers a defense mechanism known as the hypersensitivity response (HR) to limit 

pathogen growth (Dangl and Jones, 2001; Heath, 2000, Martin et al., 2003). HR is 

genetically regulated and is a form of programmed cell death (PCD; Dangl et al., 1996). 

HR at the site of infection can also activate SAR, which provides protection against a 

broad spectrum of pathogens throughout the plant (Durrant and Dong, 2004; Ryals et 

al., 1996). SAR requires the signal molecule salicylic acid (SA), to induce the 

accumulation of pathogenesis-related (PR) proteins (Malamy et al., 1990; Van Loon 

and Van Strien, 1999). SA synthesised by plants is essential for the establishment of 

both local and systemic acquired resistance (SAR) (Loake and Grant, 2007).  
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 SA application also induces accumulation of pathogenesis-related (PR) proteins. SA-

related mutations, leading to either reduced SA production or impaired SA perception 

enhance susceptibility to avirulent and virulent pathogens (Loake and Grant, 2007). 

Pathogen-induced hypersensitive response (HR) and associated SA-dependent signaling 

pathways generally provide defense effective against biotrophic pathogens that feed on 

living host tissues (Xu et al., 2006). Fig. 1.6 shows the pathway for SAR. 

 

 

 

Figure 1.6: Conceptual model for the pathway leading to the establishment of SAR 

(adapted from Ryals et al., 1994).   

 

 In contrast to SA-mediated defense mechanisms, ethylene (ET)-and jasmonate (JA)-

mediated signalling pathways often induce plant defense against necrotrophic pathogens 

that promote host cell death at early stages of infection (Glazebrook, 2005). SA-

mediated and JA/ET -mediated defense signaling pathways act in antagonist manner 

(Kunkel and Brooks, 2002). The interaction between ET and JA signaling is generally  
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synergistic (reviewed by Pieterse et al., 2009). For example, the regulation of the 

Arabidopsis plant defensin gene (PDF1.2) requires concomitant activation of the JA 

and ET response pathways (Penninckx et al., 1998). However there are some 

contradictory reports showing negative interactions between ET and JA pathways such 

as in ozone-induced oxidative cell death in Arabidopsis (Overmyer et al., 2000; 

Tuominen et al., 2004) and in wounding response (Lorenzo et al., 2004; Rojo et al., 
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 The most recent insights into MAPK-mediated pathogen defence response regulation 

focus on the cascades involving MPK3, MPK4 and MPK6 (Pitzschke et al., 2009). In 

Arabidopsis, MPK3, MPK4 and MPK6 are activated by flg22 (a synthetic 22-amino-

acid peptide from a conserved flagellin domain) and other PAMPs (Droillard et al., 

2004; Meszaros et al., 2006). This activation occurs within 5 min of treatment, even in 

the presence of the translation inhibitor cycloheximide, indicating a direct link between 

receptors and initiation of the MAPK signalling pathways (Asai et al., 2002).  

 

 Transposon inactivation of the Arabidopsis MAP kinase 4 produced the mpk4 mutant 

which exhibits constitutive systemic acquired resistance (SAR), including elevated 

salicylic acid (SA) levels, increased resistance to virulent pathogens, and constitutive 

pathogenesis-related gene expression shown by northern and microarray hybridizations. 

MPK4 kinase activity is required to repress SAR, thus MPK4 also acts as negative 

regulator of SA-mediated defences (Petersen et al., 2000).  JA-mediated resistance by 

contrast, depends on MPK4 as mpk4 mutants do not express JA-dependent defense 

genes in respond to exogenous JA. The MKS1 (MPK4 substrate 1) and two WRKY 

type transcription factors (WRK25 and WRK33) are known targets of MPK4 

(Andreasson et al., 2005). WRKY proteins constitute a large family of transcription 

factors in plants. They bind W-box sequences in the promoters of pathogen-induced 

genes, including WRKY genes themselves (Rushton and Somssich, 1998). Using a loss-

of-function approach in Arabidopsis, it has been shown that MPK6 also plays a role in 

resistance to certain pathogens as it positively regulates the JA-induced gene VSP1 (the 

gene encoding the pathogen-inducible vegetative storage protein1) (Menke et al., 2004). 

 

 Involvement of MAP kinase pathways in plant pathogen defense has also been 

demonstrated at the MKK level. Studies by Meszaros et al. (2006) found that MPK4 is 

phosphorylated and activated by MKK1 in cells treated with flg22 in vitro and in vivo  
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by using 1 µM of flg22 whereas in mkk1 mutant plants, the activation by flg22 of MPK4 

and two other flg-induced MPKs (MPK3 and MPK6) is impaired. Studies by Brader et 

al. (2007) found that Arabidopsis MKK2 is involved in regulating hormone levels in 

response to pathogens, as after 24 and 48 hours infected by Pseudomonas syringae pv. 

tomato DC3000, MKK2-EE plants showed a reduction in the increase of JA and SA 

levels. The constitutively active MKK2 allele MKK2-EE was generated by changing 

the putative phosphorylation sites from threonine to glutamic acid residues which 

mimics the effect of phosphorylation, and plants containing this construct activate 

downstream MAP kinases (MPK4) in the absence of any external stimulation.  

 

 Qiu et al. (2008) found that the Arabidopsis MKK1 and MKK2 have a partially 

redundant and overlapping function. These two MKKs have been implicated in biotic 

and abiotic stress response in signalling cascades that includes MEKK1 and MPK4. The 

double loss-of-function mutant (mkk1/2) of MKK1 and MKK2 was shown to have 

marked phenotypes in development and disease resistance similar to those of the single 

mekk1 (Su et al., 2007) and mpk4 (Petersen et al., 2000) mutants. MKK7 positively 

regulates plant basal resistance and SAR. The activation tagged bud1 (bushy and dwarf 

1, Dai et al. 2006)  mutant, in which the expression of MKK7 is increased, accumulates 

elevated levels of salicylic acid (SA), exhibit constitutive pathogenesis-related (PR) 

gene expression, and displays enhanced resistance to both Pseudomonas syringae pv. 

maculicola (Psm) ES4326 and Hyaloperonospora parasitica Noco2 (Zhang et al., 

2007). Xu et al. (2008) demonstrate that MKK9 is an upstream activator of MPK3 and 

MPK6 both in vitro and in planta. The expression of constitutively active MKK9 

protein in transgenic plants induces the synthesis of ethylene and camalexin through the 

activation of the endogenous MPK3 and MPK6 kinases. The active MKK9 was created 

by mutating Thr-201 and Ser-206 to Aspartic acid which results in a constitutively 

active MKK9 and mimics the effect of phosphorylation. Camalexin is the major of 

phytoalexin in Arabidopsis (Ren et al., 2008). Phytoalexins are antimicrobial 

components produced by plants after exposure to pathogens (Dixon, 2001; 

Hammerschmidt, 1999). 
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1.4.3 MAPK cascades and hormone signalling 

 

 This section will discuss the role of MAPK pathways in hormone signalling (abscisic 

acid (ABA), ethylene and auxin) in Arabidopsis. SA and JA have already been 

discussed earlier in the context of plant defense. ABA is one of the phytohormones 

involved in responses to drought, low temperature and osmotic stress (Fujita et al., 

2006). In Arabidopsis, the phenotype of an mkk9-1 loss-of-function mutant revealed that 

it was less sensitive than wild type to ABA and more tolerant to salt and osmotic stress 

during germination (Alzwiy and Morris, 2007). Biochemical and reverse genetic 

analyses indicated that MKK3 is involved in the salt stress response and is a component 

of ABA signalling pathway in Arabidopsis as plants over expressing MKK3 exhibited 

an enhance tolerance to salt and were more sensitive to ABA (Hwa and Yang, 2008). In 

the same studies they also found that the MAPK mutants MPK1 or MPK2 were also 

more sensitive to ABA. The gene expression of MKK3, MPK1 and MPK2 was induced 

by ABA or stress treatments. These data showed that in Arabidopsis some elements of 

the ABA signal may be transmitted through a MAPK cascade and could be amplified 

through MPK1 and MPK2 for increasing salt tolerance (Hwa and Yang, 2008). Jammes 

et al. (2009) found that in guard cells of Arabidopsis, ABA signalling is mediated by 

reactive oxygen species (ROS) and both MPK9 and MPK12 positively regulate ROS 

mediated ABA signalling in Arabidopsis.  

 

 Ethylene is a gaseous hormone. It is involved in many physiological and developmental 

processes, such as stimulation of the release of dormancy, and stimulation of the shoot 

and root growth and differentiation (Zhang et al., 2006). The signal transduction 

pathway of ethylene in Arabidopsis include five receptors in the two ETR and ERS 

families, these are histidine protein kinases. Downstream of these receptors is a negative 

regulator CTR1 which closely resembles members of the Raf protein kinase family (Raf 

is a MAPKKK) (Kieber et al., 1993). The biosynthesis of ethylene also appears to be 

regulated through MAPK pathways. Liu and Zhang (2004) found that isoforms of 1-

aminocyclopropane-1-carboxylic acid synthase (ACS), the rate-limiting enzyme of 

ethylene biosynthesis, are substrates of MPK6 and phosphorylation of ACS2 and ACS6 

by MPK6 increases the enzyme activity of ACS. In this study they also found that 

MKK4 and MKK5 can activate MPK6.  
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 Auxin is an essential plant hormone that regulates diverse processes, such as              

development of vascular tissue, formation of root, cell division and expansion, 

embryogenesis, and leaf patterning, tropism and reproduction (Abel and Theologis, 

1996; Zhang et al., 2006). Studies by Kovtun et al. (2000) found that expression of the 

constitutively active MEKKs, ANP1, ANP2 and ANP3 (proteins lacking the 

autoinhibitory C terminus) in Arabidopsis protoplasts cells results in suppression of 

auxin-induced gene expression and in activation of stress signaling. Mockaitis and 

Howell (2000) reported that auxin treatment of Arabidopsis roots induced increases in 

MAPK-like kinase activity but in auxin-resistant4 (axr4) mutants this protein kinase 

activation was significantly impaired, indicating that MAPK pathways lie downstream 

of auxin.     

 

1.4.4 Growth and Differentiation 

 

 Cytokinesis is the partitioning of the cytoplasm following nuclear division (Assaad, 

2001). Krysan et al. (2002) using knockout plants of the Arabidopsis MEKK genes 

ANP1, ANP2 and ANP3, found that the anp2 anp3 double mutant plants have defects in 

cell division and growth such as reduced hypocotyl length and substantially wider 

hypocotyls than the wild type plants. Lukowitz et al. (2004) found that a MEKK gene, 

named YDA act as a molecular switch in the early development of Arabidopsis embryo 

which promotes extra-embryonic suspenser, in the loss-of-function mutants the zygote 

does not elongate properly and the cells of basal lineage (basal cell) are eventually 

incorporated into the embryo instead of differentiating the extra-embryonic suspensor. 

Gain-of-function alleles cause exaggerated growth of the suspensor and inhibit 

development of the proembryo.  

 

 Bergmann et al. (2004) found that YDA also plays a key role in controlling cell identity 

in the epidermis as loss-of-function mutations in YDA result in plants with extreme 

overproduction of stomata. In plants containing a constitutively activate form of YDA 

(in which the N-terminal regulatory domain was removed) stomata were abolished. This 

result showed that YDA activity must be down-regulated to allow cells to enter the 

stomatal lineage. Wang et al. (2007) found that MKK4/MKK5-MPK3/MPK6 module is 

downstream of YDA, because they found that loss-of-function mutants of mkk4/mkk5 or 

mpk3/mpk6 disturbed the coordinated cell fate specification of stomata versus pavement 



CHAPTER 1                                                                                          INTRODUCTION  

21 

 

cells formed of clustered stomata. In contrast, gain-of-function mutants of mkk4/mkk5 or 

mpk3/mpk6 causes a lack of stomatal differentiation.  

 

Table 1.2: Summary of known functional characteristic to date of  MKKs and  MAPKs  

in Arabidopsis thaliana  

 Increase in gene 

expression 

Increase in kinase activity References 

MKK    

MKK1 Wounding Cold, drought, salt ,osmotic 

stress, hydrogen peroxide  

Morris et al., 1997, 

Matsuoka et al., 2002 

MKK2  Salt, cold Teige et al., 2004,  

MKK3 Bacterial elicitor 

signaling, jasmonate 

Bacterial elicitor signaling, 

ABA, salt,jasmonate  

Doczi et al., 2007, 

Takahashi et al., 2007, 

Hwa and Yang, 2008   

MKK4  Bacterial elicitor signaling, 

stomatal development 

Asai et al., 2002 

MKK5  Bacterial elicitor signaling, 

stomatal development 

Asai et al.,2002                                                                                                                                                      

MKK6  Cytokinesis Soyano et al., 2003 

MKK7  Auxin  Dai et al., 2006 

MKK9 NaCl, ethylene  Xu et al., 2008, Alzwiy 

and Morris, 2007 

MAPK    

MPK1 Drought Wounding, ABA, H2O2, 

jasmonate  

Ortiz-Masia et al., 2007, 

Moustafa et al., 2008 

MPK2 Drought Wounding, ABA, H2O2, 

jasmonate 

Ortiz-Misra et al., 2007, 

Moustafa et al., 2008 

MPK3 Drought H2O2, Bacterial elicitor 

signalling 

Kovtun et al.,2000, Asai 

et al.,2002, Moustafa et 

al., 2008 

MPK4 Drought, fungal and 

bacterial elicitor 

signalling   

Cold, touch,wound, 

drought. salt,  fungal and 

bacterial elicitor signalling 

Ichimura et al., 2000, 

Petersen et al., 2000, 

Desikan et al., 2001 

Matsuoka et al., 2002 

Teige et al 2004, 

Moustafa et al., 2008 
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MPK5 Drought  Moustafa et al., 2008 

MPK6 Auxin H2O2, bacterial elicitor 

signaling, cold, touch, wound, 

jasmonate 

Kovtun et al.,2000, 

Nuhse et al., 2000, 

Desikan et al., 2001, 

Yuasa et al., 2001, Asai 

et al.,2002, Ichimura et 

al., 2000, Takahashi et 

al., 2007 

MPK7 Salt, osmotic stress   Moustafa et al., 2008 

MPK8    

MPK9 Drought, salt, 

osmotic stress, ABA 

 Moustafa et al., 2008, 

Jammes et al., 2009 

MPK10 Salt, osmotic stress  Moustafa et al., 2008 

MPK11 Drought, salt, 

osmotic stress 

 Moustafa et al., 2008 

MPK12 Drought, ABA  Moustafa et al., 2008, 

Jammes et al., 2009 

MPK14 Drought, osmotic 

stress 

 Moustafa et al., 2008 

MPK17 Drought, salt, 

osmotic stress 

 Moustafa et al., 2008 

MPK18 Drought, salt, 

osmotic stress 

 Moustafa et al., 2008 

 

 

1.5 Protein-protein interactions 

 

 Protein-protein interactions are important for all biological processes (Lopper and 

Keck, 2007) ranging from the formation of cellular structures and enzymatic complexes 

to the regulation of signalling pathways (Lalonde et al., 2008). The interactions may be 

stable or transient (Alberts, 1998; Grigoriev, 2003; Kerrien et al., 2007). Various 

methods have been developed for identifying protein-protein interactions in vitro and in 

vivo and each has its advantages and limitations. In vitro methods such as co-

immunoprecipitation (Phizicky and Fields, 1995) are the most widely used methods. An 

antibody specific for one protein is incubated with a protein mixture to form an immune 

complex with the antigen. After that the entire antibody complex can be isolated from  



CHAPTER 1                                                                                          INTRODUCTION  

23 

 

 

the mixture using immobilized protein A or G (Miernyk and Thelen, 2008). However 

this technique is an expensive and time consuming process (Citovsky et al., 2006). In 

vivo methods include yeast two-hybrid (Fields and Song, 1989), protein pull down, 

fluorescence resonance energy transfer (FRET) and fluorescence complementation 

(BiFC).    

 

 The yeast two-hybrid system is the most popular and powerful genetic method 

developed for the detection of protein-protein interaction in vivo (Fields and Song, 

1989, Causier and Davies, 2002) but it has various drawbacks, for example it requires 

interacting proteins to accumulate in the cell nucleus and also has an occurance of a 

high number of false positives (Golemis et al., 1999). A more direct approach to study 

protein-protein interactions is by using fluorescence resonance energy transfer (FRET) 

technique which is based on distance-dependent transfer of excitation energy between 

two fluorophores. FRET uses two fluorophores, excitation of one fluorophore with 

appropriate wavelength photons triggers an energy transfer to the second fluorophore if 

they are in close proximity. The second fluorophore which is excited by the energy 

transferred by the first fluorophore emits a photon in response (Lopper and Keck, 2007). 

Recently, a novel approach, termed bimolecular fluorescence complementation (BiFC) 

(Bhat et al., 2006) has been designed to visualize protein-protein interactions in living 

cells (Citovsky et al., 2006). This technique is explained further in section (1.6).    

 

1.5.1  Yeast Two-hybrid System 

 

 The yeast two-hybrid system provides a convenient assay for the study of protein-

protein interactions occurring within eukaryotic cells (reviewed, Stephens and Banting, 

2000). Fields and Song (1989) have generated a novel genetic system to study protein-

protein interactions by taking advantage of the properties of the Gal4 protein of the 

yeast Saccharomyces cerevisiae. Gal4 protein is a transcriptional activator required for 

the expression of genes encoding enzymes of galactose utilization (Johnston, 1987). 

