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Abstract 

Strigolactones (SLs) are a class of hormones that play an important role in the regulation of 

many plant developmental processes, especially branching. In petunia, SL signalling is 

mediated by the receptor, DAD2, which functions as an enzyme-receptor that hydrolyses SL 

and binds to its hydrolysis product. DAD2 undergoes a conformational change and interacts 

with its signal transduction partner PhMAX2A and target protein PhD53A to activate a 

signalling cascade. The goal of this research was to dissect the roles of catalysis, 

conformational changes of DAD2 and interaction with PhMAX2A and PhD53A in the 

activation of SL signal transduction.  

Random and site-directed mutagenesis approaches were used to address whether the catalytic 

activity of DAD2 could be uncoupled from its ability to interact with PhMAX2A. DAD2 

mutants were characterised for enzyme activity, thermal stability and interactions with 

PhMAX2A and PhD53A. Among all of the mutants tested, the N242I mutant, having a 

mutation affecting a residue residing on the surface of the core α/β hydrolase fold, showed 

increased interaction with PhMAX2A in the absence of SL, suggesting that catalysis can be 

separated from the DAD2-PhMAX2A interaction. Despite having enzymatic activity similar 

to wild-type DAD2, the N242I mutant was thermally less stable than wild-type DAD2, 

suggesting that the mutation may have altered the stability/flexibility of the protein and thus 

allowing this mutant to interact with PhMAX2A even without SL hydrolysis. However, the 

N242I mutant still required SL to interact with PhD53A, indicating that the change in 

stability/flexibility of the protein caused by the N242I mutation was insufficient to facilitate 

the interaction with PhD53A. 

A transgenesis approach was aimed at testing the biological functions of selected DAD2 

mutants in Arabidopsis d14 mutants. However, the lack of complementation by wild-type 

DAD2 due to no detectable levels of DAD2 protein in the Arabidopsis transgenic lines 

prevented further in planta investigation of the DAD2 mutants.  

Overall, the in vitro findings support the hypothesis that conformational change in DAD2 is 

the crucial mechanism that activates SL signalling by allowing interaction with PhMAX2A, 

and catalysis could merely be a process that induces the conformational change. 
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1 Introduction 

The development and growth of plants, particularly the formation of plant architecture, is a 

process that requires coordination between various environmental and endogenous signals 

with the plant’s intrinsic genetic programmes. This process is controlled to a great extent by 

endogenous small molecules called plant hormones. Many decades of study on plant 

hormones have identified nine families of plant hormones, which are auxin, cytokinin, 

abscisic acid, gibberellin, ethylene, brassinosteroids, jasmonates, salicylic acid, and 

strigolactones (SLs) (reviewed in Cutler and Nelson (2017)). Hormone-regulated plant 

physiological processes, hormone biosynthesis, metabolism and transportation have been the 

main focus in earlier studies on plant hormones. The molecular mechanism of hormone 

perception and signal transduction have gained attention from researchers only within recent 

decades. 

Among the plant hormones identified, the signalling mechanism of auxin, jasmonates, 

gibberellins and SLs was found to occur through the ubiquitin-proteasome pathway mediated 

by F-box proteins and the Skp1-Cullin-F-box (SCF) complex (Dill, Thomas, Hu, Steber, & 

Sun, 2004; Gray, Kepinski, Rouse, Leyser, & Estelle, 2001; Katsir, Schilmiller, Staswick, 

He, & Howe, 2008; Zhao et al., 2014). In the case of auxin and jasmonates, the hormonal 

signal is perceived by an F-box protein that functions as the receptor (Calderón Villalobos et 

al., 2012; Dharmasiri, Dharmasiri, & Estelle, 2005; Kepinski & Leyser, 2005; Sheard et al., 

2010). The SCF ubiquitin ligase complex then mediates the signal transduction cascade by 

targeting negative regulators of auxin and jasmonate signalling for polyubiquitination and 

proteasome-mediated degradation, resulting in the activation of auxin- and 

jasmonate-responsive genes, respectively (Gray et al., 2001; Thines et al., 2007). 