According to Immink and Angenent (2002) the best way to study plant protein-protein 

interactions is by screening for a first insight into putative protein-protein interactions 

using the yeast two-hybrid system and then confirming the interactors using in planta 

systems. This is the approach that has been adopted in this project.  
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 The two-hybrid system consists of two fusion proteins containing domains of a yeast 

transcription factor such as the Gal4 protein; the GaL4 DNA binding domain (DBD) is 

fused to a protein ‘X’ and the Gal4 transcriptional activating domain (AD) is fused to a 

protein ‘Y’. If X and Y can form a protein-protein complex and reconstitute proximity 

of the two Gal4 domains, transcription of the gene regulated by upstream activation 

sequences (UAS) can be achieved (Fields and Song, 1989). The simplicity of the yeast 

two-hybrid system has made it a routine tool for identifying new protein interactions 

and for characterizing known interactions. This assay has been used successfully with 

proteins from different organisms with a variety of protein types (Finley, 2005). Fig. 1.7 

showed the schematic of the two-hybrid system. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Basic schematic of the two-hybrid system to detect interactions between two 

proteins. The DNA binding domain (DBD) fused with a bait protein of interest interacts with an 

Activation domain (AD) fused with the prey protein. The interacting pair will activate the 

reporter genes (taken from Serebriiskii et al., 2001).     

 

 Yeast two-hybrid analysis uses budding yeast, Saccharomyces cerevisiae as a host. The 

host strain generally carries mutations to ensure that the endogenous Gal4 is absent. 

Also Gal80, whose product inhibits the Gal4 function, is mutated to avoid the 

requirement of galactose in the growth medium. Auxotrophic markers, mostly leucine 

or tryptophan, are present in the host strain for selection of cells with the DNA-binding 

and activation domain vectors along with one or more reporter genes. The reporter 

genes are transcriptionally dependent on the reconstitution of functional Gal4 (Feilotter 

et al., 1994).  
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 Most versions of the yeast two-hybrid system use at least two reporters, including the 

Escherichia coli lacZ gene and a yeast marker gene required for growth; a protein 

interaction leads to growth of the yeast and also β-galactosidase activity (Finley, 2005). 

As reviewed by Serebriiskii and Golemis (2000) the bacterial lacZ gene is a ubiquitous 

reagent applied to the study of problems in molecular biology. As β-gal activity is 

readily assessed in vitro and in vivo, its induction has become a standard means of 

assaying clonal insertion, transcriptional activation, protein expression and protein 

interaction. The most extensively used yeast two-hybrid vectors are Gal4 based however 

alternative systems make use of the DNA binding domain of the bacterial LexA protein 

and the activation domain of VP16 (Van Criekinge and Beyaert, 1999).  

 

 One important limitation to consider is that two-hybrid experiments can generate false-

positives. These false positives arise when two proteins appear to interact in the assay 

but have no biologically relevant interaction in vivo (Finley, 2005). One class of false-

positive emerges when the reporter genes are activated in the absence of a true 

interaction between the DBD- and AD-tagged proteins. As described by Serebriiskii and 

Golemis (2000), a number of different classes of false positive have been noted such as: 

i) proteins that interacted directly with promoter sequences or with DNA upstream of 

the reporter genes. The number of false positives is reduced with the adaptation of dual 

reporter systems rather than just LacZ; ii) proteins such as ribosomal subunits, heat-

shock proteins, proteasome subunits and cytoskeletal components are sometimes 

hypothesized to possess their false positive character because they are intrinsically 

‘sticky’. Clones that lose either bait or prey plasmid but still activate reporters would be 

considered false positives (Serebriiskii and Golemis, 2000). However, Van Criekinge 

and Beyaert (1999) reported that in the Gal4 system the lacZ reporter is more stringent, 

meaning less likely to give false positives, than activation of the HIS3 gene.  

 

 Another limitation of the yeast two-hybrid system is that it cannot detect all protein-

protein interactions because of false-negatives (Finley, 2005) and it is limited to the 

analysis of cytoplasmic proteins, so for example membrane protein interactions will not 

be detected (Van Criekinge and Beyaert, 1999). The possible causes of these false-

negatives are: i) a particular protein may be difficult to express in yeast, because it is 

degraded by specific yeast proteases or is toxic. ii) some proteins may fail to enter the 

yeast nucleus; although a nuclear localization signal is included in the hybrid tag, other 

signals in a protein may dominate. iii) some interactions depend upon posttranslational 
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modification that do not occur in yeast. iv) the presence of the AD or DBD tag may in 

some cases block proper folding or obscure surfaces needed for interactions are too 

weak to be detected by the yeast two-hybrid assay (Finley, 2005; Van Criekinge and  

Beyaert, 1999). 

 

1.5.2  The interactions between Arabidopsis MKKs and MAPKs by using Yeast 

Two-hybrid  

 

 The interactions between some Arabidopsis MAP kinase cascade components have 

been previously analysed using protein expression in yeast as a molecular tool. The 

yeast two-hybrid system showed a positive interaction specifically between Arabidopsis 

MKK1 and MPK4 and also between MKK1 and MEKK1. As a follow-on of this 

analysis, it was found that the yeast MAP kinase mpk1 mutant could be complemented 

by coexpression of Arabidopsis MKK1 and MPK4, showing that these protein can also 

functionally interact. Similarly, coexpression of MKK1 and MEKK1 could complement 

the yeast MKK-pbs2 mutant (Mizoguchi et al., 1998). Ichimura et al. (1998a) also used 

the same technique and showed interactions between MKK1 and MKK2 with MPK4 

and also between MEKK1 and MPK4 (i.e. a MEKK1 and a MAPK protein without an 

intervening MKK), which suggest that MEKK1 may have a role as scaffold protein.  

 

 Teige et al. (2004) found that in a directed yeast two-hybrid analyses, MPK4 and 

MPK6 were identified as the strongest interactors with MKK2 and confirmed the 

importance of these interactions by showing that these two MAPKs are specifically 

phosphorylated and activated by MKK2 in protein kinase assays. MKK3 was revealed 

to be an upstream activator of the group C MAPKs such as MPK1, MPK2, MPK7 and 

MPK14 by using yeast two-hybrid analysis, co-immunoprecipitation and protein kinase 

assays (Doczi et al., 2007). Recently, Lee et al. (2008a) found that nine of the ten 

Arabidopsis MKKs (MKK1, MKK2, MKK3, MKK4, MKK5, MKK6, MKK7, MKK9 

and MKK10) proteins were observed to interact with at least one MAPK protein in 

yeast two-hybrid assays using different reporter genes (HIS3 or URA3), in the yeast 

strain MaV203.  
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1.6 In Planta Visualization of Protein-Protein Interactions by Fluorophore-Based 

Methods  

 

 The green fluorescent protein (GFP) from jellyfish Aequorea victoria is finding wide 

use as a genetic marker that can be directly visualized in the living cells of many 

heterologous organisms (Haseloff et al., 1997) and it is now one of the most widely 

studied and exploited proteins in biochemistry and cell biology. Chapman et al. (2005) 

reported that the in vivo expression of fusions to GFP is generally the first method of 

choice for studying protein localizations, movement and interactions with other cellular 

proteins. Bimolecular fluorescence complementation (BiFC) is based upon 

reconstitution of split nonfluorescent GFP variants, primarily yellow fluorescent protein 

(YFP) to form a fluorescent fluorophore (Ghosh et al., 2000; Hu et al., 2002).  BiFC 

assay is based on the observation that N- and C-terminal subfragments of GFP do not 

spontaneously reconstitute a functional fluorophore. However, if fused to interacting 

proteins, the two-nonfunctional halves of the fluorophore are brought into tight contact, 

refold together and generate de novo fluorescence and the interacting proteins can be 

easily monitored via fluorescence emission upon excitation with a suitable wavelength 

(Bhat et al., 2006)   

 

 Bimolecular fluorescence complementation is described as one of the most advanced 

and powerful tools for studying and visualizing protein-protein interactions in living 

cells (Citovsky et al., 2006) such as bacteria (Atmakuri, 2003), fungi (Hoff and Kuck, 

2005) mammals (Hu et al., 2002) and plants (Bracha-Drori et al., 2004; Walter et al., 

2004., Tzfira et al., 2004; Gao et al., 2008; Lee et al., 2008b). GFP and its variants are 

especially attractive reporters for fragment complementation assay based interaction 

studies, because i) no exogenous reagent need to be added to detect the reassembled 

protein and ii) GFP and its derivatives are known to express, fold, mature and fluoresce 

in virtually every cell type and subcellular structure in which they have been tested 

(Bhat et al., 2006). Fig. 1.8 shows the principle of BiFC.        
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Fig 1.8: The principle of BiFC. Under physiological conditions reconstitution of a yellow 

fluorescent protein (YFP) molecule can only take place following interaction between proteins 

or peptides that are fused to YN and YC fragments (adapted from Ohad et al., 2007). 

 

 In BiFC analysis, reconstitution of fluorescence can be affected by several factors like 

the BiFC constructs design, expression levels of fusion proteins and also the number 

and abundance of endogenous interacting proteins. Considering the same genetic 

background and the experimental conditions, the expression levels of fusion proteins 

have direct impact on the final signal received (Hiatt et al., 2008). BiFC has both 

advantages and pitfalls. The major advantages are: i) the assays are simple and do not 

require sophisticated equipment; ii) the assay has been stated to have either no or low 

background signal because a fluorescent YFP can only occur after the interactions 

between proteins fused to split fragments; iii) this assay facilitates the determination of 

the subcellular localization of the complex and will detect weak and transient 

interactions, generally due to the stability of the reconstituted YFP complexes (Hu et 

al., 2002). The pitfalls for BiFC are: i) nonspecific interactions can occurr when 

expression levels of the split YFP fragments are high which will permit the occurance 

of background noise; ii) The molecular properties of chimeric fusion proteins could be 

different from that of native proteins (Ohad et al., 2007).    

 

 A number of studies have been carried out using BiFC to detect targeted protein-

protein interactions in plant cells (Bracha-Drori et al., 2004; Walter et al., 2004; 

Citovsky et al., 2006). These studies have demonstrated that BiFC can be used to detect 

expression of different proteins in different subcellular compartments following 
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transient expression in protoplasts. Gao et al. (2008) showed that both MPK4 and 

MEKK1 interact with MKK1 and MKK2 by using YFP fusions in protoplasts of 

Arabidopsis. The results showed that MKK1 and MKK2 appear to interact with 

MEKK1 on the plasma membrane and also that MKK1 and MKK2 interact with MPK4 

on the plasma membrane and in the nucleus. Another study by Lee et al. (2008b) using 

tobacco protoplasts determined that the Agrobacterium VirE2 protein interacts with the 

Arabidopsis nuclear transport adapter protein importin α-1 in the cytoplasm and 

interaction of VirE2 with a different importin α-4 occurs in the nucleus. Table 1.3 

shows recent studies of protein-protein interaction in plants using BiFC. The overall 

project strategy of this study is shown in Fig. 1.9.  

 

Table 1.3. Examples of protein-protein interaction in plants using BiFC 

 

 

Interactor 1 

 

 

Interactor 2                            

 

Source  Plant             

 

Subcellular                                                                                                                                  

Localization 

 

 

Experimental 

System           

 

Reference 

                                                                                                  

Farnesyltransferase 

α-subunit (PFTA) 

 

 

 

Farnesyltransfer 

β-subunit    

 

Arabidopsis 

 

Cytoplasm         

 

N. benthamiana
x
 

Arabidopsis
x
   

 

Bracha-Drori 

et al., 2004 

Tandem-pore K
+
 

channels 

(AtTPK1, AtTPK5, 

and AtKCO3) 

Tandem-pore 

K
+
 channels 

(AtTPK1, 

AtTPK5, and 

AtKCO3) 

 

Arabidopsis Vacuolar 

membrane 

Arabidopsis
z 

and tobacco
z 

BY2
z 

Voelker et 

al., 

2006 

Component of the 

import 

apparatus to the 

chloroplasts inner 

envelope (AtTic40) 

 

Component of 

the import 

apparatus to the 

chloroplasts 

inner 

envelope 

(AtTic110) 

 

Arabidopsis Chloroplast 

envelope 

 

Arabidopsis
z
  

 

Bedard et al., 

2007  

Basic Leucine  

zipper (bZIP) 

transcription factor 

(bZip63) 

 

bZIP 

transcription 

factor (bZip63) 

 

Arabidopsis  

 

Nucleus N. benthamiana
x
 

Arabidopsis
z 

 

Walter et al., 

2004 

      

Virulence protein 

VIRE2 

Nuclear import-

mediator importtin α 

 

VirD2 Arabidopsis  

 

Nucleus BY-2
w
 

Arabidopsis
z
  

Citovsky et 

al., 2006 

        
w, x, y, and z denote transformation methods. w, coexpression in cell culture; x, agroinfiltration into leaf 

epidermal cells; y, particle cobombardment into leaf epidermal cells; z, plasmid cotransformation into leaf 

protoplasts. 
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1.7 Project Planning 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: The summarization of the project. Text inside the squares indicates the 

milestones of this project. The text next to the squares are the methods or techniques 

used to reach those targets.    
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1.8 Aims of the project 

 

The aims of this study are to: 

 

(1) Carry out a complete survey of all interactions between 20 MAPK proteins and 10 

MKK proteins in Arabidopsis thaliana by using a directed yeast two-hybrid system 

in both orientations. 

  

(2) For the positive interactions found by yeast two-hybrid carry out confirmatory 

analysis of protein-protein interactions in Arabidopsis thaliana protoplasts, by 

means of BiFC using green fluorescent protein derivatives. 

 

(3) Carry out further genetic and biochemical experiments to develop tools for 

investigations into the interactions between the MKK1, MKK2 and MPK11 

proteins. 
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2.1  Materials 

 

 The suppliers of chemicals, reagents, enzymes and other materials used in this work are 

shown in Table 2.1 

 

Table 2.1: The suppliers of chemicals, enzymes and other materials      

Suppliers Chemicals, reagents, enzymes  

 

BioRad 

Hemel Hempstead, UK 

 

Nitrocellulose membrane for Western 

blotting  

Formedium 

Hunstanton, UK  

Yeast extract powder, peptone, agar, 

glucose anhydrous  

Fermentas Life Science 

Helena Biosciences, Europe 

Restriction endonuclease, T4 DNA ligase, 

λ/HindIII DNA ladder 

Greiner 

Stonehouse, UK 

5ml, 15ml and 50 ml polypropylene tubes, 

petri dishes  

Melford Labs 

Ipswich, UK 

Murashige and Skoog medium, X-GAL 

Oxoid 

Basingstoke, UK  

Agar, tryptone, yeast extract 

QIAGEN 

West Sussex, UK 

Purification of DNA from agarose gels  

Roche 

Lewes, UK 

Anti-peroxidase, Anti-HA -Affinity matrix 

Sigma 

Dorset, UK 

Kodak X-ray film developer and fixer 

solution 

Whatman 

Maidstone, UK   

3MM paper, filter paper 

 

2.2  Centrifugation 

 

 Centrifugation of small samples volumes were carried out in 1.5 ml Eppendorf tubes by 

using a Micro Centaur Microfuge (MSE) at full speed (13,000 rpm) at room  
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temperature. Larger sample volumes were centrifuged in an Avanti J-26 XP Centrifuge 

(Beckman Coulter) at the stated speeds and temperatures.   

 

2.3 Strains used in this study 

 

 The Escherichia coli strain XL-1 Blue (Stratagene) was used in this study for 

propagation of plasmid DNA. The genotype of XL-1 is recA1, end A1, gyrA96 thi-1, 

hsdR17, supE44, relA1, lac[F’ proAB lacl
q 

Z∆M15Tn10(Tet
r
)]   

 

 The Saccharomyces cerevisiae strain of HF7C (Feilotter et al., 1994) was used in this 

yeast two-hybrid study. The genotype of HF7C is MATa, ura3-52, his 3-200, ade2-101, 

lys2-801, trp1-901, leu2-3, 112, gal4-542, gal80-538, LYS2::GAL1UAS-GAL1TATA-HIS3, 

URA3::GAL1UAS-GALTATA-HIS3, URA3::GAL417mers(x3)-CyClTATA-lacZ. 

 

2.3.1 Plasmid 

 

 In yeast two hybrid assays, two hybrid vectors have been constructed for nine proteins 

which were MPK6, MPK8, MPK11, MPK13, MPK14, MPK15, MPK16, MPK17 and 

MPK20 and for the other proteins have been constructed by Dr. Karim Roder and 

Manon Richaud. 

   

The list of the plasmids used in this study is shown in Table 2.2. 

 

Table 2.2:  Plasmid used in this study 

 

Plasmid Description  Source 
pBluescript-MKK1 Contains the ORF of MKK1 

of Arabidopsis thaliana 
Peter Morris, Heriot -Watt 

University 
pBluescript-MKK2 Contains the ORF of MKK2 

of Arabidopsis thaliana 
Peter Morris, Heriot -Watt 

University 
U60021-MKK3 Contains the ORF of MKK3 

of Arabidopsis thaliana 
Peter Morris, Heriot -Watt 

University 
U12417-MKK4 Contains the ORF of MKK4 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U15849-MKK5 Contains the ORF of MKK5 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
CD3-770-MKK6 Contains the ORF of MKK6 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
DQ446261-MKK7 Contains the ORF of MKK7 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
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MKK8 Contains the ORF of MKK8 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pGEM-Teasy-MKK9 Contains the ORF of MKK9 

of Arabidopsis thaliana 
Peter Morris, Heriot -Watt 

University 
DQ446313-MKK10 Contains the ORF of MKK10 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pZipLox-MPK1 Contains the ORF of MPK1 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pZipLox-MPK2 Contains the ORF of MPK2 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U15582-MPK3 Contains the ORF of MPK3 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pBluescript- MPK4 Contains the ORF of MPK4 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
MPK5 Contains the ORF of MPK5 

of Arabidopsis thaliana 
Make by RT-PCR 

U15193- MPK6 Contains the ORF of MPK6 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pZipLox-MPK7 Contains the ORF of MPK7 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U10058-MPK8 Contains the ORF of MPK8 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
CD252157- MPK9 Contains the ORF of MPK9 

of Arabidopsis thaliana 
Make by RT-PCR 

CD258901- MPK10 Contains the ORF of MPK10 

of Arabidopsis thaliana 
Make by RT-PCR 

CD3-910- MPK11 Contains the ORF of MPK11 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U82548- MPK12 Contains the ORF of MPK12 

of Arabidopsis thaliana  
Arabidopsis Biological 

Resource Centre 
S68228- MPK13 Contains the ORF of MPK13 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U85405- MPK14 Contains the ORF of MPK14 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U15740- MPK15 Contains the ORF of MPK15 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U16589- MPK16 Contains the ORF of MPK16 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
U23549- MPK17 Contains the ORF of MPK17 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
C104918- MPK18 Contains the ORF of MPK18 

of Arabidopsis thaliana 
Make by RT-PCR 

MPK19 Contains the ORF of MPK19 

of Arabidopsis thaliana 
Make by RT-PCR 

U13519- MPK20 Contains the ORF of MPK20 

of Arabidopsis thaliana 
Arabidopsis Biological 

Resource Centre 
pGBT9 GAL4 DNA-binding domain 

cloning vector. TRP1 as a  

selectable marker 

Laboratory collection  

pGBT9 reverse Derivative of  pGBT9 with a 

reversed multiple cloning site  
Roder et al., 1996 

pGAD424 GAL4 DNA-activation 

domain cloning vector. LEU2 

Laboratory collection 
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as a  selectable marker 
pGAD reverse Derivative of  pGAD424 with 

a reversed multiple cloning 

site 

Roder et al., 1999 

pGAD424-Sp1 Derivative of pGAD424 

encoding a fusion protein 

between the GAL4 activation 

domain and the transcription 

factor Sp1(amino acids 83-

612) 

Roder et al., 1999 

pGBT9-NFY-A Derivative of pGBT9 

encoding a fusion protein 

between the GAL4 binding 

domain and the NF-YA 

subunit (amino acids 1-346) 

of the murine transcription 

factor NF-Y. 

Roder et al., 1999 

pSAT1-cCFP-C Derivative of pSAT1 

encoding a protein of  C-

terminal fragment of cyan 

fluorescent protein    

Lee et al., 2008b 

pSAT1-nVenus-C  Derivative of pSAT1 

encoding a protein of  N-

terminal fragment of Venus 

fluorescent protein    

Lee et al., 2008b 

 

The list of the primers used in this study is shown in Table 2.3. 

 

Table. 2.3: List of primers used in this study. 
 

 

Primer 

 

Restriction site Sequence (5´ 3´); 
description                                                                  

 

MKK 
MKK1-

forward 

MKK1- 

reverse 

 

Sal1 

 

- 

AGAGTCGACATGAACAGAGGAAGCTTA          

 

TCTAGTTAGCAAGTGGGGGAAT                           

MKK2- 

forward 

MKK2- 

reverse 

 

EcoRI 

 

SalI 

AGCGAATTCATGAAGAAAGGTGGATTC              

 

ACTGTCGACTGTAGTTTACACGGAGAAC  

 

MKK3-  

forward   

MKK3-  

reverse 

 

SalI  

 

- 

 

AGAGTCGACATGGCGGCATTGGAGGAG 

 

CTAATCTAAGTTTGTAATATAAAGCTC 

MKK4- 

forward 

MKK4- 

 EcoRI 

 

Sal1 

AGAGAATTCATGAGACCGATTCAATC 

 

AGAGTCGACCTATGTGGTTGGAGAAG 
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Reverse 

 

 

MKK5- 

forward 

MKK5- 

reverse 

 

EcoRI 

 

Sal1 

AGAGAATTCATGAAACCGATTCAATCTC 

 

AGAGTCGACCTAAGAGGCAGAAGGAAG 

MKK6- 

forward 

MKK6- 

reverse 

 

Sal1 

 

- 

AGAGTCGACATGGTGAAGATCAAATCG 

 

TTATCTAAGGTAGTTAACAGGTGGTTC 

MKK7- 

forward 

MKK7- 

reverse 

 

EcoRI 

 

Sal1 

AGAGAATTCATGGCTCTTGTTCGTAAAC 

 

AGTGTCGACCTAAAGACTTTCACGGAG 

MKK8-

forward 

MKK8-

reverse 

 

EcoRI 

 

Sal1 

 AGAGAATTCATGGTTATGGTTAGAGAT 

 

AGTGTCGACCTATCTCTCGCTTGCTTT 

MKK9-   

forward 

MKK9-

reverse 

EcoRI 

 

Sal1 

AGAGAATTCATGGCTTTAGTACGTGAA 

 

ATTGTCGACTCAAAGATCTTCCCGGAG 

 

MKK10-

forward 

MKK10-

reverse 

 

EcoRI 

 

Sal1 

AGAGAATTCATGACACTTGTTAGAGAAC 

 

AGTGTCGACCTATCTGTTTTTCACAAAAG 

MPK 
MPK1-

forward 

MPK1- 

reverse 

 

EcoRI 

 

Sal1 

AGAGAATTCATGGCGACTTTGGTTGAT 

 

AGTGTCGACTCAGAGCTCAGTGTTTAAG 

 

MPK2-

forward 

MPK2- 

reverse 

 

EcoRI 

 

Sal1 

AGAGAATTC ATGGCGACTCCTGTTGAT 

 

ACAGTCGACCTCAAAACTCAGAGACCT 

 

MPK3-

forward 

MPK3- 

reverse 

 

EcoRI 

 

Sal1 

TAGGAATTCATGAACAACGGCGGTGG 

 

CCTGTCGACCTAACCCTATGTTGGATTG 

MPK4-

forward 

MPK4- 

reverse 

 

EcoRI 

 

Sal1 

AGAGAA TTCATGTCGGCGGAGAGTTGT 

 

ACTGTCGACCTCACACTGAGTCTTGAG  

 



CHAPTER 2                                                                   MATERIALS AND METHODS              

38 

 

MPK5-

forward 

MPK5- 

reverse 

 

Sal1 

 

- 

 

AGAGTCGACATGGATACTGATCTTCATC 

 

TTAAATGCTCGGCAGAGGATTGAACTTC 

MPK6-

forward 

MPK6- 

reverse 

Sal1 

 

- 

AGAGTCGACATGGACGGTGGTTCAGGTC 

 

CTATTGCTGATATTCTGGATTGAAAGC 

MPK7-

forward 

MPK7- 

reverse 

 

EcoRI 

 

SalI 

AGAGAATTCATGGCGATGTTAGTTGAG; 

 

AGTGTCGACTTAGGCATTTGAGATTTC; 

  

MPK8-

forward 

MPK8- 

reverse 

 

Xho1  

 

Xho1 

AGACTCGAGATGGGTGGTGGGAAT 

 

AGCCTCGAGTTAAGAATTGTGAAGAGAAG 

MPK9-

forward 

MPK9- 

reverse 

 

EcoRI 

 

SalI 

AGAGAATTCATGGATCCTCATAAAAAG 

 

ATTGTCGACTCAAGTGTGGAGAGCCGC 

MPK10-

forward 

MPK10- 

reverse 

 

EcoRI 

 

SalI 

TAGGAATTCATGGAGCCAACTAACGATG 

 

CCTGTCGACTCAATCATTGCTGGTTTC 

MPK11-

forward 

MPK11- 

reverse 

 

SalI AGAGTCGACATGTCAATAGAGAAACCA 

 

TCAAGCGTAGTCTGGAACGTCGTATG 

MPK12-

forward 

MPK12 - 

reverse 

 

EcoRI 

 

SalI 

TAGGAATTCATGTCTGGAGAATCAAGC 

 

  AAGGTCGACTCAGTGGTCAGGATTGAA 

MPK13-

forward 

MPK13 - 

reverse 

 

EcoRI 

 

SalI 

AGAGAATTCATGGAGAAAAGGGAAGATG 

 

AAGGTCGACTTACATATTCTTGAAGTG 

MPK14-

forward 

MPK14 - 

reverse 

 

EcoRI 

 

SalI 

AGAGAATTCATGGCGATGCTAGTTGATC 

 

AAGGTCGACTTAAGCTCGGGGGAGGTA 

MPK15-

forward 

MPK15 - 

Xho1  

 

Xho1 

AGACTCGAGATGGGTGGTGGTGGCCAATC 

 

AGACTCGAGCTAAACCAAAGAAGAGA 
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reverse 

 

MPK16-

forward 

MPK16 - 

reverse 

 

SalI 

 

- 

AGAGTCGACATGCAGCCTGATCACCG 

  

TTAATACCAGCGACTCATTGCAGTATC 

 

MPK17-

forward 

MPK17 - 

reverse 

 

SalI 

 

- 

AGAGTCGACATGTTGGAGAAAGAGTT 

 

CTATGACACTGCAGAGGAGACACC 

MPK18-

forward 

MPK18 - 

reverse 

 

EcoRI 

 

SalI 

AGGGAATTCATGCAACAAAATCAAGTG 

 

ACAGTCGACCTATGATGCTGCGCTGTA 

MPK19-

forward 

MPK19 - 

reverse 

 

Xho1  

 

Xho1 

ATCCTCGAGATGGAGTTTTTCACTGAG 

 

AGACTCGAGCTAAGACATGCCATACCC 

MPK20-

forward 

MPK20- 

reverse 

SalI AGAGTCGACATGCAGCAAGATAATCGC 

 

CTAGTACATCTTTGACATACCGTACC 

 

 

 

 Figure 2.1 and Figure 2.2 shows the maps of the two plasmids that were used in yeast 

two-hybrid experiments. Figure 2.3 shows the schematic diagram of the multi-colour 

BiFC vectors. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: pGBT9. A two-hybrid cloning vector with TRP1 as selectable marker. 

pGBT9
5.5 kb

AmpR

SnaBI 4883

PvuII 2118

XbaI 1748

PADH1
GAL4

 BD

TADH1

MCS

(1004-1098)

EcoRI

SmaI

BamHI

SalI

PstI

2

ori

Col E1

   ori

HindIII 410

TRP1

AatII

4109
HindIII 1319

NaeI 1115
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Fig. 2.2: pGAD424. A two-hybrid cloning vector with LEU2 as selectable marker. 

 

 

Fig. 2.3: Schematic diagrams of the multi-colour BiFC vectors. A: Vectors for tagging 

proteins at their C-termini with autofluorescent protein fragments. 

 

2.4 Preparation of complementary DNA (Using ThermoScript
TM

 RT-PCR 

System) 

 

 4 µl of RNA (about 9 µg/µl), 2 µl of 10 mM dNTP, 1 µl of 50 µM Oligo dT and 5 µl of 

dH2O were combined. The mixture was incubated at 65ºC for 5 min. After that it was 

put on ice to cool then mixed with 4 µl of 5 x cDNA synthesis buffer (consisting 0.25 M 

Tris acetate, 0.375 M potassium acetate, 0.04 M magnesium acetate at pH 8.4), 1 µl of 
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0.1 M of DTT, 1 µl of RNAse inhibitor, 1 µl of reverse transcriptase enzyme. This was 

incubated at 50ºC for 60 min and after that at 85ºC for 5 min. Finally 1µl of RNAseH 

was added and incubated at 37ºC for 20 min. The cDNA was stored at -20ºC.  

    

2.5 Preparation of competent cells of E. coli  

 

 5 ml of LB media with addition of 100 µl of 1M MgSO4 was inoculated with (one 

colony) E.coli ( XL1 Blue) and was grown overnight at 37ºC with shaking and then was 

added to 250 ml of LB medium with 5 ml of 1 M MgSO4 in a 2 L flask. The culture was 

grown at room temperature with good aeration at 250 r.p.m to an optical density of 0.4 

to 0.6, by measuring an aliquot with a spectrophotometer at 600 nm. The culture was 

transferred to a sterile bottle and was placed on ice for 10 min and was spun down at 

3000 r.p.m for 10 min at 4ºC and the supernatant was discarded. The pellet was gently 

resuspended in 80 ml cold transformation buffer (10 mM PIPES-HCl, pH 6.7, 15 mM 

CaCl2 , 0.25 M KCl, 55 mM MnCl2) and left on ice for 10 min. The cells were spun 

down again at 3000 r.p.m for 10 min at 4ºC and the supernatant was discarded. The 

pellet was gently resuspended in 20 ml cold transformation buffer  then 1.5 ml DMSO 

was added. The suspension was left in ice for 10 min. Finally, the cells were dispensed 

into 200 µl aliquots in cold sterile tubes and stored at -70ºC (Inoue et al., 1990).  

              

2.6 DNA extraction for PCR analysis 

 

 Plant tissues (~100 mg) were ground in 400 µl of Edwards extraction buffer (200 mM 

Tris-HCl, pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) with a plastic pestle for 

about 10 seconds. The mixture was vortexed for 5 seconds and left at room temperature 

for 2 min. Subsequently the mixture was centrifuged at 13,000 r.p.m for 2 min.  The 

supernatant (0.3 ml) was transferred to a fresh tube and 0.3 ml of isopropanol added. 

The samples were left for 2 min at room temperature and then were spun down at 

13,000 r.p.m for 2 min. The supernatant was removed and the pellet was finally dried at 

70ºC for 5 min, resuspended in 100 µl of TE buffer (pH 8.0) and stored at -20ºC 

(Edwards et al., 1991).  
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2.7 RNA extraction 

 

 Plant tissues (circa 250 mg) were ground in liquid nitrogen and added to 2 ml 

extraction buffer in 15 ml Falcon tube (25 mM Tris-HCl, 25 mM EDTA ,75 mM NaCl, 

1% (w/v) SDS pH 8.0, autoclaved) with 5 µl of β-mercaptoethanol and then the  

mixture was repeatedly extracted with an equal volume of water-saturated 

phenol/chloroform (50:50,v/v) followed by an extraction with an equal volume of 

chloroform. One-quarter volume of 10 M LiCl (DEPC treated) was added to the RNA, 

which was precipitated                                                                                                                                                                                                                                                

at -20ºC for 2 to 3 hrs or overnight. Subsequently the mixture was centrifuged (3570 

r.p.m) at 4ºC for 30 min, the supernatant was discarded and the pellet dried and 

dissolved in 100 µl RNAse free H2O. The RNA was ethanol-precipitated and dissolved 

in 50 µl of H2O prior to measurement by spectroscopy.   

  

2.8     Polymerase chain reaction (PCR) 

 

 The amplification of DNA samples were performed using a GeneAmp system 2700 

thermal cycler with 50 µl reaction mixtures containing 1 x (Taq DNA Polymerase or 

Pfu) PCR buffer, 0.2 µM of the forward and reverse primers, 0.2 mM of dATP, dCTP, 

dGTP and dTTP and 1 unit of Pfu or Taq DNA polymerase. DNA amplifications were 

performed at 30 cycles and 23 cycles for Taq DNA polymerase and Pfu respectively. 

PCR conditions were 94ºC for 5 min (Taq polymerase or Pfu was added after this 

stage); 94ºC for 30 s, X ºC for 30 s (the annealing temperature depends on the primers) 

and 72ºC for 1 min (depends on the length of gene, 1 min per 1000 bp) and 72ºC for 7 

min. PCR products were electrophoresed in a 1% horizontal agarose gel in 0.5 x TBE 

buffer for 20-30 min at 100 V.  

    

2.9  QIAquick gel extraction kit protocol 

 

 The gel extraction kit from Qiagen was used. The DNA fragment was excised as an 

agarose block from the gel and weighed. 3 volumes of QG buffer were added to one 

volume of gel and the gel was incubated at 50ºC in the water bath until the gel 

dissolved. One volume of isopropanol was added into the sample and mixed by 

vortexing. A QIAquick spin column was placed in a 2 ml collection tube. The sample 

was put into the QIAquick spin column and centrifuged for 1 min and the flow-through 
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discarded. 750 µl of PE buffer were added to the QIAquick column and centrifuged for 

1 min and the flow through discarded. An additional spin was performed for 1 min. The 

QIAquick column was placed into a clean 1.5 ml microcentrifuge tube and 50 µl of EB 

buffer was added and centrifuged for 1 min and the elute being stored at -20ºC.  