Gibberellin signal transduction is also mediated by the SCF ubiquitin ligase complex, 

however, distinct from auxin and jasmonate signalling, the gibberellin receptor is not an 

F-box protein. The gibberellin signal is perceived by the gibberellin receptor, GID1 

(Gibberellin-Insensitive Dwarf1), which is a nuclear-localised protein comprising an α/β 

hydrolase fold connected to an α-helical lid domain (Shimada et al., 2008; Ueguchi-Tanaka 

et al., 2005). Binding of gibberellin within the cavity of GID1 induces a conformational 

change that facilitates GID1 interaction with the DELLA proteins (transcriptional repressor 

and target proteins of the F-box protein GID2 in gibberellin signalling) and the F-box 

component of the SCFSLY1/GID2 complex (Murase, Hirano, Sun, & Hakoshima, 2008; 

Ueguchi-Tanaka et al., 2007). Subsequent polyubiquitination of the DELLA proteins by the 
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SCFSLY1/GID2 complex and degradation via the 26S proteasome leads to de-repression of 

gibberellin responses (Dill et al., 2004; McGinnis et al., 2003; Sasaki et al., 2003).  

Studies on the SL pathway have highlighted that the SCF complex also plays a central role 

in the mechanism of hormone perception for SLs and that the SL receptor also shares some 

structural similarities with the GID1 receptor (Hamiaux et al., 2012; Shimada et al., 2008; 

Stirnberg, Furner, & Leyser, 2007; Yao et al., 2016; Zhao et al., 2014; Zhao et al., 2015). The 

SL receptor acts through an unusual mechanism in the perception of the SL hormone by 

functioning as an enzyme that hydrolyses the hormone ligand, allowing the SL receptor to 

change in conformation for interaction with the SCF complex and activates the SL signalling 

pathway. The SL receptor thus presents a mechanism of signal reception that is distinct from 

GID1 and all the other plant hormones studied to date (de Saint Germain et al., 2016; 

Hamiaux et al., 2012; Yao et al., 2016; Zhao et al., 2013; Zhao et al., 2015). 

Numerous studies have been conducted to unravel the mechanism of SL signal perception 

within the past decade, however knowledge regarding the role of SL hydrolysis in the 

interaction between the receptor and the SCF complex to transduce the SL signal is still 

incomplete. To fill the gap in our knowledge of the biological function of the SL receptor, 

this thesis will examine the mechanism of action of the petunia SL receptor (DAD2) in the 

reception of the SL signal. Through the use of multiple approaches, including biochemistry, 

mutagenesis, cell biology and transgenesis, this project will explore the role of SL hydrolysis 

and DAD2 conformational change in SL signal transduction.  

This introduction will briefly review the role of SLs in plant development and the 

biosynthesis of SLs, followed by a detailed description of what is currently known about the 

DAD2 receptor including its structure, biochemical characteristics and other key signalling 

components and mechanisms in the perception of the SL signal. The current model of SL 

reception by the DAD2 receptor will be outlined. A DAD2-related α/β hydrolase receptor 

will also be briefly discussed. Finally, the aims of this thesis will be outlined to address the 

current research questions on the mechanism of SL signalling.  

1.1 Strigolactones in plant development 

Strigolactones (SLs) are a group of terpenoid-derived plant metabolites. SLs were initially 

discovered as seed germination signals for parasitic weeds such as Striga and Orobanche 

which are significant crop pests worldwide. Upon germination, the parasitic weeds develop 

haustoria to penetrate the host tissue and draw nutrients from the host plant (Cook, Whichard, 
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Turner, Wall, & Egley, 1966; Yokota, Sakai, Okuno, Yoneyama, & Takeuchi, 1998). In the 

rhizosphere, SLs function as exogenous signals for hyphal branching and growth of 

arbuscular mycorrhizal (AM) fungi, especially under conditions of phosphate deficiency, to 

promote a symbiotic interaction. This symbiotic relationship improves phosphate uptake in 

host plants, and in return provides fixed carbon sources required by the AM fungi (Akiyama, 

Matsuzaki, & Hayashi, 2005). 