 

2.10  Ligation and transformation of DNA fragments  

 

 Ligations were carried out in a total volume of 20 µl containing about 0.2 µg of vector 

and an appropriate amount (3 molar ratio) of the insert were added together with an 

appropriate quantity of 2 x ligation buffer (consisting of 132mM Tris-HCl, 20 mM 

MgCl2, 2 mM DTT, 2 mM ATP at pH 7.6, 15% (w/v) PEG 6000) and 0.5 µl (2U) of T4 

DNA ligase (Fermentas). The reaction was allowed to proceed at 22ºC for 2 hrs. The 

whole volume of the mixture was added to the 400 µl of competent cells in 1.5 ml 

microcentrifuge tube and the mixture was left in ice for 30 min. Then, the cells were 

heat-shocked for 2 min at 42ºC followed by incubation on ice for 5 min. 750 µl of LB 

medium were added to the cells and incubated at 37ºC for 30 min. The cells were then 

spun down at 5000 r.p.m for 1 min, then resuspended in 100 µl of sterile distilled water 

and plated directly onto LB media with ampicillin at 100 µg/ml. Finally, the plates were 

incubated overnight at 37ºC.    

   

2.11 Plasmid extraction (Minipreps of plasmid DNA) 

   

 1.5 ml of an overnight culture of E. coli cells was added into an Eppendorf tube and 

was spun down by using centrifuge at 13,000 r.p.m for 1 min and the supernatant was 

decanted. The pellet was resuspended in 100 µl GTE (50 mM glucose, 25 mM Tris-Cl 

pH 8.0 and 10 mM EDTA) and was vortexed to make sure cells were completely 

resuspended. 200 µl of 0.2 M NaOH/SDS solution (0.2 M NaOH, and 1% (w/v) SDS) 

were added and the tube was inverted several times. Next, 150 µl of 5 M potassium 

acetate solution (pH 4.8) were added and inverted again for several times. The tube was 

placed on ice for 5 min and was spun down at 13,000 r.p.m for 1 min. The supernatant 

(about 0.4 ml) was transferred to a fresh tube and 0.8 ml of 95% ethanol, added samples 

were left for 2 min at room temperature and then were spun down at 13,000 r.p.m for 1 

min The supernatant was removed and the pellet was washed with 0.5 ml 70% ethanol 

and centrifuged at 13,000 r.p.m for 1 min. Again the supernatant was removed and the 



CHAPTER 2                                                                   MATERIALS AND METHODS              

44 

 

pellet was finally dried at 70ºC for 5 min, dissolved in 20 µl TE buffer (pH 8.0) and 

stored at -20ºC.   

 

2.12 Restriction endonuclease digestion of DNA 

 

 The restriction digestion of plasmid DNA sample was performed in a total volume of 

10 µl containing of DNA (~1µg), 10 unit of restriction enzyme and 1 µl of the reaction 

buffer. This reaction was incubated at 37ºC for 2 hrs. The reaction was then analysed by 

gel electrophoresis.     

 

2.13 Growth media for Saccharomyces cerevisiae 

 

I. YEPD (Yeast extract peptone dextrose) 

20 g yeast extract, 10 g bacteriological peptone, 20 g glucose were dissolved and 20 g 

agar was added (if plates are required) in a total volume of 1 litre using distilled H2O 

and autoclaved at 121ºC for 15 min. 

 

II. SC (Synthetic complete) media 

20 g glucose, 1.7 g YNB (Yeast Nitrogen Base without amino acids and ammonium 

sulphate), 5 g (NH4)2SO4, 25 ml 40 x amino acid mix solution were dissolved and 20 g 

agar was added (if plates are required) in a total volume of 1 litre using distilled H2O, 

and autoclaved at 121ºC for 15 min (Table 2.4). 

 

Table 2.4: 40 x amino acid mix solution 

Quantity (mg)   Quantity (mg)  

200 L- arginine 200 Uracil 

100 Adenine sulphate 600 L- phenylalanine 

400 L- lysine 100 L- histidine 

600 L- leucine 400 L- tryptophan 

600 L- threonine 100 L-methionine 

600 L- isoleucine 
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The amino acids and other compounds were dissolved in 100 ml distilled water and 

autoclaved. SC media lacking one or more of the above components was used for 

plasmid maintenance.   

 

2.14 Salmon sperm carrier DNA 

 

 400 mg dried salmon sperm DNA was cut with scissors to small fibers. The DNA was 

placed in a 50 ml Falcon tube and 40 ml of dH2O (10 mg/ml) was added. The mixture 

was swirled to release the trapped bubbles. The tube was heated at 65ºC in water bath 

for overnight to dissolve the DNA. The tube was inverted occasionally to aid 

resuspension. Then the mixture was sonicated at 50% power for 1 min at a time until the 

solution become less viscous. After that the tube lid was pierced with a needle and was 

placed in a beaker of boiling water for 15 min and the sonification was repeated. 

Finally, the DNA was cooled and dispensed in 1 ml aliquots and stored at -20ºC.            

 

2.15 Yeast transformation using the ‘PLATE’ method  

 

 A PLATE solution containing 45 % (w/v) PEG (Polyethylene glycol) 4000, 100 mM 

LiOAc, 1 mM EDTA (pH 8.0), 10 mM Tris (pH 7.5) was prepared prior to 

transformation. 10 ml of the appropriate medium was inoculated with a single colony 

from a freshly grown yeast culture and was incubated at 30ºC overnight. 0.5 ml of the 

culture was centrifuged at 13,000 rpm for 3 min and the supernatant decanted. 10 µl of 

sheared herring sperm carrier DNA (10 µg/µl) and approximately 1 µg of plasmid DNA 

were then added and mixed by vortexing. 0.5 ml of PLATE solution was added to the 

sample that was then vortexed and incubated at room temperature overnight. The 

suspension was centrifuged at 13,000 r.p.m for 3 min and the cells were resuspended in 

100 µl of sterile distilled water and plated onto appropriate SC solid medium. The plates 

were incubated at 30ºC for 2-3 days until transformants appeared.   

 

2.16 Qualitative assay for β-galactosidase using X-Gal 

 

 A circle of sterile Whatman 3MM filter paper was placed onto yeast colonies to be 

assayed. The colonies were replica-plated onto a fresh agar plate. This replica plate was 

incubated at 30 ºC for 24 hrs. 2% (w/v) of X-Gal solution was prepared by dissolving 

X-Gal (5-Bromo-4-chloro-3-indoyl β-D-galactoside) in DMF (Dimethylformamide). 
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For filter assay, two pieces of sterile filter paper were placed in a Petri dish and soaked 

thoroughly in 2.5 ml of Z-buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 

mM MgSO4, pH 7.0) mixed with 50 µl of X-Gal solution and 8 µl of 40 mM  β-

mercaptoethanol). Flamed forceps were used to remove the filter paper from the surface 

of the replica plate. The filter was completely immersed in liquid N2 for 30 s. Then, the 

frozen filter paper was thawed at room temperature for 1 min. This procedure was 

repeated twice. The filter paper was placed on top of the filter papers which were 

previously soaked in X-Gal solution. Finally, the petri dish was then closed and 

incubated at 30 ºC. The changes of the colony colour were monitored periodically until 

a dark blue colour was observed for the positive control. 

 

2.17 Quantitative assay for β-galactosidase using ONPG  

 

 The desired plasmids in yeast cells were grown in appropriate supplemented SC 

medium and 6 ml of cells were harvested by centrifugation at 3,000 r.p.m for 5 min at 4 

ºC. The supernatants were removed and the pellets were suspended in 1.0 ml of Z-

buffer. After centrifugation, the pellets were resuspended in 300 µl of Z-buffer. The 

tubes were placed in liquid nitrogen for 1 min and the frozen tubes were transferred to a 

37 ºC water bath for 1 min to thaw. This procedure was repeated three more times to 

ensure a complete lysis of the cells. 50 µl of extract were removed to measure the 

protein concentration of each sample using Bradford solution (Darbre, 1986). 700 µl of 

Z-buffer with β-mercaptoethanol were added to each crude extract. After 5 min, 200 µl 

of pre-warmed 4 mg/ml ONPG (o-nitrophenyl-β-D-galactopyranoside) were added. The 

reaction was stopped by the addition of 500 µl of 1 M Tris pH 10.0 when a bright 

yellow colour appeared in the positive control and the reaction time was noted. After 

microcentrifugation, the absorbance of the supernatants was measured at 420 nm 

relative to a blank (0.95 ml Z-buffer, 0.2 ml ONPG). The β-galactosidase activity was 

expressed as nmol of ONPG converted/min/mg protein (U). The formula for the 

calculation of β-galactosidase activity is illustrated as follows:  

U = [A420/(t x p x 0.0045)] nmol of ONPG converted/min/mg protein  

Where: 

 A= Absorbance of o-nitrophenol at 420 nm; 

  t = reaction time in minutes 

  p = total protein in mg 

  0.0045 = molar extinction coefficient  
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2.18 Plant growth 

 

 Arabidopsis thaliana plants were grown in John Innes No. 2 compost in a controlled 

environment room at 25°C constant temperature and 16 h light, 8 h dark photoperiod 

(400 µEm 
-2 

s 
-1

). 

 

2.19 Protoplast preparation 

 

 Leaf slices were prepared by cutting 10-20 rosette leaves from non-flowering 

Arabidopsis thaliana var. Columbia plants with a sharp razor blade into segments 3-5 

cm in size in a Petri dish. 20 ml 1.5 % (w/v) cellulase and 0.4% (w/v) macerozyme  

solution was added and vacuum infiltrated for 5-10 min. The digestion was left 3 hour 

in the dark at room temperature. The enzyme solution containing protoplasts was 

filtered. The protoplasts were collected by centrifugation at 100 x g for 2 min and the 

supernatant was aspirated and discarded. The protoplast pellet was gently resuspended 

and was washed once in washing solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 

5 mM Glucose, 2 mM MES, pH 5.7)  and was kept on ice for 30 min. After that the 

protoplasts were spun down at 100 x g for 1 min and was resuspended in MaMg buffer 

(400 mM mannitol, 15 mM MgCl2, 4 mM MES, pH 5.7) before PEG transformation.       

 

2.20 PEG Transformation  

 

 10 µl of DNA (10-20 µg of plasmid DNA) was added to 100 µl of protoplast 

suspension in a microfuge tube (2 x 10
4
 protoplasts) and mixed gently. After that 110 µl 

of PEG/Ca solution was added and the mixture was incubated at 23ºC for 30 min. Then, 

the sample was diluted with 440 µl of washing solution and gently mixed. Then it was 

spun down at 100 x g for 1 min and the supernatant was removed. The protoplasts were 

resuspended gently and diluted in 500 µl with washing solution (see 2.19) and left 

overnight at room temperature for protein synthesis to take place.   

 

2.21 Microscopy  

 

 Transfected cells were imaged using Zeiss Axiophot epifluorescence microscope 

(Germany) using a mercury lamp and an excitation filter at 400-570 nm and an emission 

filter at 460-610 nm. Images were captured using a digital camera. 
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2.22 Agrobacterium plasmid DNA miniprep  

 

 A single colony was inoculated into 2 ml LB with the appropriate antibiotics and 

incubated at 28ºC on a shaking platform for up to 2 days to reach the stationary state. 

The cells were then transferred to 1.5 ml Eppendorf tubes, and spun for 3 min at 13,000 

rpm. The supernatant was removed and the pellets were resuspended in 100 µl ice-cold 

lysis buffer (containing) 50 mM glucose, 25 mM Tris-Cl at pH 5.8, 10 mM EDTA and 4 

mg ml
-1

 lysozyme) and vortexed for 10 seconds. The suspension was incubated at room 

temperature for half an hour. 200 µl of freshly prepared 0.2 M NaOH, 1.0% (w/v) SDS 

was added, and the solution was mixed by gentle shaking. After about half an hour 

incubation at room temperature, 150 µl ice cold 3M NaOAc (pH 4.8) was added to the 

mixture, and incubated on ice for another 5 min. Then the mixture was spun for 5 min at 

13,000 rpm. The supernatant was transferred to a fresh tube, and an equal volume of 

phenol: chloroform 1:1 was added. The supernatant was spun again and the top phase 

was removed to a fresh tube, I ml of 96% ethanol was added. After mixing, the solution 

was centrifuged for 5 min and the pellets were washed with 70% EtOH. Then the DNA 

and ethanol was spun again at 13,000 rpm for 3min and the ethanol was removed. The 

pellets were dried under vacuum. The pellets were then dissolved in 50 µl TE buffer. 1 

µl of RNase was added. 

 

2.23 Arabidopsis transformation  

 

 Arabidopsis plants were transformed by using modified Arabidopsis transformation 

protocol (Bent, 2000). Healthy flowering plants were chosen for the transformation. 

Agrobacterium tumefaciens strain carrying the gene of interest was grown in 400 ml LB 

culture with the appropriate antibiotics for about 3 days to reach the stationary stage to 

an OD600 of 0.8. The cells were collected by centrifugation and resuspended in freshly 

made 5% (w/v) sucrose solution. 0.05% (v/v) of surfactant Silwet L-77 was added to the 

solution and mixed well. The Silwet L-77 has been shown to improve Agrobacterium 

mediated transformation. Above-ground parts of Arabidopsis plants were dipped in the 

Agrobacterium tumefaciens solution for 10 seconds, the treated plants were covered 

with a plastic bag for 16-24 hours to maintain high humidity. Then the plants were 

grown in standard room condition. The seeds were collected and screened for 

transformants. Transgenic seedlings were selected on agar plates with plant medium and 
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the appropriate antibiotic, and transplanted to the soil. Transgenic status was confirmed 

by PCR analysis of DNA extracted from the leaves of the selected seedlings. 

 

2.24  Arabidopsis T-DNA insertion mutant 

 

2.24.1 Source of seeds 

 

 Arabidopsis thaliana ecotype Columbia (Col 0) was the genetic background for all T-

DNA insertion mutants. The T-DNA insertion in the MPK11 gene (At1g01560) was 

obtained from the Nottingham Arabidopsis Stock Centre.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

 

2.25 SDS-Polyacrylamide gel electrophoresis 

 

 A separating gel solution, containing 10% acrylamide/bis-acrylamide (29:1 

acrylamide/bis-acrylamide), 375 mM Tris-HCl at pH 8.8, 0.1% (w/v) ammonium 

persulfate and 0.04% (v/v) TEMED, was made and poured into vertical glass apparatus. 

The top of the solution was covered by water-saturated isobutanol to introduce a flat 

surface. After about half an hour polymerization, the isobutanol was discarded and a 

stacking gel solution (4% polyacrylamide, 125 mM Tris-HCl at pH 6.8, 0.1% (w/v) 

SDS, 0.05% ammonium sulphate, and 0.01% (v/v) TEMED) was added on top of the 

separating gel. After a further half an hour the gel had polymerised and formed the 

loading wells around a comb. The comb was removed and 1x SDS-PAGE running 

buffer (24 mM Tris, 192 mM glycine, 3.5 mM SDS, pH 8.3) was used for the 

electrophoresis.        

 

 Arabidopsis leaves were ground with an equivalent volume of 2x sample loading buffer 

(0.15 M Tris-HCl 1.2% (w/v) SDS, 60% (v/v) glycerol, 15% (v/v) 2-mercaptoethanol, 

and 0.09% (w/v) bromophenol blue) in an Eppendorf tube to extract the protein 

contents. All samples were heated at 90ºC for 5 min and subjected to centrifugation at 

13,000 rpm before loading on the gel. A molecular weight maker was loaded as a 

standard. The electrophoresis was conducted at 100V for about one and half hours.        
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2.25.1 Coomassie staining  

 

 The protein gel can be fixed and evaluated by Coomassie staining. After the 

electrophoresis, the gel was stained in Coomassie solution (10% (v/v) acetic acid, 10% 

(v/v) methanol, 0.1% (w/v) Coomassie Brilliant Blue R250), shaking for one hour, then 

the gel was transferred to the destain solution (10% (v/v) acetic acid, 10% (v/v) 

methanol) overnight. The protein was visible as blue bands. 

 

2.25.2 Western blot 

 

 An unstained SDS-PAGE gel was soaked in 1x Western blot running buffer (25 mM 

Tris, 192 mM glycine at pH 8.3) for 10 min. A piece of nitrocellulose transfer 

membrane was cut into the similar size as the gel. This membrane was pre-wetted with 

dH2O and then wetted in 1x Western blot running buffer. Three Scotch-Brite pads and 4 

pieces of 3MM Whatman paper (the same size as the gel) were soaked in the Western 

blot running buffer. 