In higher plants, the biological activity of SLs has been mainly attributed to the control of 

shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008). Since the 1990s, 

numerous groups have been working on orthologous branching mutants in a few species: 

more axillary growth (max) in Arabidopsis thaliana (Arabidopsis) (Booker et al., 2004; 

Sorefan et al., 2003; Stirnberg, van De Sande, & Leyser, 2002; Waters et al., 2012b); dwarf 

(d) and high-tillering dwarf (htd) in Oryza sativa (rice) (Arite et al., 2007; Arite et al., 2009; 

Ishikawa et al., 2005; Zou et al., 2006); ramosus (rms) in Pisum sativum (pea) (Beveridge, 

Ross, & Murfet, 1996; Foo et al., 2005; Foo, Turnbull, & Beveridge, 2001; Morris, Turnbull, 

Murfet, & Beveridge, 2001); and decreased apical dominance (dad) in Petunia hybrida 

(petunia) (Napoli, 1996; Snowden & Napoli, 2003). Using grafting experiments, it was 

demonstrated that SLs function as graft-transmissible signals transported acropetally to 

inhibit axillary branching in plants (Beveridge et al., 1996; Booker et al., 2005; Brewer et al., 

2016; Foo et al., 2001; Morris et al., 2001; Napoli, 1996; Simons, Napoli, Janssen, Plummer, 

& Snowden, 2007; Turnbull, Booker, & Leyser, 2002). 

Cloning of genes from the branching mutants further mapped the genes responsible for the 

regulation of axillary branching to those that are involved in the biosynthesis and signalling 

of SLs (Arite et al., 2007; Arite et al., 2009; Booker et al., 2004; Challis, Hepworth, Mouchel, 

Waites, & Leyser, 2013; Drummond et al., 2009; Hamiaux et al., 2012; Ishikawa et al., 2005; 

Lin et al., 2009; Snowden et al., 2005; Sorefan et al., 2003; Stirnberg et al., 2002; Waters, 

Brewer, Bussell, Smith, & Beveridge, 2012a; Waters et al., 2012b). For example in petunia, 

the dad1 and dad3 mutants which are defective in SL biosynthesis, as well as the dad2 mutant 

which is defective in SL signal reception, respectively displayed increased branching with 

reduced plant height compared to wild-type petunia (Drummond et al., 2009; Hamiaux et al., 

2012; Napoli, 1996; Simons et al., 2007; Snowden & Napoli, 2003; Snowden et al., 2005). 

Studies of branching mutants in a range of species also showed that SL treatments of the 

rms1 mutant of pea, the max1, max3 and max4 mutants of Arabidopsis, the d10 and d17 

mutants of rice, as well as the dad1 mutant of petunia which are defective in SL biosynthesis 

were able to rescue the branching phenotype of these mutants, but not for the dad2/d14 and 
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max2/d3/rms4 SL signalling mutants (Arite et al., 2009; Gomez-Roldan et al., 2008; 

Hamiaux et al., 2012; Umehara et al., 2008). The findings from the aforementioned studies 

support the hypothesis that SL is responsible for the inhibition of axillary bud outgrowth in 

plants (Figure 1.1). 

 

Figure 1.1 The Roles of Strigolactones in Plant Development. 

The positive and negative effects of SLs on various plant growth processes are respectively indicated by arrows 

and bars (Adapted from Smith and Waters (2012)). 

Other phenotypic changes have also been reported in mutant plants defective in SL 

biosynthesis and signalling. These include changes in root architecture and leaf morphology, 

delayed leaf senescence, delayed flowering and reduced flower size, reduced fruit size and 

the number of seed produced, as well as reduced stem secondary growth and internode 

elongation, thus indicating a diversity of roles for SLs in the regulation of plant development 
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(Figure 1.1) (Agusti et al., 2011; Beveridge et al., 1996; Challis et al., 2013; de Saint Germain 

et al., 2013; Kapulnik et al., 2011; Kohlen et al., 2012; Lauressergues et al., 2015; Liang, 

Ward, Li, Bennett, & Leyser, 2016; Mayzlish-Gati et al., 2012; Rasmussen et al., 2012; 

Ruyter-Spira et al., 2011; Scaffidi et al., 2013; Simons et al., 2007; Snowden et al., 2005; 

Soundappan et al., 2015; Stirnberg et al., 2002; Wang et al., 2015; Woo et al., 2001).  

1.2 Strigolactone biosynthesis and its associated genes 

SLs are produced primarily in the roots and lower stem, particularly under conditions of 

nutrient stress (Drummond et al., 2015; Gomez-Roldan et al., 2008; Snowden et al., 2005; 

Umehara et al., 2008; Xie et al., 2013; Yoneyama et al., 2012; Yoneyama et al., 2007; 

Yoneyama et al., 2008). SLs typically consist of a core tricyclic lactone (the ABC-rings) with 

various patterns of substitution on the AB rings, connected via an enol-ether linkage to an 

invariable butenolide group (D-ring) (Figure 1.2). Based on stereochemical differences, SLs 

can be classified into two families; the strigol-type and the orobanchol-type, which are 

diastereoisomers with opposite C-ring orientations (Xie et al., 2013).  

 

 

Figure 1.2 Chemical Structures of Naturally-Occurring Strigolactones and the Synthetic Analogue, 

GR24 and Its Enantiomer. 

  

The biosynthetic pathway of SLs in plants involves the conversion of a β-carotene to 

carlactone by sequential actions of β-carotene isomerase (D27), CAROTENOID 

CLEAVAGE DIOXYGENASE 7 (CCD7) and CAROTENOID CLEAVAGE 

DIOXYGENASE 8 (CCD8) (Figure 1.3) (Abuauf et al., 2018; Alder et al., 2012; Arite et al., 
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2007; Booker et al., 2004; Drummond et al., 2009; Lin et al., 2009; Seto et al., 2014; Snowden 

et al., 2005; Sorefan et al., 2003; Waters et al., 2012a; Zou et al., 2006). Carlactone is then 

converted to carlactonoic acid, a biosynthetic precursor to SLs currently found in many 

species, by a mechanism catalysed by the cytochrome P450 enzyme, MAX1 (Abe et al., 2014; 

Iseki et al., 2018; Seto et al., 2014; Yoneyama et al., 2018a). The subsequent step(s) that 

forms the two families of SLs and a SL-LIKE1 compound (methyl carlactonoate, a 

non-canonical SL found in Arabidopsis) from carlactonoic acid is species-dependent, and 

this mechanism involves MAX1 homologues and possibly other enzyme(s) such as 

LATERAL BRANCHING OXIDOREDUCTASE (LBO) and LOW GERMINATION 

STIMULANT 1 (Abe et al., 2014; Brewer et al., 2016; Iseki et al., 2018; Yoneyama et al., 

2018a; Yoneyama et al., 2018b; Zhang et al., 2018; Zhang et al., 2014). A representative 

diagram of the biosynthetic pathway of SLs with specific examples of SL biosynthesis in 

Arabidopsis and rice is shown in Figure 1.3. The orthologous genes coding for SL 

biosynthetic enzymes identified so far in Arabidopsis, pea, petunia and rice are listed in 

Table 1.1. 

 

Figure 1.3 The Biosynthetic Pathway of Strigolactones in Arabidopsis and Rice. 

Abbreviations: CCD, CAROTENOID CLEAVAGE DIOXYGENASE; D, DWARF; DAD, DECREASED 

APICAL DOMINANCE; HTD, HIGH-TILLERING DWARF; MAX, MORE AXILLARY GROWTH; LBO, 

LATERAL BRANCHING OXIDOREDUCTASE; RMS; RAMOSUS.  
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Table 1.1 Genes Involved in Strigolactone Biosynthesis.  

(table adapted from Janssen, Drummond, and Snowden (2014)) 

Protein identity/function Gene name References 

Arabidopsis Pea Petunia Rice 

β-carotene isomerase AtD27   D27 1, 2, 3, 15, 16 

Carotenoid cleavage 

dioxygenase 7 (CCD7) 

MAX3 RMS5 DAD3 D17/HTD1 1, 4, 5, 6, 17 

Carotenoid cleavage 

dioxygenase 8 (CCD8) 

MAX4 RMS1 DAD1 D10 1, 7, 8, 9 

Cytochrome P450 CYP711 

subfamily 

MAX1 

 

 PhMAX1 OsMAX1 

homologues 

(Os01g0700900, 

Os01g0701400, 

Os02g0221900, 

Os06g0565100) 

10, 11, 12, 13 

2-Oxoglutarate- and Fe(II)-

dependent dioxygenase 

LBO    14 

Abbreviations: At, Arabidopsis; D, DWARF; DAD, DECREASED APICAL DOMINANCE; HTD, 

HIGH-TILLERING DWARF; MAX, MORE AXILLARY GROWTH; LBO, LATERAL BRANCHING 

OXIDOREDUCTASE; Os, Oryza sativa; Ph, Petunia hybrida; RMS, RAMOSUS. References: 1 Alder et al. 