 

 Two buffer-saturated Scotch-Brite pads were placed on the inner surface of the back 

panel of gel holder, two sheets of soaked Whatman paper, SDS-PAGE gel, 

nitrocellulose membrane, another 2 pieces of Whatman paper, and the second soaked 

Scotch-Brite pad were placed in this order. The gel holder was closed and run in a 

blotting chamber with 1x Western blot running buffer. The blotting was carried out at 

15 V for 3 hours. 

 

 After the blotting, the Western blocking buffer (1% (v/v) skimmed milk powder 0.5 % 

(v/v) Tween 20 in 1x PBS buffer, (4 mM KH2PO4, 115 mM NaCl) was used to block the 

membrane for 1 hour at room temperature. Then, the membrane was incubated with 20 

µl of anti-HA-peroxidase (Roche) in 5ml of blocking buffer for overnight. The 

membrane was washed three times (10 min each) in PBS-Tween washing buffer (1x 

PBS, and 0.5% (v/v) Tween 20). The bound antibody was detected using a 

chemiluminescent or a chromogenic peroxidase substrate. 
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2.26 Seed germination experiments 

 

 For germination assays, seed were sown on 0.35% of phytagel media containing 0.5 x 

Murashige and Skoog medium, 10 mM MES pH 5.8 and plant growth substances or 

salt. Germination was scored by observing radical protrusion. The germination number 

was counted after 7 days and the rate of germination was calculated as percentage in 

comparison to the control, which had no added hormone. Since the seed germination 

does not give a normal distribution, the Standard Error (SE) was calculated using the 

formula shown as below (Parker, 1973), 

   
 

 
 

p = proportion of germinated seeds 

q = 1-q 

n = total number of seeds 
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3.1 Plasmid constructions from MAPK and MKK cDNAs for yeast two-hybrid 

 

 This part of the study is based on the cloning of various Arabidopsis cDNAs mainly 

already available from the international Arabidopsis stock centers, and also a few 

cDNAs (MPK5, MPK9, MPK10, MPK18, and MPK19) that were cloned by RT-PCR. It 

is necessary to construct the two-hybrid vectors encoding fusion proteins prior to the 

study of the interactions between the MAPKs and MKKs. This study started with the 

construction of the GAL4 DNA binding domain vectors (pGBT9-MAPK/MKK) 

forming the Gal4BD-MAPK or Gal4BD-MKK fusion proteins and GAL4 activation 

domain vectors (pGAD424-MAPK/MKK) forming the Gal4AD-MAPK or Gal4AD-

MKK proteins.  

 

3.2 Analysis of interactions between MAPKs and MKKs in yeast  

 

 There are two ways to study the protein-protein interactions in yeast by using beta-

galactosidase as a reporter gene. (i) The qualitative β-galactosidase filter assay for blue 

or white screening, using X-gal as a substrate (ii) the quantitative β-galactosidase liquid 

assay using ONPG as a substrate.    

 

3.2.1 β-galactosidase Filter Assay (Qualitative Assay) 

 

 Filter assays for all 20 MAPKs and 10 MKKs in both configurations (in vectors pGBT9 

and pGAD424) were carried out in this study. Six of the ten Arabidopsis MKK proteins 

were found to interact with at least one MAPK protein, as judged by production of blue 

yeast colonies. The two-hybrid analysis of MAPKs and MKKs was performed with 

HF7c, a yeast strain without endogenous Gal4 protein. Any protein-protein interactions 

in this assay would result in lacZ gene expression, allowing β-galactosidase to cleave 

the X-gal substrate producing blue colonies of yeast after several hours of incubation. 

The interaction between the mammalian transcription factor Sp1 fused to the Gal4AD 

and NF-YA as a subunit of the mammalian transcription factor fused to the Gal4BD in 

the pGAD424-Sp1/pGBT9-NF-YA transformants were used as a positive control and 

pGAD424/pGBT9 transformants (with no fusions) served as a negative control (Roder 

et al., 1999). Fig.3.1 shows the general lay-out of a filter assay.  
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Figure 3.1: Shows the general lay-out of a filter assay. Each assay was carried out in 

triplicate. The numbers 1 to 10 refer to MKK1 through to MKK10 respectively. (-) 

Negative control (pGAD424/pGBT9); (+) Positive control (pGAD424-Sp1/pGBT9-NF-

YA). 

 

3.2.2 β-galactosidase Liquid Assay (Quantitative Assay) 

 

 The β-galactosidase liquid assay using ONPG was carried out for all the positive 

interactions as initially judged by filter assays. Again, pGAD424-Sp1/pGBT9-NF-YA 

transformants were used as positive control and pGAD424/pGBT9 transformants were 

used as negative control. In this assay each transformant was tested in triplicate. 

 

 In the following figures, those experiments in which positive interactions were seen by 

filter assay and liquid assay are shown. 
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Figure 3.2: Filter assay showing interaction between MPK3 and MKK1 to MKK 10 in 

two orientations. Plate A: The Gal4 DNA binding domain was fused with MKK1 to 

MKK10 and the Gal4 activation domain was fused with MPK3. Plate B: The Gal4 

activation domain was fused with MKK1 to MKK10 and the Gal4 binding domain was 

fused with MPK3. Each assay was carried out in triplicate. The numbers 1 to 10 refer to 

MKK1 through to MKK10 respectively. In both cases the positive control can be seen at 

lower right.  

 

 MKK4 and MKK5 both appeared to show a weak interaction with MPK3 when either 

partner is fused to the activation domain or DNA binding domain of Gal4 (Fig 3.2). The 

liquid assay for this experiment however shows no significant level of interaction when 

compared to the negative control (pGAD424/pGBT9), (data not shown). The strong 

signal seen for MKK3 in the binding domain will be discussed later. 
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Figure 3.3: Filter assay showing interaction between MPK4 and MKK1 to MKK10 in 

two orientations. Plate A: The Gal4 DNA binding domain was fused with MKK1 to 

MKK10 and the Gal4 activation domain was fused with MPK4. Plate B: The Gal4 

activation domain was fused with MKK1 to MKK10 and the Gal4 binding domain was 

fused with MPK4. Each assay was carried out in triplicate. The numbers 1 to 10 refer to 

MKK1 through to MKK10 respectively. In both cases the positive control can be seen at 

lower right.  

 

 

 

 

Figure 3.4: β-galactosidase activity resulting from interaction between MPK4 and 

MKK1 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.5: β-galactosidase activity resulting from interaction between MPK4 and 

MKK2 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.6: β-galactosidase activity resulting from interaction between MPK4 and 

MKK6 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 

 

 Filter assays indicate interactions between the MKK proteins MKK1, MKK2, MKK6 

and the MAP kinase MPK4 when these proteins are fused to the activation domain or 

DNA binding domain of Gal4 (Fig. 3.3). This is confirmed in the liquid assay, which 

shows a strong interaction between MPK4 and MKK1 when pGAD424-MAPK4 and 

pGBT9-MKK1 were transformed into yeast together. A 143.8-fold increase in β-

galactosidase activity above the negative control (pGAD424/pGBT9) was seen. But for 

the opposite orientations, when pGAD424-MKK1 and pGBT9-MPK4 were co-

transformed only a weak interaction of about 3.0-fold increase in β-galactosidase above 
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the negative control was seen (Fig. 3.4). Fig. 3.5 shows a strong interactions between 

MPK4 and MKK2 when pGAD424-MPK4 and pGBT9-MKK2 were cotransformed, 

with an 81.5-fold increase in β-galactosidase activity above the negative control. But for 

the opposite orientations, when pGAD424-MKK2 and pGBT9-MPK4 were used 

together, a weaker interaction about 40.0-fold increase in β-galactosidase activity above 

the negative control was seen. Fig. 3.6 shows the strong interactions between MPK4 

and MKK6 when pGAD424-MAPK4 and pGBT9-MKK6 were cotransformed, with an 

approximately 10.0-fold increase in β-galactosidase activity above the negative control. 

But for the opposite orientations, when pGAD424-MKK6 and pGBT9-MPK4 were 

cotransformed, no significant level of activity was seen when compared to the negative 

control. These data are indicative of a distinct preference in orientation for both partner 

proteins for them to successfully interact. However MKK3 in one particular orientation 

(pGBT9-MKK3) always gives a positive result even in the absence of a binding partner 

(see also Fig. 3.2, Fig. 3.3, Fig. 3.7, Fig. 3.11, Fig. 3.13 and Fig. 3.15).  

 

 

 

Figure 3.7: Filter assay showing interaction between MPK6 and MKK1 to MKK10 in 

two orientations. Plate A: The GAL4 DNA binding domain was fused with MKK1 to 

MKK10 and the activation domain was fused with MPK6. Plate B: The activation 

domain was fused with MKK1 to MKK10 and the binding domain was fused with 

MPK6.  Each assay was carried out in triplicate. The numbers 1 to 10 refer to MKK1 

through to MKK10 respectively. In both cases the positive control can be seen at lower 

right.  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 



CHAPTER 3                                                                                                       RESULTS              

60 

 

 

 

 

 

Figure 3.8: β-galactosidase activity resulting from interaction between MPK6 and 

MKK2 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.9: β-galactosidase activity resulting from interaction between MPK6 and 

MKK4 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.10: β-galactosidase activity resulting from interaction between MPK6 and 

MKK5 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 

 

 Filter assays were indicated of strong interactions between MKK2, MKK4, MKK5 and 

MPK6 when MPK6 was fused with the activation domain. When MPK6 was fused to 

the binding domain, a strong blue colour was seen for all yeast colonies, although this 

was stronger in colour for those combinations of partners for which a signal was seen in 

the first orientation (Fig. 3.7). Quantitative liquid assays confirm the strong interactions 

between MPK6 and MKK2 when pGAD424-MPK6 and pGBT9-MKK2 were 

cotransformed. An approximately 134-fold increase in β-galactosidase activity above 

the negative control (pGAD424/pGBT9) was seen. For the opposite orientations, when 

pGAD424-MKK2 and pGBT9-MPK6 were cotransformed, a strong interaction of about 

a 151.0-fold increase in β-galactosidase above the negative control was also seen (Fig. 
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3.8). Similarly a strong interaction was seen between MPK6 and MKK4 when 

pGAD424-MPK6 and pGBT9-MKK4 were introduced into yeast together, with an 

approximately 198.0-fold increase in β-galactosidase activity above the negative 

control. For the opposite orientations, when pGAD424-MKK4 and pGBT9-MPK6 were 

cotransformed, a strong interaction was also noted, with about 982.0-fold increase in β-

galactosidase above the negative control (Fig. 3.9). A strong interaction between MPK6 

and MKK5 was also seen when pGAD424-MPK6 and pGBT9-MKK5 were fused 

together, with an approximately 223.0-fold increase in β-galactosidase activity above 

the negative control. For the opposite orientations, when pGAD424-MKK5 and 

pGBT9-MPK6 were fused together this also shows a strong interaction with β-

galactosidase activity at about 628.0-fold above the negative control (Fig. 3.10). MPK6 

fused to either the activation domain or DNA binding did not give a significant signal in 

the liquid assay. The difference between the results seen with the filter assay and the 

liquid assay may result from over development of the colour reaction for the filter assay.     

  

 

 

Figure 3.11: Filter assay showing interaction between MPK7 and MKK1 to MKK10 in 

two orientations. Plate A: The GAL4 DNA binding domain was fused with MKK1 to 

MKK10 and the activation domain was fused with MPK7. Plate B: The activation 

domain was fused with MKK1 to MKK10 and the binding domain was fused with 

MPK7. Each assay was carried out in triplicate. The numbers 1 to 10 refer to MKK1 

through to MKK10 respectively. In both cases the positive control can be seen at lower 

right.  
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Figure 3.12: β-galactosidase activity resulting from interaction between MPK7 and 

MKK3 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 

 

 The filter assay suggests an interaction between MKK3 and MPK7 when either protein 

is fused to the activation domain or DNA binding domain of Gal4 (Fig. 3.11). The 

liquid assay shows a strong interactions between MPK7 and MKK3 when pGAD424-

MPK7 and pGBT9-MKK3 were fused together with an, approximately 147.4-fold 

increase in β-galactosidase activity above the negative control. But for the opposite 

orientations, when pGAD424-MKK3 and pGBT9-MPK7 were fused together only a 

weak interaction of about 6.5-fold increase in β-galactosidase above the negative control 

was seen (Fig. 3.12). 



CHAPTER 3                                                                                                       RESULTS              

65 

 

 However MKK3 in one particular orientation (pGBT9-MKK3) always gives a positive 

result even in the absence of a binding partner (see also Figs. 3.2, 3.3 and 3.7). Liquid 

assays for MKK3 with vector alone, without any introduced protein-protein interactions 

(pGAD424/pGBT9-MKK3) gives a strong signal (Fig. 3.12). So to check if there is any 

significant difference between the signal given by MKK3 alone and the supposed 

interaction of MKK3 and MPK7, a T-Test has been carried between pGAD424/pGBT9-

MKK3 and pGAD424-MKK3/pGBT9-MPK7 liquid assay data but did not show a 

significant difference (t statistic = 1.67; t critical two-t = 2.77). 

 

 

 

Figure 3.13: Filter assay showing interaction between MPK10 and MKK1 to MKK10 in 

two orientations. Plate A: The GAL4 DNA binding domain was fused with MKK1 to 

MKK10 and the activation domain was fused with MPK10. Plate B: The activation 

domain was fused with MKK1 to MKK10 and the binding domain was fused with 

MPK10. Each assay was carried out in triplicate. The numbers 1 to 10 refer to MKK1 

through to MKK10 respectively. In both cases the positive control can be seen at lower 

right.  
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Figure 3.14: β-galactosidase activity resulting from interaction between MPK10 and 

MKK2 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 

 

 Filter assays indicated interactions between MKK2 and MPK10 when either protein is 

fused to the activation domain or DNA binding domain of Gal4 (Fig. 3.13). Liquid 

assay confirmed this with indications of a strong interaction between MPK10 and 

MKK2 when pGAD424-MPK10 and pGBT9-MKK2 were transformed. An 

approximately 157.2-fold increase in β-galactosidase activity above the negative control 

was seen. For the opposite orientations, when pGAD424-MKK2 and pGBT9-MPK10 

were cotransformed a slightly weaker interaction was indicated with about 66.0-fold 

increase in β-galactosidase above the negative control (Fig. 3.14). 
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Figure 3.15: Filter assay showing interaction between MPK11 and MKK1 to MKK10 in 

two orientations. Plate A: The Gal4 DNA binding domain was fused with MKK1 to 

MKK10 and the activation domain was fused with MPK11. Plate B: The activation 

domain was fused with MKK1 to MKK10 and the binding domain was fused with 

MPK11. Each assay was carried out in triplicate. The numbers 1 to 10 refer to MKK1 

through to MKK10 respectively. In both cases the positive control can be seen at lower 

right.  
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Figure 3.16: β-galactosidase activity resulting from interaction between MPK11 and 

MKK1 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.17: β-galactosidase activity resulting from interaction between MPK11 and 

MKK2 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 
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Figure 3.18: β-galactosidase activity resulting from interaction between MPK11 and 

MKK6 in yeast. The means ± standard error from triplicate measurements indicates the 

relative beta-galactosidase activity of each transformant. The β-galactosidase activity of 

the pGAD424/pGBT9 transformant was set at 1. pGAD424-pGBT9 is the negative 

control, pGAD424-Sp1/pGBT9-NF-YA is the positive control. The numbers above each 

column indicate the mean activity. 

 

 Filter assays indicated interactions between the MKKs MKK1, MKK2, MKK6 and 

MPK11 when either protein is fused to the activation domain or DNA binding domain 

of Gal4 (Fig. 3.15). This was confirmed by liquid assays which showed a strong 

interactions between MPK11 and MKK1 when pGAD424-MPK11 and pGBT9-MKK1 

were coexpressed, with a 982-fold increase in β-galactosidase activity above the 

negative control. In the opposite orientation, when pGAD424-MKK1 and pGBT9-

MPK11 were fused together, the signal was weaker with about 55.0-fold increase in β-

galactosidase above the negative control (Fig. 3.16). Similarly interactions were 

indicated between MPK11 and MKK2 when pGAD424-MPK11 and pGBT9-MKK2 
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were coexpressed with a 9.3-fold increase in β-galactosidase activity above the negative 

control. In the opposite orientations, when pGAD424-MKK2 and pGBT9-MPK11 were 

fused together a much stronger interaction with a 679.0-fold increase in β-galactosidase 

above the negative control was seen (Fig. 3.17). An interaction between MPK11 and 

MKK6 when pGAD424-MPK11 and pGBT9-MKK6 were coexpressed is also seen, 

with an approximately 60.0-fold increase in β-galactosidase activity above the negative 

control. For the opposite orientations, when pGAD424-MKK6 and pGBT9-MPK11 

were coexpressed, activity of 26.0-fold above the negative control was seen (Fig. 3.18).    

 

 The collective results of the interaction as detected by β-galactosidase filter assay 

between Arabidopsis MPKs and MKKs are shown in Table 3.1, where MPKs are fused 

to the Gal4 DNA binding domain and Table 3.2, where the MKKs are fused to the DNA 

binding domain. 

 

Table 3.1: Two-hybrid interactions of GBT9-MPKs and GAD-MKKs from filter assay. 

+ weak blue colour development; ++ clear blue colour development; +++ strong blue 

development. Negative results (-) no colour change. 