(2012), 2 Lin et al. (2009), 3 Waters et al. (2012a), 4 Booker et al. (2004), 5 Drummond et al. (2009), 6 Zou et 

al. (2006), 7 Sorefan et al. (2003), 8 Snowden et al. (2005), 9 Arite et al. (2007), 10 Booker et al. (2005), 

11 Drummond et al. (2012), 12 Zhang et al. (2014), 13 Abe et al. (2014), 14 Brewer et al. (2016), 15 Abuauf et 

al. (2018), 16 Waters et al. (2012a), 17 Johnson et al. (2006). 

1.3 Signalling components of strigolactone reception and transduction 

Extensive studies are being conducted worldwide to dissect the mechanisms involved in the 

perception and transmission of SL. Genetic and physiological studies in recent years have 

led to the identification of SL receptors in many species, including petunia, Arabidopsis, pea 

and rice (Arite et al., 2009; de Saint Germain et al., 2016; Hamiaux et al., 2012; Waters et 

al., 2012b). Other components of the SL signalling mechanism have also identified an F-box 

protein of the SCF E3 ubiquitin ligase complex (Drummond et al., 2012; Ishikawa et al., 

2005; Johnson et al., 2006; Stirnberg et al., 2007; Stirnberg et al., 2002) and a proteolytic 

target of the SL signalling pathway (Jiang et al., 2013; Liang et al., 2016; Soundappan et al., 

2015; Wang et al., 2015; Zhou et al., 2013). Table 1.2 shows orthologous genes encoding 

components involved in the SL signalling mechanism in Arabidopsis, pea, petunia and rice. 

1.3.1 DAD2 receptor and its orthologues 

The SL receptor is a protein of the α/β hydrolase fold superfamily. In petunia, it is encoded 

by the DAD2 gene (Hamiaux et al., 2012). Orthologues of DAD2 have also been identified 

in Arabidopsis (AtD14) (Waters et al., 2012b), rice (OsD14) (Arite et al., 2009), and pea 

(RMS3) (de Saint Germain et al., 2016). As mentioned in section 1.1, loss-of-function 
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mutation of DAD2/D14/RMS3 causes increased branching in plants as a result of defective 

SL signal transduction (Arite et al., 2009; Beveridge et al., 1996; Hamiaux et al., 2012; 

Waters et al., 2012b). 

The structure of DAD2 (as well as OsD14 and AtD14) has been solved by X-ray 

crystallography (Hamiaux et al., 2012; Kagiyama et al., 2013; Zhao et al., 2013). DAD2 

consists of a core α/β hydrolase fold with seven β-strands forming a β-sheet core domain 

flanked by seven α helices (Figure 1.4A). The core α/β hydrolase fold is connected by a short 

β hairpin-like structure to a lid domain composed of four α-helices (αT1 – αT4) forming an 

antiparallel V-shape (Figure 1.4A and 1.4B). A large cavity is present between the core and 

the lid, with a canonical catalytic triad formed by S96, H246 and D217 located at the base of 

the cavity (Figure 1.4C). The active site cavity is strongly hydrophobic due to the presence 

of seven phenylalanines lining the cavity. Although covered by the α-helical lid, the active 

site cavity remains solvent-accessible by a small hole acting as the cavity entrance (Figure 

1.4D) (Hamiaux et al., 2012; Kagiyama et al., 2013; Zhao et al., 2013). 

 

Table 1.2 Genes Involved in Strigolactone Signalling.  

(table adapted from Janssen et al. (2014)) 

Role Protein 

identity/function 

Gene name References 

Arabidopsis Pea Petunia Rice 

SL perception/ 

signalling 

α/β-Hydrolase AtD14 RMS3 DAD2 D14/D88/HTD2 1, 2, 3, 4 

F-box protein MAX2 RMS4 PhMAX2A, 

PhMAX2B 

D3 5, 6, 7, 8 

Proteolytic 

target 

Class I Clp 

ATPase 

SMXL6,7,8  PhD53A, 

PhD53B 

D53 9, 10, 11, 

12, 13, 14 

Transcriptional 

regulators 

Co-repressors TPL, TPR1, 

TPR2, 

TPR3, 

TPR4 

  TPL, TPR1, 

TPR2, TPR3 

9, 11, 12, 

15 

TCP transcription 

factor 

BRC1, 

BRC2 

PsBRC1 PhTCP1, 

PhTCP2, 

PhTCP3 

FC1/OsTB1 16, 17, 18, 

19, 20 

SPL transcription 

factor 

   IPA1 21 

Abbreviations: At, Arabidopsis; BRC, BRANCHED; D, DWARF; DAD, DECREASED APICAL DOMINANCE; 

HTD, HIGH-TILLERING DWARF; FC, FINE CULM; IPA, IDEAL PLANT ARCHITECTURE; MAX, MORE 

AXILLARY GROWTH; Os, Oryza sativa; Ph, Petunia hybrida; Ps, Pisum sativum; RMS, RAMOSUS; SMXL, 

SUPPRESSOR OF MORE AXILLARY GROWTH2-LIKE; SPL, SQUAMOSA PROMOTER BINDING 

PROTEIN-LIKE; TB, TEOSINTE BRANCHED; TCP, TEOSINTE BRANCHED1, CYCLOIDEA AND 

PROLIFERATING CELL FACTORS; TPL, TOPLESS; TPR, TOPLESS-RELATED PROTEINS. References: 

1 Arite et al. (2009), 2 Hamiaux et al. (2012), 3 Chevalier et al. (2014), 4 de Saint Germain et al. (2016), 

5 Drummond et al. (2012), 6 Johnson et al. (2006), 7 Stirnberg et al. (2007), 8 Zhao et al. (2014), 9 Jiang et al. 

(2013), 10 Zhou et al. (2013), 11 Wang et al. (2015), 12 Soundappan et al. (2015), 13 Liang et al. (2016), 14 

Hamiaux et al. (2018), 15 Ma et al. (2017), 16 Aguilar-Martínez, Poza-Carrión, and Cubas (2007), 17 Finlayson 

(2007), 18 Braun et al. (2012), 19 Minakuchi et al. (2010), 20 Drummond et al. (2015), 21 Song et al. (2017). 
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Figure 1.4 The Crystal Structure of DAD2. 

The cavity entrance (A) and top (B) view ribbon diagram of DAD2. (C) A close-up ribbon diagram showing 

the active site cavity catalytic triad (highlighted in green) of DAD2. (D) A space-filling model of DAD2 (top 

view) showing the active site cavity entrance (indicated by a red arrow). The lid domain is highlighted in cyan, 

the β hairpin-like structure in magenta and the core α/β hydrolase fold in grey (Source: Hamiaux et al. (2012); 

Protein Data Bank (PDB) ID Code 4DNP). 

1.3.2 MAX2 F-box protein and the SCF complex 

MAX2 was initially identified in the ore9 delayed leaf senescence mutant of Arabidopsis and 

later in the highly-branched max2-1 mutant (Stirnberg et al., 2002; Woo et al., 2001). MAX2 

encodes an F-box protein in Arabidopsis consisting of an N-terminus F-box motif and a 

C-terminus 19 leucine-rich repeats (LRRs) region which is related to other LRR-containing 

F-box proteins such as the TIR1 auxin receptor and the COI1 jasmonate receptor (Stirnberg 

et al., 2002; Yao et al., 2016). MAX2, just like other F-box proteins, associates with Skp1 

(Suppressor of Kinetochore Protein1) and the Cullin protein through its N-terminus F-box 

motif to form a complex collectively known as the Skp1-Cullin-F-box (SCF) E3 ubiquitin 
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ligase complex (Stirnberg et al., 2007). Orthologues of MAX2 have also been identified in 

petunia (PhMAX2A/PhMAX2B), rice (D3) and pea (RMS4) (Drummond et al., 2012; 

Ishikawa et al., 2005; Johnson et al., 2006). Figure 1.5 shows the crystal structure of the 

F-box protein (D3) in rice and the Arabidopsis Skp1 orthologue (ASK1).  

 

Figure 1.5 Ribbon Representation of the Structure of Rice D3 Co-crystallised with Arabidopsis ASK1. 

(A) shows the side view and (B) shows the top view of D3-ASK1. D3 (coloured in pink) is the orthologue of 

the F-box protein in rice, whereas ASK1 (coloured in purple) is the Arabidopsis orthologue of the Skp1 protein 

(Source: Yao et al. (2016); PDB ID code 5HYW). 