 

MKK 

MPK 

MKK1 MKK2 MKK3 MKK4 MKK5 MKK6 MKK7 MKK8 MKK9 MKK10 

MPK1      -      -    ++     -     -     -     -     -     -      -   

MPK2      -      -    ++     -     -     -     -     -     -      - 

MPK3      -      -    ++     +      +     -     -     -     -      - 

MPK4     +     +++    ++      -      -      +     -     -     -      - 

MPK5      -      -    ++      -      -      -      -      -      -      - 

MPK6      -      +++    ++      +++      +++     -     -    -     -      - 

MPK7      -      -    ++      -      -      -      -      -      -      - 

MPK8      -      -    ++      -      -      -      -      -      -      - 

MPK9      -      -      ++      -      -      -      -        -            -        - 

MPK10      -      +                   ++      -      -      -      -      -      -      - 

MPK11     +     +++    ++      -      -     ++      -      -      -      - 

MPK12      -      -    ++      -      -      -      -      -      -      - 
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MPK13      -      -    ++      -      -      -      -      -      -      - 

MPK14      -      -    ++      -      -      -      -      -      -      - 

MPK15      -      -    ++      -      -      -      -      -      -      - 

MPK16      -      -    ++      -      -      -      -      -      -      - 

MPK17      -      -    ++      -      -      -      -      -      -      - 

MPK18      -      -    ++      -      -      -      -      -      -      - 

MPK19      -      -    ++      -      -      -      -      -      -      - 

MPK20      -      -    ++      -      -      -      -      -      -      - 

 

Table 3.2: Two-hybrid interactions of GAD-MAPKs and GBT9-MKKs from filter 

assay. + weak blue colour development; ++ clear blue colour development; +++ strong 

blue development . Negative results (-) no colour change. 

 

MKK 

MPK 

MKK1 MKK2 MKK3 MKK4 MKK5 MKK6 MKK7 MKK8 MKK9 MKK10 

MPK1      -      -      -      -     -     -     -     -     -      -   

MPK2      -      -      -         -     -     -     -     -     -      - 

MPK3      -      -      -     -      -     -     -     -     -      - 

MPK4     +++    +++      -      -      -    ++     -     -     -      - 

MPK5      -      -      -      -      -      -      -      -      -      - 

MPK6      -    +++      -       ++      ++     -     -    -     -      - 

MPK7      -      -   +++      -      -      -      -      -      -      - 

MPK8      -      -      -      -      -      -      -      -      -      - 

MPK9      -      -        -      -      -      -      -        -            -        - 

MPK10      -   + ++                   -      -      -      -      -      -      -      - 

MPK11   +++     +      -      -      -   +++      -      -      -      - 

MPK12      -      -      -      -      -      -      -      -      -      - 

MPK13      -      -      -      -      -      -      -      -      -      - 

MPK14      -      -      -      -      -      -      -      -      -      - 

MPK15      -      -      -      -      -      -      -      -      -      - 

MPK16      -      -      -      -      -      -      -      -      -      - 
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MPK17      -      -      -      -      -      -      -      -      -      - 

MPK18      -      -      -      -      -      -      -      -      -      - 

MPK19      -      -      -      -      -      -      -      -      -      - 

MPK20      -      -      -      -      -      -      -      -      -      - 

 

The β-galactosidase liquid assay was carried out for all the positive interactions as seen 

by filter assays (Table 3.3). 

 

Table 3.3: Summary of assays that gave a positive result in both orientations with 

partners fused to either the DNA binding domain or the activation domain. 

 

MKK/ 

MPK 

MKK1 MKK2 MKK3 MKK4 MKK5 MKK6 

MPK3         +       +  

MPK4       +       +          + 

MPK6        +       +       +  

MPK7         +    

MPK10        +     

MPK11       +       +          + 

 

 

3.3 Plasmid constructions for bimolecular fluorescent complementation 

 

 In order to verify the positive interactions seen by yeast two-hybrid assay, bimolecular 

fluorescent complementation (BiFC) assays were carried out on selected binding 

partners. Here, analogous to yeast two-hybrid assay, gene fusions are made between 

interacting partners and either the N or C terminus of GFP variants. Should partners 

interact, this brings the N and C of GFP termini into proximity, resulting in a 

fluorescent protein complex. This assay also has the advantage that it takes place in 

Arabidopsis cells rather than in yeast. Thus, a series of gene expression vectors was 

constructed based upon the pSAT vector to facilitate multi-colour BiFC. Two vectors 

were used in this experiment; pSAT1 c-CFP (Cyan Fluorescent Protein)-c and pSAT1-

n-Venus-c. The C-terminal of CFP is fused with either MKK proteins or MAPK 

proteins of interest and the N-terminal of Venus is fused either with MKK and MAPK 
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proteins of interest as well. Interaction of cCFP-fused proteins with nVenus-fused 

proteins generates fluorescence. Overlapping the N-and C-terminal of the auto 

fluorescent protein fragments additionally is reported to increase signal intensity (Lee et 

al., 2008b). Therefore, cCFP from amino acids 155-238 and nVenus from amino acids 

1-173 were used. From the yeast two-hybrid results, five genes (MKK1, MKK2, 

MKK6, MPK4 and MPK11) and six interactions were studied by using bimolecular 

fluorescent complementation in protoplasts of Arabidopsis thaliana. Table 3.4 shown 

the constructs have been made for five genes for both vectors (pSAT1 c-CFP-c and 

pSAT1-n-Venus-c) in two orientations. 

 

Table 3.4: The combination of construct that has been used in bimolecular fluorescent 

complementation 

 

Combination of Constructs 

pSAT1c-CFP-c-MKK + 

pSAT1n-Venus-c-MAPK   

Result 

 

 

 

Combination of Constructs 

pSAT1n-Venus-c-MKK 

+pSAT1c-CFP-c- MAPK   

 

Result 

1) pSAT1c-CFP-c-MKK1 + 

pSAT1n-Venus-c-MPK4   

Fluorescence  2) pSAT1n-Venus-c-MKK1 + 

pSAT1c-CFP-c- MPK4   

No 

Fluorescence 

3) pSAT1c-CFP-c-MKK2 + 

pSAT1n-Venus-c-MPK4   

Fluorescence 4) pSAT1n-Venus-c-MKK2 + 

p SAT1c-CFP-c- MPK4   

No 

Fluorescence 

5) pSAT1c-CFP-c-MKK6 + 

pSAT1n-Venus-c-MPK4   

Fluorescence 6) pSAT1n-Venus-c-MKK6+  

p SAT1c-CFP-c- MPK4   

No 

Fluorescence 

7) pSAT1c-CFP-c-MKK1 + 

pSAT1n-Venus-c-MPK11 

Fluorescence 8) pSAT1n-Venus-c-MKK1 + 

pSAT1c-CFP-c- MPK11 

Fluorescence 

9) pSAT1c-CFP-c-MKK2+ 

pSAT1n-Venus-c-MPK11 

Fluorescence 10) pSAT1n-Venus-c-MKK2+ 

pSAT1c-CFP-c- MPK11 

Fluorescence 

11) pSAT1c-CFP-c-MKK6 

+pSAT1n-Venus-c-MPK11 

Fluorescence 12) pSAT1n-Venus-c-MKK6 

+pSAT1c-CFP-c- MPK11 

No 

Fluorescence 

pSAT1c-CFP-c + pSAT1n-

Venus-c   

(Negative control) 

Fluorescence  Full length of GFP (Positive 

control) 

Fluorescence 
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3.3.1 Analysis of BiFC by using Epifluorescence Microscope   

 

 

 
 

  

Figure 3.19:  Analysis of MKK1, MKK2 and MKK6 interactions with MPK4 and 

MPK11 by BiFC. Protoplasts of Arabidopsis thaliana ecotype Columbia were 

transformed with constructs expressing different fusion proteins exhibiting green 

fluorescence when illuminated with blue light. The chloroplasts emit red fluorescence 

and the yellow fluorescent results from overlapping red and green areas. A: pSATc-

CFP-c-MKK1, MKK2 and MKK6 interactions with pSATn-Venus-c-MPK4, 

respectively. The other orientation of the constructs shows no fluorescence. B: pSATc-

CFP-c-MKK1, MKK2 and MKK6 interactions with pSATn-Venus-c-MPK11, and also 

in the other orientation, pSATn-Venus-c-MKK1, MKK2, MKK6 interactions with 

pSATc-CFP-c-MPK11, except for MKK6 which shows no fluorescence. C: Vectors 

expressing the C- and N-terminal domains of GFP alone were used as negative control. 

D: Vector encoding full length GFP (pCambia1302) emitted green fluorescence and 

were used as positive control. 
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 The yeast two-hybrid assay shows that MKK1, MKK2 and MKK6 interact with MPK4 

and MPK11. To test whether MKK1, MKK2 and MKK6 associated with MPK4 and 

MPK11 in vivo in Arabidopsis, this experiment was carried out to analyze their 

interactions using the BiFC approach. As shown in Fig.3.19, GFP fluorescence was 

observed in the protoplasts suggesting that MKK1, MKK2 and MKK6 interact with 

MPK4 and MPK11, respectively. However, evidence of reciprocal interaction was only 

seen with the combination of MKK1 and MPK11, and with MKK2 and MPK11. This 

contrasts with the findings seen using the yeast two-hybrid system in which reciprocal 

activity was seen for all combinations of MKK1, MKK2 or MKK6 with MPK4 or 

MPK11.  

 

 Data from the yeast two-hybrid experiments and BiFC indicates that MKK1, MKK2 

and MKK6 interact with MPK4 and the closely related MPK11. Whilst MPK4 has been 

investigated previously (Petersen et al., 2000; Meszaros et al., 2006;  Gao et al., 2008, 

Qiu et al., 2008), nothing as yet has been published on Arabidopsis MPK11. In order to 

further understand the function of MPK11 and the relationship between MPK11 and 

interacting activators, a T-DNA insertion mutation for MPK11 was identified and 

analysed.    

 

 

3.4.  Isolation of homozygous insertion mutant for MPK11 

 

 

 Interrogation of the T-DNA express gene mapping tool (http://www.signal.salk.edu/) 

indicated the presence of a T-DNA insertion in the MPK11 gene (At1g01560). Seeds 

for this line (SALK049352C) were ordered from the Arabidopsis stock centre at 

Nottingham University and analysed.  

 

 To isolate homozygous plants of the mutant line, specific primers, were used to analyse 

genomic DNA of individual plants. For each plant grown from seeds of line 

SALK049352C, two PCR reactions were carried out in order to amplify either the 

wildtype gene for MPK11, or the T-DNA and MPK11 flanking DNA (mutant allele) 

fragments. As shown in Fig. 3.20, homozygous mpk11 plants showed no PCR products 

for the wild type sequence. The presence of a T-DNA insertion was confirmed by PCR 

using the T-DNA Left Border primers and the gene specific primers MPK11-Forward 

and Reverse. 

http://www.signal.salk.edu/
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Figure 3.20: Agarose gel electrophoresis showing PCR analysis for characterization of 

homozygous mpk11. Lane 1: Wildtype DNA amplified with MPK11-Forward and 

MPK11-Reverse primers. The PCR fragment of the genomic MPK11 gene is 1173 bp in 

size. Lane 2: Homozygous mpk11 DNA using primers MPK11-Forward and MPK11-

Reverse. Lane 3: Wild type DNA using primers MPK11-Forward and T-DNA Left-

Border. Lane 4: Homozygous mpk11 DNA using primers MPK11-Forward and T-DNA 

Left-Border. The PCR fragment of the T-DNA border-and flanking MPK11 sequence is 

750 bp in size. Lane 5: Wildtype DNA using primers T-DNA-Left-Border and MPK11-

Reverse. Lane 6: Homozygous mpk11 DNA using primers T-DNA-Left Border and 

MPK11-Reverse. Lane 7: Negative control with MPK11-Forward and MPK11-Reverse 

primers. Lane 8: Negative control with MPK11-Forward and T-DNA Left-Border 

primers. λ: Lambda DNA/Hind III marker. 

 

3.5 RT-PCR of mpk11 mutant 

 

 

 RT-PCR was carried out on RNA extracted from leaves of wildtype and homozygous 

mpk11 mutants to determine the effects of the T-DNA on the transcript levels of mpk11 

(Fig. 3.21). No full-length transcript for MPK11 was seen. 
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Figure 3.21: MPK11 transcript levels in wildtype and mpk11 as analysed by RT-PCR on 

cDNA from RNA extracted out of leaves of 4 week-old plants. Upper part: results of 

RT-PCR by using primers MPK11F and MPK11R. Lower part: results of RT-PCR by 

using primers EF1A/B as the control to check the quality of cDNA.   

 

 Once homozygous insertion mutant lines for mpk11 were obtained, the plants were 

investigated for phenotypic changes, which would give an indication to the role of 

MPK11.When grown in soil, the mpk11 mutant plants appeared to be morphologically 

normal, with no indication of modification to vegetative or flowering growth, in 

particular they did not show the dwarf phenotype that is characteristic of the mpk4 

mutation. 

 

 

wt mpk11 -ve 

MPK11 F/R 

EF1A/B 

λ 
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3.6 Abiotic stresses: salt (NaCl) and hormone sensitivity (abscisic acid, ABA) 

 

 Germination assays were carried out using seeds the wild type and mpk11 mutant in 

order to establish the role of MPK11 in the action of salt stress or of the plant stress 

hormone ABA on plant growth.  

 

3.6.1 The effect of NaCl on germination 

 

 To investigate the function of MPK11in abiotic stress such as salt, germination 

sensitivity experiments was carried out with different concentration of NaCl (0 mM, 50 

mM, 100 mM, 150 mM, 200 mM, and 250 mM). However there were no differences 

between the germination of the wildtype and mpk11 mutant, the germination of both 

was equally inhibited by increasing levels of salt in the medium (Fig. 3.22). 

 

 

 

 

 

Figure 3.22: The germination of wildtype and mpk11 under salt stress condition. Seeds 

were germinated on different concentrations of NaCl, and the number of germinated 

seeds counted after 7 days.  Bars indicate the standard error of the mean. 
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3.6.2 The mpk11mutant is overly sensitive to ABA during germination 

 

 To investigate the functions of MPK11 in response to stress-induced hormone abscisic 

acid (ABA), wildtype and mpk11seeds were germinated on plant agar with addition of 

different levels of ABA. ABA was added to concentration of (0 µM, 0.25 µM, 0.5 µM, 

0.75 µM, and 1.0 µM). The results showed that germination of mpk11 was more 

sensitive to ABA when compared with wild type (Fig 3.23). 

  

 

 

 

 

 

Figure 3.23: The germination of wildtype and mpk11 stressing the presence of ABA. 

Seeds were germinated on different concentrations of ABA, and germinated seeds 

counted after 7 days. Error bars indicate the standard error of the mean. 

 

3.7 Plant transformation with an HA epitope tagged MPK11 gene 

 

 

 Because the yeast-two-hybrid assay and BiFC analysis indicated interaction between 

MKK1, MKK2 and MPK11, it is necessary to find further evidence that MPK11 is 

activated by MKK1 and MKK2 in planta. So that is why this experiment has been done 

in order to provide tools for the further study of the interactions between these proteins. 

In order to facilitate biochemical analysis, an MPK11 construct with a C terminal HA 

epitope tag was used for plant transformation. 
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3.7.1 Construction of the pBinP-Hyg-MKK plasmids  

 

 A binary vector construct with an HA epitope tagged version of MPK11 driven by the 

35S promoter was made, transferred into Agrobacterium tumefaciens EHA 105 and by 

using the flora dip method was transformed into wildtype, mpk11, mkk1 and mkk2 

Arabidopsis plants. Figure 3.24 shows the plasmid pBinP-Hyg, which contains a CaMV 

35S and MPK11-HA protein. This plasmid also contains a bacterial kanamycin 

resistance marker (kan) for selection growth in E. coli and A. tumefaciens. It also 

contains a hygromycin resistance maker (hyg) for plant growth selection.  

 

  

 

Figure 3.24: Plasmid of the pBinP-Hyg-MPK11-HA fusion. The MPK11 gene is 

expressed under the control of the CaMV 35S promoter. The plasmid contains a 

bacterial kanamycin resistance marker (kan) for growth in E. coli and A. tumefaciens 

and contains a hygromycin resistance maker (hyg) for selection of the Arabidopsis seeds 

in plant media.  
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3.8 Western Blot analysis of HA epitope tagged MPK11 from transgenic plants  

 

Figure 3.25: Arabidopsis leaf protein from individual HA-epitope tagged MAPK11 

primary transformants was fractionated by SDS-PAGE and blotted to nitrocellulose 

membranes before staining with Ponceau Red (lower panels) and hybridising to an anti-
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HA-peroxidase linked antibody and staining for peroxidase activity (upper panels. The 

genetic background for transformation was A) Columbia wildtype, B) mkk1, C) mkk2, 

D) mpk11. Protein from an untransformed control is shown in the second lane of (A). 

The numbers 1 to 9 represents the transgenic plants respectively. The size of the 

molecular weight marker is indicated on the Ponceau stained blots (kDa).  

 

 Western blotting of leaf extracts from the primary 35S-MPK11-HA transformants using 

an anti-HA serum covalently coupled to peroxidase showed that a number of the 

transformants had immunological evidence in the form of a band at about 45 kDa, for 

expression of the MPK11-HA transgene. The major band seen in the untransformed 

control and all the other plants is thought to be due to non-specific binding to the 

rubisco large subunit. These MPK11-HA positive plants will be used in future 

experiments to analyse the enzyme activation of MPK11 in different genetic 

backgrounds in order to determine the role of the various upstream regulatory MKKs. 
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 Signalling specificity of MAP kinase proteins is an important issue in both plant and 

animal biology, and the problem is to understand how a given signal is directed to a 

particular target, given a multiplicity of signal, signalling molecules and targets or 

physiological outcomes (Droillard et al., 2002; Zhang et al., 2006). Biochemical studies 

of protein-protein interactions are a direct tool to investigate specificity of signalling 

and can be used in conjunction with genetic and physiological studies because the 

interacting proteins regulate many biological processes in cells. Various methods have 

been developed to facilitate the identification, characterization and analysis of protein 

complexes in vivo and in vitro. Each method has its advantages and limitations. Several 

groups have studied the interactions between MAPKs and MKKs in Arabidopsis by 

using molecular biological methods such as the yeast two-hybrid system (Ichimura et 

al., 1998a; Mizoguchi et al., 1998; Teige et al., 2004; Doczi et al., 2007 and Lee et al., 

2008a). In these studies, generally only a selected, small number of MAP kinase 

interactions were investigated however Lee et al. (2008a) carried out an analysis for all 

of the 20 MAPKs and 10 MKKs in Arabidopsis. The simplicity of the yeast two-hybrid 

system has made it a routine tool for identifying new protein interactions and 

characterizing known interactions. A limitation of yeast two-hybrid is that this approach 

can generate both false positive and false negative interactions.  

 

 In addition to the in vivo assays such as the yeast two-hybrid, biochemical analysis 

such as specific protein kinase assays (Ichimura et al., 2000; Asai et al., 2002; Teige et 

al., 2004; Meszaros et al., 2006; Ichimura et al., 2006) and protein microarrays 

(Popescu et al., 2009) have been used. These methods offer an effective approach to 

identify potential kinase substrates but these methods have several drawbacks. For 

example, they are technically challenging, require the application of expensive 

chemicals or specialized equipment for data analysis. Studies by Asai et al. (2002) used 

Arabidopsis mesophyll protoplasts for transient expression assays to analyse MAPK 

signaling involved in plant innate immunity; protoplasts treated with the PAMP peptide 

flg22 resulted in rapid activation of endogenous protein kinases that phosphorylated 

myelin basic protein (MBP) as a substrate in gel kinase assays. Asai et al. (2002) 

identified a kinase cascade consisting of MEKK1, MKK4/MKK5 and MPK3/MPK6 

that participated in- innate immune signalling. Popescu et al. (2009) used high-density 

protein microarrays for Arabidopsis to identify novel MAPK targets and to study 

MAPK signalling cascades. They used microarrays containing 2158 proteins, which 

were screened with MAPK probes phosphorylated and activated in planta by specific 
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MKKs. The functional MKK/MAPK modules were selected by combinatorial pairing of 

10 MAPKs and nine wildtype or constitutively active MKKs by using in vitro 

phosphorylation assays with purified protein and myelin basic protein. 570 putative 

MAPK phosphorylation targets with average of 128 targets per activated MAPK were 

identified. Among these were 38 new substrates for MPK3 and MPK6 and 12 auxin-

related transcription factors as MAPK substrates. They also showed that overexpression 

of MKK7 and MKK9 induced cell death in Nicotiana benthamiana, thus providing a 

link between the defence related hypersensitive response and Map kinase signaling. In 

addition, analysis of MAPK gene expression under specific physiological circumstances 

using macroarrays can give clues as to the potential for certain interactions (Moustafa et 

al., 2008).  

 

4.1 Yeast Two-hybrid Analysis 

 

 In the present study, a Gal4-based yeast two-hybrid system was used to analyze the 

protein-protein interactions between 20 MAPK proteins and 10 MKK proteins from 

Arabidopsis thaliana. The Arabidopsis genome contains 10 MKK and 20 MPK 

encoding genes, and although there is good information on their involvement in some of 

the signal transduction pathways, it is not fully understood for all of these molecules 

which of the encoded MKK proteins interacts with which of the MAPK proteins. In 

order to attempt an analysis of the interaction between these two groups, a series of two-

hybrid vector constructs encoding Gal4-subunit fusions with MAPK and MKK cDNA 

was produced. Table 3.1 and Table 3.2 show the protein-protein interactions between 

MAPKs and MKKs of Arabidopsis thaliana in both orientations as selected by β-

galactosidase activity in filter assays. In total 6 of the MKK proteins and 6 of the 

MAPK proteins showed evidence for interactions but no interactions were observed for 

4 of the MKK proteins and 14 of the MAPK proteins.  

 

 There were no positive interactions seen in yeast two-hybrid assays between the MAP 

kinases MPK1, MPK2, MPK5, MPK8, MPK9, MPK12, MPK13, MPK14, MPK15, 

MPK16, MPK17, MPK18, MPK19, MPK20 and any of the MKKs when coexpressed in 

yeast. Similarly, no interaction where seen with MKKs, MKK7, MKK8, MKK9 and 

MKK10 and any of the MAP kinase proteins. So, the discussion will initially be focused 

on the positive interactions that were seen. 
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4.1.1 Interactions between MPK3 and MKKs 

 

 When the Arabidopsis MPK3 and the 10 MKKs were coexpressed in yeast cells, a weak 

blue colour developed in filter assays indicated possible interaction between MKK4, 

MKK5 and MPK3 (Fig. 3.2). However the quantitative liquid assay for these 

interactions showed no significantly different levels of β-galactosidase activity when 

compared to the negative control (pGAD424/pGBT9). An interaction between MKK4, 

MKK5 and MPK3 has already been shown in vitro by using protein kinase activity, as 

described previously (Asai et al. 2002). They used HA epitope tagged-MAPKs 

transiently expressed in Arabidopsis mesophyll protoplasts, immunoprecipitated with 

anti-HA antibody and tested for MBP kinase activity to show activation of the cascade. 

Lee et al. (2008a) found that only MKK4 interacted with MPK3 in yeast two-hybrid 

assays. They used the yeast strain MaV203 and pDEST32 as a bait vector (for MKK) 

and pDEST22 as a prey vector (for MAPK) and positive clones were isolated on the 

basis of their ability to activate HIS3 or URA3. In contrast to the data presented here, the 

work by Lee et al. (2008a) only investigated interactions with MAPK or MKK in one 

configuration. The physiological significance of this interaction in plants is that MKK4, 

MKK5 and MPK3 may play an important role in respond to a range of environmental 

stresses, and are also involved in the development of stomata (Wang et al., 2007). 

Studies by Asai et al. (2002) reported that a MAP kinase cascade consisting of MEKK1, 

MKK4/MKK5 and MPK3/MPK6 and also the WRKY22/WRKY29 transcription 

factors confer resistance to both bacterial and fungal pathogens. However studies by 

Ichimura et al. (2006) and also Suarez-Rodriguez et al. (2007) have not confirmed the 

link between MEKK1 and MKK4/MKK5.  

 

 Another study concerning the activation of MPK3 by Kovtun et al. (2000) found that 

exogenously applied H2O2 can activate a specific Arabidopsis mitogen-activated protein 

kinase kinase kinase, ANP1, which initiates a phosphorylation cascade involving MPK3 

and MPK6. This was analysed by the use of protein kinase assays by using HA epitope 

tagged-MAPKs transiently expressed in protoplast and immunoprecipitated with anti-

HA antibody and tested for MBP kinase activity. Moustafa et al. (2008) found that the 

gene expression of MPK3 was also induced by drought by using an Arabidopsis MAP 

kinase macroarray assay. The MKK4/MKK5-MPK3/MPK6 cascade plays important 

role in stomatal development, whereas the loss-of-function mutants of mkk4/mkk5 or 

mpk3/mpk6 disturbed the coordinated cell fate specification of stomata versus pavement 
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cells. A gain-of-function mutant of mkk4/mkk5 causes a lack of stomatal differentiation 

(Wang et al., 2007).   

 

 The weak interaction between MKK4, MKK5 and MPK3 in yeast two-hybrid assays 

seen in this work may be due to masking of the interacting domains by the Gal4 

domains (see section 4.1.7). 

     

4.1.2 Interactions between MPK4 and MKKs 

 

 SA synthesized by plants is essential for the establishment of both local and systemic 

acquired resistance (SAR) (Loake and Grant, 2007). The mpk4 mutant exhibits 

constitutive systemic acquired resistance, including elevated salicylic acid (SA) levels. 

MPK4 kinase activity is required to repress SAR, thus MPK4 acts as negative regulator 

of SA-mediated defenses (Petersen et al., 2000). In this study it was found that MKK1 

and MKK2 would interact with MPK4 (see Fig. 3.3). The quantitative liquid assay for 

each interaction is shown in Fig. 3.4 and Fig. 3.5. The interaction between MKK1 and 

MKK2 with MPK4 has previously been shown by using a yeast two-hybrid system 

(Ichimura et al., 1998a). In that study, the yeast strain L40 and the vectors pBTM116 

has been used for the LexA-BD and pVP16 for the VAD. The interaction was detected 

based on both growth on His-lacking medium and β-galactosidase activity for two 

configurations.   

 

 Studies by Mizoguchi et al. (1998) using the same method as Ichimura et al. (1998a) 

found that MEKK1, MKK1 and MPK4 could interact with each other and probably 

constitute a specific MAPK cascade in Arabidopsis. Interestingly, they found that 

MEKK1 could interact directly with MPK4, suggesting that MEKK1 might have a role 

as a scaffold protein. Teige et al. (2004) by using vectors pBTM116 for the LexA-BD 

and pGAD424 for the Gal4-AD and yeast strain L40 also showed that MKK2 interacted 

with MPK4; this study was based on quantitative β-galactosidase activity in yeast two-

hybrid. Lee et al. (2008a) also found the positive interaction between MKK1, MKK2 

and MPK4 by using the yeast strain MaV203 and pDEST32 as a bait vector and 

pDEST22 as a prey vector and the positive interactions in this study were isolated on 

the basis of their ability to activate HIS3 or URA3.  
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 Teige et al. (2004) found that MKK2 is an upstream activator of MPK4 and MPK6 and 

plays a critical role in the cold and salt stress response in Arabidopsis, however 

suggested that MKK2 does not mediate activation of these MAPKs by the elicitors 

flagellin and laminarin. Studies by Meszaros et al. (2006) found that MPK4 is 

phosphorylated and activated by MKK1 in cells treated with flg22 in vitro and in vivo 

whereas in mkk1 mutant plants, the activation by flg22 of MPK4 and two other flg-

induced MAPKs (MPK3 and MPK6) is impaired. Work by Qiu et al. (2008) 

investigated the significance of this interaction as this cascade has been implicated in 

biotic and abiotic stress response in plant signaling. They found that the double loss-of-

function mutant (mkk1/2) of MKK1 and MKK2 has marked phenotypes in development 

and disease resistance similar to those of the single mekk1 (Su et al., 2007) and also 

mpk4 (Petersen et al., 2000) mutants. Further, MPK4 activity in response to elicitors 

was not apparent in the mkk1/mkk2 double mutant, but was seen in single mkk1 and 

mkk2 mutants confirming on a genetic basis the signalling cascade uncovered by means 

of the yeast two-hybrid analysis.   

 

 In the work presented here, an interaction between MKK6 and MAPK4 was also found 

(see Fig. 3.3). The liquid assay is shown in Fig. 3.6. This interaction has previously 

been shown by filter assay using a yeast two-hybrid system (Lee et al., 2008a). Studies 

by Soyano et al. (2003) found that MKK6 used MPK13 as a substrate in a signal 

transduction pathway thought to be involved in the regulation of cytokinesis. A 

homologue of this pathway has been extensively investigated in Nicotiana by using 

yeast two-hybrid assays and protein kinase assays, where the tobacco orthologues of 

MKK6 and MPK13 have been named NQK1 and NRK1, respectively (Soyano et al., 

2003). Disruption of the Arabidopsis orthologue of NQK1 (MKK6) causes cytokinesis 

defects. The mkk6 homozygous mutant showed dwarfism, producing small leaves and 

short roots during vegetative growth, the cotyledons had rough surfaces and outgrowths 

of cells on the root epidermis (Soyano et al., 2003). But in the present study, no 

interaction between MKK6 and MPK13 was found.  

 

4.1.3 Interactions between MPK6 and MKKs 

               

 Interactions between MKK2, MKK4 and MKK5 with MAPK6 were also found in this 

study (Fig. 3.7). The quantitative liquid assays for these interactions are shown in Fig.  
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3.8, Fig. 3.9 and Fig. 3.10. The interaction between MKK2 and MAPK6 has already 

been shown by using yeast two-hybrid system (Teige et al., 2004; Lee et al., 2008a). 

The interaction between MKK4 and MKK5 with MAPK6 has also been shown by using 

protein kinase assay in transient protoplast transfections (Asai et al., 2002). Interaction 

between MKK4, MKK5 and MPK6 are known to be involved in the stomatal 

development pathway (Wang et al., 2007) and defense response signaling pathway 

(Asai et al., 2002). Kovtun et al. (2000), by using a protein kinase assay reported that 

MPK6 plays a crucial role in auxin signalling and oxidative stress, it was found that 

constitutively active ANP1 mimics the effect of H2O2 and initiates a phosphorylation 

cascade involving two stress MPKs, MPK3 and MPK6 but blocks the action of auxin. 

Nuhse et al. (2000) found that different elicitors from bacteria, fungi, and plants lead to 

a rapid and transient activation of AtMPK6 in suspension culture of Arabidopsis. 

Desikan et al. (2001) found that the bacterial elicitor harpin (secreted by Pseudomonas 

syringae pv syringae) activates MPK4 and MPK6 in suspension cultures of 

Arabidopsis. MPK4 and MPK6, are activated by treatment with low temperature, low 

humidity, hyper-osmolarity, touch and wounding (Ichimura et al., 2000) and also MPK6  

plays role in jasmonate (JA)-mediated developmental signalling (Takahashi et al., 

2007).   

 

4.1.4 Interaction between MPK7 and MKK 

  

 A positive interaction between MKK3 and MPK7 was seen here (see Fig. 3.11). The 

liquid assay for this interaction is shown in Fig. 3.12. This interaction has been 

previously reported by using yeast two-hybrid system (Doczi et al., 2007; Lee et al., 

2008a). Doczi et al. (2007) used the yeast strain L40 and the vectors pBTM116 for the 

LexA-BD fusions of MKKs and pGAD424 for the Gal4-AD fusions of the MPKs, and a 

qualitative assay based upon β-galactosidase activity. By yeast two-hybrid analysis, 

coimmunoprecipitation, and protein kinase assays, MKK3 was revealed to be an 

upstream activator of the group C MAPKs MPK1, MPK2, MPK7, and MPK14 and it 

was found that the MKK3 pathway plays a role in pathogen defence and H2O2 (Doczi et 

al., 2007).  Moustafa et al. (2002) found that MPK7 gene expression was induced by salt 

and osmotic stress by using a macroarray assay. 
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4.1.5 Interaction between MPK10 and MKK 

 

 An interaction between MKK2 and MPK10 was found in this study (see Fig. 3.13). The 

liquid assay is shown in Fig. 3.14. This interaction, using a yeast two-hybrid filter assay, 

has been shown recently (Lee et al., 2008a). Studies by Moustafa et al. (2008) found 

that MPK10 gene expression was induced by salt and osmotic stress by using 

macroarray assay. As yet, there are no reports in the literature on the function of 

MPK10.   

 

4.1.6 Interactions between MPK11 and MKKs 

 

 An interaction between MKK1, MKK2 and MKK6 with MAPK11 was shown in this 

study (Fig. 3.15). The liquid assay for these interactions is shown in Fig. 3.16, Fig. 3.17 

and Fig. 3.18. These interactions have recently been shown in yeast two-hybrid by Lee 

et al. (2008). Moustafa et al. (2008) found that MPK11 gene expression was induced by 

salt, drought and osmotic stress, but no other physiological role for MPK11 is as yet 

know. The functions of MKK1, MKK2 and MKK6 have been already discussed above 

(Section 4.1.2 and 4.1.3). 

 

4.1.7 Evaluation of yeast two-hybrid assays 

 

 As discussed by Serebriiskii and Golemis (2000), different combinations of bait, prey 

and lacZ-reporter may behave non-equivalently in yeast two-hybrid assays with a strong 

signal in one configuration indicating high activity of transcription and with a weak 

signal in the other configuration, indicative of low activity for transcription of the 

reporter gene. Thus, many of the positive interactions seen in these experiments are seen 

with the bait and prey proteins only in one particular configuration such as GAD424-

MPK4/GBT9-MKK1, GAD424-MPK4/GBT9-MKK6, GAD424-MPK11/GBT9-

MKK1, and GAD424-MKK2/GBT9-MPK11. A possibility is that particular Gal4 bait 

or prey fusions are transcriptionally or post transcriptionally unstable. This hypothesis 

could be tested, by example northern blotting for presence of the transcript, or western 

blotting with an anti-GAL4 antibody for presence of the fusion protein. In this particular 

case, the fact that both MKK and MAPK proteins have specific binding domains must 

be taken into consideration. For example, MKKs have an N-terminal domain which 

helps them dock with MAPK proteins. This domain may be sterically unavailable in 
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certain configurations. Studies in yeast and mammals found that for MPKs, the docking 

sites consists of ‘CD-sites’ (see section 1.3.1) which interacts with the N-terminal of 

MKKs and these sites are pivotal for activation and to tether their cognate MPKs near 

the MKKs kinase domain in vivo (Tanoue  et al., 2000; Grewal et al., 2006; Bardwell et 

al., 2006). It could be that these ‘CD-sites’ in MPK proteins are sterically hindered in 

certain MPK-Gal4 combinations and thus prevent the reaction or interaction with MKK 

proteins (Fig. 4.1). This is clearly not the case in all interactions as the MKK1, MKK2 

and MPK4 interaction  in yeast is very robust, and this may be the reason why this 

particular interaction was the first one to be uncovered by yeast two-hybrid (Mizoguchi 

et al., 1998 and Ichimura et al., 1998a).    
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Fig. 4.1: Model for the constructs of Gal4BD-MAPK and Gal4AD-MKK shows the ‘D’ 

site and ‘CD’ site interaction sterically hindered by presence of the GAL4 domain. A) 

MKK protein and MAPK protein with D sites and CD-site, respectively. B) MKK 

protein and MAPK protein before fusion with Gal4BD/AD can interact each other. C) 

After fusion with Gal4BD/AD, MKK protein no longer efficiently docks to MAPK 

proteins.   