Loss-of-function mutation in PhMAX2A/MAX2/D3/RMS4 leads to defective SL signalling 

and increased axillary branching, but, distinct from TIR1 and COI1, 

PhMAX2A/MAX2/D3/RMS4 does not act as a receptor in SL signalling (Drummond et al., 

2012; Ishikawa et al., 2005; Johnson et al., 2006; Stirnberg et al., 2002). Protein-protein 

interactions and structural characterisation experiments showed that in the presence of SL, 

PhMAX2A/MAX2/D3/RMS4 functions as an interaction partner for the DAD2/D14/RMS3 

receptor in SL signalling (Hamiaux et al., 2012; Liang et al., 2016; Yao et al., 2016; Zhao et 

al., 2014). The interaction between DAD2/D14/RMS3 and PhMAX2A/MAX2/D3/RMS4 

recruits target protein(s) to the SCF complex, allowing the SCF E3 ubiquitin ligase to 

polyubiquitinate specific downstream target protein(s) for degradation via the 26S 

proteasome (Ishikawa et al., 2005; Jiang et al., 2013; Soundappan et al., 2015; Wang et al., 

2015; Zhou et al., 2013).  

1.3.3 Signalling targets of the strigolactone pathway 

Many studies have been conducted in recent years to identify the target proteins downstream 

of DAD2/D14/RMS3 and PhMAX2A/MAX2/D3/RMS4, but most studies have concluded 

that D53/SMXL6,7,8 is the main direct proteolytic target of the DAD2-SCFPhMAX2A complex 
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with respect to the regulation of axillary branching (Bennett et al., 2016; Jiang et al., 2013; 

Liang et al., 2016; Soundappan et al., 2015; Wang et al., 2015; Zhou et al., 2013). 

Downstream of D53/SMXL6,7,8 are transcription factors, including TCPs (Teosinte 

Branched1, Cycloidea, Proliferating Cell Factors) and SPLs (Squamosa Promoter Binding 

Protein-Like), which function in the gene regulation process of the SL signalling pathway 

(Aguilar-Martínez et al., 2007; Braun et al., 2012; Chevalier et al., 2014; Drummond et al., 

2015; Finlayson, 2007; Minakuchi et al., 2010; Song et al., 2017). 

There are other proteins that have also been identified as capable of being targeted by the 

DAD2-SCFPhMAX2A complex, which include the DELLA protein of the GA signalling 

pathway and the BES1 transcriptional activator of the brassinosteroid signalling pathway 

(Nakamura et al., 2013; Wang et al., 2013). However, the relevance of these proteins to SL 

signalling as well as the crosstalk between SL and other signalling pathways is unclear, and 

various genetic, genomic and biochemical experiments are required to clarify this (Bennett 

et al., 2016; Lantzouni, Klermund, & Schwechheimer, 2017). This section of the introduction 

focuses only on the D53/SMXL6,7,8 repressors and their role in SL signalling.  

1.3.3.1 D53/SMXLs repressor and the TOPLESS co-repressors 

Studies focusing on identifying the downstream proteolytic targets of the SL signalling 

pathway led to the identification of the D53 gene through a dominant negative d53 mutant in 

rice (Jiang et al., 2013; Zhou et al., 2013). The d53 mutant displays an increased tillering 

phenotype similar to the other dwarf mutants of rice, such as d3, d10, d14, d17 and d27. 

However, unlike the other dwarf mutants which are loss-of-function mutants, the d53 mutant 

is a gain-of-function mutant that is insensitive to SL. RNAi knockdown of D53 in the d3 and 

d14 mutant backgrounds restored the mutant phenotype of d3 and d14 to nearly wild-type 

phenotype, suggesting that D53 functions downstream of D14 and D3 in SL signalling (Jiang 

et al., 2013; Zhou et al., 2013).  

Phylogenetic analyses showed that D53 is homologous to the SUPPRESSOR OF MORE 

AXILLARY GROWTH2 1 (SMAX1) identified from genetic screens in Arabidopsis that 

functions downstream of MAX2 (Stanga, Smith, Briggs, & Nelson, 2013). SMAX1 is a 

member of the SMXL (SMAX1-Like) family in Arabidopsis which also comprises SMXL2, 

SMXL3, SMXL4, SMXL5, SMXL6, SMXL7 and SMXL8. Genetic studies identified SMXL6, 

SMXL7 and SMXL8 as the orthologues of D53 that function redundantly in the SL signalling 

pathway to regulate branching in Arabidopsis (Soundappan et al., 2015; Stanga et al., 2013; 
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Wang et al., 2015). D53 orthologues have also been recently identified in petunia 

(PhD53A/PhD53B) (Hamiaux et al., 2018). 