 

 For some fusion proteins, no positive results were seen at all. This might be because the 

original constructs had a mutation, due to the PCR amplification, despite the fact that 

measures were taken to reduce this possibility such as using pfu polymerase (a proof 

reading enzyme), low cycle numbers and high template concentration. To check this, 

those constructs giving no result in yeast two-hybrid were sequenced. This was done for 

MPK1, MPK2, MPK5, MPK8, MPK9, MPK12, MPK13, MPK14, MPK15, MPK16, 

MPK17, MPK18, MPK19 and MPK20. The results showed that MPK1, MPK2, MPK5, 

MPK9, MPK13, MPK14, MPK16, MPK17, MPK18, MPK19 and MPK20 sequencing 

had the correct open reading frame with no errors or frame-shift between Gal4 and the 

MAPK ORF. For MPK8, MPK12 and MPK15 the sequencing showed that an error had 

been introduced resulting in the loss of the open reading frame for the MAPK. For these 

proteins, the PCR, sequencing (which indicated that the new clones with no introduced 

errors), cloning and the filter assays have been done for a second time but still no 

interactions were found. Lee et al. (2008a) by using yeast two-hybrid found an 

interaction between MPK15 and MKK7 but did not find any interactions for MPK8 and 

MPK12. Thus the lack of interaction detection in this present study could be due to 

false-negatives, assuming that these proteins do have MKK binding partners in the 

plant.   

 

 Finley (2005) reported that false-negatives are one of the limitations in yeast two-

hybrid systems. The possible causes of these false-negatives are: i) a particular protein 

may be difficult to express in yeast, because it is degraded by specific yeast proteases or 

is toxic. ii) Some proteins may fail to enter the yeast nucleus; although a nuclear 

localization signal is included in the hybrid tag, other signals in a protein may dominate 

such as proteins that contain strong targeting signals (Van Criekinge and Beyaert, 

1999). iii) Some interactions depend upon posttranslational modification that may not 

occur in yeast such as the formation of disulfide bridges, glycosylation and 

phosphorylation (Van Criekinge and Beyaert, 1999). iv) the presence of the AD or DBD 
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tag may in some cases block proper folding or obscure surfaces needed for interactions 

are too weak to be detected by the yeast two-hybrid assay (Finley, 2005; Van Criekinge 

and Beyaert, 1999). According to Ichimura et al. (2002) in Arabidopsis the CD 

(common docking) domain in Group C (MPK1, MPK2, MPK7, MPK14) appears to be 

modified and no CD domain is found in Group D (MPK8, MPK9, MPK15, MPK16, 

MPK17, MPK18, MPK19, MPK20). That of course does not mean that these proteins 

do not have some form of recognition system or sequence, it is just that we do not know 

what or where they are.  

 

MKK3 in one orientation (pGBT9-MKK3) always gives a positive result in the yeast 

two-hybrid system even in the absence of a binding partner. Even though in this 

experiment MKK3 appeared to show an interaction with MPK7, the result from the T-

Test did not show significant difference. It maybe that MKK3 is able to activate 

transcription on its own (auto-activation), so that MKK3 can act as a transcription factor 

by attracting RNA polymerase, thus when fused to a BD, it activates gene expression. 

Thus, when the MKK3 is expressed in yeast, it always shows a positive interaction 

(clear blue colour in filter assay) in one orientation (pGBT9-MKK3/PGAD424-

MAPKs) even in the absence of a true protein-protein interaction. 

 

4.2 Bimolecular Fluorescence Complementation 

 

 Recently BiFC has emerged as an innovative technique for visualizing of protein 

protein interactions in plant cells (Hiatt et al., 2008) in order to investigating the 

interaction of plant nuclear or cytoplasmic proteins (Walter et al., 2004). As a 

complementary approach to yeast two-hybrid, a goal of this project was to investigate 

protein-protein interactions in vivo by using, transient expression in leaf mesophyll 

protoplast. In this study, we applied the pSAT series of vectors to facilitate the practice 

of multi-color BiFC assay to Arabidopsis thaliana.  

 

 In this study, leaf mesophyll protoplasts of Arabidopsis thaliana ecotype Columbia 

were transformed with a plasmid encoding full length GFP and this emitted green 

fluorescence when illuminated with blue light (see Fig. 3.19D) and this was used as a 

positive control for transient transformation of protoplasts. The results for some of the 

combinations of constructs with fusion proteins of interest emitted the green fluorescent 

colour similar to full length of GFP (see Fig. 3.19A and Fig. 3.19B) apparently 
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confirming the yeast two-hybrid data that MKK1, MKK2 and MKK6 interact with 

MPK4 and MPK11, respectively. Recently, Gao et al. (2008) by using BiFC and YFP 

fusions showed that MKK1 and MKK2 appear to interact with MEKK1 on the plasma 

membrane and also that MKK1 and MKK2 interact with MPK4 on the plasma 

membrane and in the nucleus in protoplasts of Arabidopsis.  

 

 Leaf mesophyll protoplasts of Arabidopsis were also transformed with empty vectors, 

which only contained the genes encoding the N and C terminals of GFP derivatives as a 

negative control, and although it was expected that this should not result in any 

fluorescence, some of these protoplasts also emitted green fluorescence upon 

illumination with blue light in a similar manner to the positive full length GFP controls 

(see Fig. 3.19C). Although the N and C terminal constructs should not have 

reassembled, it might be that non-specific assembly could potentially occur when the 

BiFC fusion protein are overexpressed and randomly collide each other and thus 

produce fluorescent (Hiatt et al., 2008). The level of fluorescence seen when the control 

plasmids were transformed was very intense, much more so that when fusion construct 

were transformed, suggesting that once formed, N and C terminal dimers are very stable 

and in an optimal configuration. This, although fluorescence could be seen when 

MAPK and MKK partners were introduced as GFP fusions, there is a significant level 

of doubt as to the veracity of this interaction as determined by BiFC. Problems with 

background fluorescence in BiFC have been indicated by other research workers 

(Professor Rűdiger Simon, Dűsseldorf University, Professor Rory Duncan, Heriot-Watt 

University, personal communication). The occurrence of background noise is one of the 

main limitations in BiFC whereas the expression levels, the type of BiFC vectors is 

used, and the type of fusion used in the BiFC assay can all affect the level of 

background noise therefore all these factors should be tested to achieve a high signal: 

background ratio (reviewed by Weinthal and Tzfira, 2009).  

 

 Here, BiFC signals were observed by driving gene expression from the viral CaMV 

35S promoter (derived from the Cauliflower Mosaic Virus); this promoter is a strong 

constitutive promoter. At high expression levels the free BiFC fragments sometimes 

tend to associate non-specifically and generate background fluorescence (Walter et al., 

2004). According to Hiatt et al. (2008) even without protein interactions non-

fluorescent fragments for all fluorescent proteins tested have a tendency to reconstitute 

fluorescence to a certain degree. That is possibly why in this study when the two empty 
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vectors have been transferred together without the protein interactions they have emitted 

the fluorescence background. To overcome this problem, non-interacting fusion protein 

could be used in control or reduce the expression level by using less active promoter 

(Walter et al., 2004). Unfortunately, time was not available to carry out this experiment 

in this study.    

 

4.3 Responses of mpk11 to salt (NaCl) 

 

 The yeast two-hybrid experiments indicated a strong interaction between the MAP 

kinase MPK11 and the MAP kinase kinase MKK1, MKK2 and MKK6 (data shown 

here in Fig. 3.15), this interaction was also seen by Lee et al. (2008a). Since MPK4 

interacts with the same MKKs and is known to be an important regulator of plant stress 

response, MPK11 might similarly be involved in such responses. When the amino acid 

sequences of the Arabidopsis MAPK proteins are compared, the MPK11 amino acid 

sequence is most similar to that of MPK4, thus it is possible that MPK11 has a similar 

or ancillary role to MPK4. Thus, tools were developed in order to investigate this 

possibility. A knock-out allele of mpk11 was obtained and analysed on a molecular and 

physiological basis. The mpk11 mutant plants appear morphologically normal, unlike 

the mpk4 mutant which is severely stunted due to high endogenous salicylic acid levels 

in the plant. This already suggests that MPK11 does not share exactly the same function 

as MPK4. 

 

 High concentrations of NaCl in plants can cause salt stress whereupon several events 

will be triggered such as the inhibition of enzyme activity in metabolic pathways, 

decrease uptake of nutrients in roots, decrease carbon efficiency and denaturation of 

protein and membrane structures (Tsugane et al., 1999). It is known that at least one 

(MKK2) of the putative upstream activators of MPK11 is activated by abiotic stresses 

such as salt stress (Teige et al., 2004). MPK11 is a member of group B Arabidopsis 

MAP kinase (MPK4, MPK5, MPK11, MPK12 and MPK13). Some members of group 

B have been described to be activated in response to abiotic stress (Ichimura et al., 

2000; Droillard et al., 2002; Petersen et al., 2000). So far no other mutants in this group 

have a salt phenotype. However, studies by Moustafa et al. (2008) found that MPK11 

gene expression was induced by drought, salt and osmotic stress. This group also found 

that other members in group B such as MPK4, MPK5, and MPK12 were induced by 
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dehydration. Thus, in this study, seed germination experiments were carried out to 

investigate the sensitivity of mpk11 mutant to salt stress (Fig.3.22). However the result 

showed no differences between the germination of the wild type and the mpk11 mutant 

in the presence of inhibitory concentrations of NaCl. This does not rule out a function 

for MPK11 in salt stress of the vegetative plant however. Alternatively, the function of 

MPK11 may be redundant, and multiple mutant combinations will be required to see a 

phenotype.  

 

4.4 Responses of Mutant to ABA 

 

 Several MAP kinases are known to be activated by exogenous abscisic acid ABA for 

example MPK3 (Lu et al,. 2002), MPK1 and MPK2 (Hwa and Yang, 2008). Lu et al. 

(2002) found that Abscisic Acid Insensitive 5 (ABI5) levels are elevated in ABA-

hypersensitive mutant (hyl1) seedlings and suggested that this transcription factor could 

be the substrate for the MPK3. From this study they suggested the possibility that ABA 

signals through a MAPK cascade to the transcriptional apparatus to arrest growth and 

seedlings. In addition, salt stress is frequently associated with ABA as levels of this 

plant hormone rise upon salt or dehydration stress. For these reasons, seed germination 

experiments were carried out to investigate the sensitivity of mpk11 mutant to ABA 

(Fig. 3.23). The results from this study showed that seedling of mpk11 mutant are 

hypersensitive to ABA compared to the wild type during germination. ABA plays a 

pivotal role in seed maturation and germination and also in adaptation to various abiotic 

stresses such as cold, drought and salinity (Leung and Giraudat, 1998). ABA, ethylene 

and jasmonic acid (JA) can influence seed germination (Staswick et al., 1992; Beaudoin 

et al.,2000; Ghassemian et al., 2000).  

 

 In Arabidopsis, JA and ABA are interconnected in influencing several physiological 

and developmental processes such as seed germination and plant defences against 

pathogens (Lorenzo and Solano, 2005). For example, two JA insensitive mutants: coi1 

(coronatine insensitive 1) and jar1 (jasmonic acid insensitive 1) were reported more 

sensitive than wild type to ABA during seed germination and also indicates that JA 

antagonises ABA mediated inhibition of germination (Ellis and Turner et al., 2000; 

Staswick et al., 1992). It would therefore be of interest to investigate the effect of JA on 

the mpk11 mutant.  
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 In order to generate tools for the analysis of the significance of the MPK11 related 

interactions found through the yeast two-hybrid analysis, an HA-epitope tagged cDNA 

encoding MPK11 under the control of the CAMV 35S promoter was introduced into 

Arabidopsis plants by transformation with Agrobacterium tumefaciens. This was done 

using the following genetic backgrounds, Columbia Wildtype, mpk11, mkk1 and mkk2. 

Western blot analysis of primary transformants using anti-HA antiserum indicated that 

several lines from each transformant produced detectable levels of MPK11-HA. These 

plants will be used in future experiments in order to see if enzyme activation of 

MPK11-HA is dependent on MKK1 or MKK2.  

 

The conclusions from the experiments for this study are shown in the list below: 

 

1. Results from qualitative beta-galactosidase filter assays and quantitative beta-      

galactosidase liquid assays  for yeast two-hybrid system found that in total  6 of  the      

MKK proteins and 6 of the MAPK proteins showed evidence for interactions in yeast     

but no interactions were observed for 4 of the MKK proteins and 14 MAPK proteins.   

 

2. Results from BiFC suggesting that MKK1, MKK2 and MKK6 interact with MPK4 

and MPK11, respectively however evidence of reciprocal interaction was only seen with      

the combination of MKK1 and MPK11 and with MKK2 and MPK11. In addition, the    

constructs used here showed high background levels of fluorescence even in the      

absence of putatively interacting fusion proteins.  

 

3. A T-DNA insertion mutant allele (mpk11) was found to lack the full length      

MPK11transcript. The mpk11 mutant was tested for salt sensitivity during     

germination, but no difference to the wildtype was seen. 

 

4. MPK11 might be involved in signalling pathways in response to ABA, as mpk11    

seeds showed hypersensitivity to ABA during germination. 
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Arabidopsis MAP kinases 

 

 

Protein 

name 

 

Gene 

code 

 

Molecular 

weight 

 

Gene bank 

protein 

accession 

no. 

 

Group 

 

Reference 

 
MPK1 

 
At1g10210 

 
42645 

 
BAA03535 

 
C1 

 
Mizoguchi et al.,1993 

 
MPK2 At1g59580 43125 BAA03536 C1 Mizoguchi et al.,1993 

 
MPK3 At3g45640 42717 BAA04866 A3 Mizoguchi et al.,1993 

 
MPK4 At4g01370 42852 BAA04867 B4 Mizoguchi et al.,1993 

 
MPK5 At4g11330 42882 BAA04868 B4 Mizoguchi et al.,1993 

 
MPK6 At2g43790 45058 BAA04869 A6 Mizoguchi et al.,1993 

 
MPK7 At2g18170 42299 BAA04870 C7 Mizoguchi et al.,1993 

 
MPK8 At1g18150 66232 AB038693 D8 Mizoguchi et al.,1997 

 
MPK9 At3g18040 70128 AB038694 D8 Mizoguchi et al.,1997 

 
MPK10 At3g59790 45175 CAB75798 A10 Arabidopsis genome project 

 
MPK11 At1g01560 42476 AAF81314 B4 Arabidopsis genome project 

 

MPK12 At2g46070 46137 AAC62906 B4 Arabidopsis genome project 
 

MPK13 At1g07880 42195 AAF75067 B13 Arabidopsis genome project 
 

MPK14 At4g36450 41976 CAB16812 C7 Arabidopsis genome project 
 

MPK15 At1g73670 65251 AAG52072 D8 Arabidopsis genome project 
 

MPK16 At5g19010 64912 NP_197402 D8 Arabidopsis genome project 
 

MPK17 At2g01450 59038 AAC67338 D8 Arabidopsis genome project 
 

MPK18 At1g53510 67951 AAG51978 D18 Arabidopsis genome project 
 

MPK19 At3g14720 65904 NP_188090 D18 Arabidopsis genome project 
 

MPK20 At2g42880 67275 AAD21721 D18 Arabidopsis genome project 
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Arabidopsis thaliana MAP kinase kinases 

 

 

Protein 

name 

 

Gene code 

 

Molecular 

weight 

 

Gene bank 

protein 

accession no. 

 

Group 

 

Reference 

 
MKK1 

 
At4g26070 

 
39210 

 
AAB97145 

 
A1 

 
Morris et al.,1997 

 
MKK2 At4g29810 39849 BAA28828 A1 Ichimura et al.,1998b 

 
MKK3 At5g40440 57530 BAA28829 B3 Ichimura et al.,1998b 

 
MKK4 At1g51660 40117 BAA28830    C4        Ichimura et al.,1998b; 

       Ren et al.,2002 
 

MKK5 At3g21220 38329 BAA28831    C4        Ichimura et al.,1998b; 
       Ren et al.,2002; 
       Hamal et al.,1999 
 

MKK6 At5g56580 39837 NP_200469 A6 Arabidopsis genome 
project 

 
MKK7 At1g18350 34272 AAF25995 D7 Arabidopsis genome 

project 
 

MKK8 At3g06230 32521 AAF30316 D7 Arabidopsis genome 
project 

 
MKK9 At1g73500 34347 AAG30984 D7 Arabidopsis genome 

project 
 

MKK10 At1g32320 34023 AAF81327 D7 Arabidopsis genome 
project 
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