D53 encodes a protein of 1131 amino acids and shares similar secondary structure 

composition with the Class 1 Clp ATPase superfamily of proteins (Wei, Xu, Li, Qian, & Zhu, 

2006; Zhou et al., 2013). Structural prediction analysis of D53 suggested that, like proteins 

in the Class 1 Clp ATPase superfamily, D53 consists of an N-terminal domain, a D1 ATPase 

domain, an M domain and a D2 ATPase domain (Zhou et al., 2013). The D2 domain of D53 

contains three putative EAR (Ethylene-Responsive Element Binding Factor-Associated 

Amphiphilic Repression) motifs that are known to interact with the TOPLESS (TPL) family 

of transcriptional co-repressors involved in plant hormone signalling pathways (Jiang et al., 

2013; Ma et al., 2017; Pauwels et al., 2010; Soundappan et al., 2015; Szemenyei, Hannon, & 

Long, 2008; Wang et al., 2015; Zhou et al., 2013).  

Using in vitro pull-down and yeast two-hybrid assays, D53 was shown to physically interact 

with both D14 and D3 in a GR24-dependent manner. Mapping of the D14-binding domain 

of D53 demonstrated that the N-terminal and D1 domains are essential for GR24-dependent 

D14-D53 interaction (Jiang et al., 2013; Zhou et al., 2013). Consistently, the petunia and 

Arabidopsis orthologues, PhD53A and SMXL6,7,8 also respectively interact with DAD2 and 

AtD14 in a GR24-dependent manner (Hamiaux et al., 2018; Liang et al., 2016; Wang et al., 

2015). In the presence of SL, D53 and SMXL6,7,8 are polyubiquitinated and degraded via 

the 26S proteasome in a D14- and D3/MAX2-dependent manner in rice and Arabidopsis 

(Jiang et al., 2013; Liang et al., 2016; Soundappan et al., 2015; Wang et al., 2015; Zhou et 

al., 2013). Detailed information regarding the SL-induced degradation of D53/SMXL6,7,8 

will be reviewed in section 1.4.4.   

Degradation of D53/SMXL6,7,8 results in downstream processes that ultimately lead to the 

inhibition of axillary branching, however the molecular action of D53/SMXL6,7,8 is still 

unclear. Studies on D53/SMXL6,7,8 suggest that D53/SMXL6,7,8 possibly functions as a 

transcriptional repressor with the help of the TPL co-repressors to repress SL signalling as 

far as branching is concerned (Jiang et al., 2013; Ma et al., 2017; Soundappan et al., 2015; 

Wang et al., 2015). D53/SMXL6,7,8 can bind to TPR2 (TPL-Related Protein-2) protein when 

tested using mammalian two-hybrid, pull-down and bimolecular fluorescence 

complementation assays, and this interaction possibly occurs via the tetramerization domain 

of TPR2 (Jiang et al., 2013; Ma et al., 2017; Soundappan et al., 2015; Wang et al., 2015). 

Deletion or mutation of the EAR motifs in D53/SMXL6,7,8 abolished the interaction 
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between D53/SMXL6,7,8 and TPR2, suggesting that the EAR motif is crucial for 

D53/SMXL6,7,8-TPR2 interaction (Ma et al., 2017; Soundappan et al., 2015; Wang et al., 

2015). 

Deletion or mutation of the EAR motifs in D53 and SMXL7 also restored the 

highly-branched phenotype of the gain-of-function dominant negative d53 mutant in rice or 

the equivalent smxl7d53 mutant in Arabidopsis, which are resistant to SL-induced D14- and 

D3/MAX2-mediated degradation (Liang et al., 2016; Ma et al., 2017). These in planta 

observations suggest that the EAR motif plays an important role in the function of 

D53/SMXL6,7,8 as a repressor of SL signalling. 

The information regarding the downstream target(s) of D53/SMXL6,7,8 in SL signalling is 

still lacking, but a recent study by Song et al. (2017) has identified IPA1 (Ideal Plant 

Architecture1) as a direct downstream transcription factor repressed by D53 in the regulation 

of tillering in rice. D53 can physically bind to IPA1 and represses the transcriptional activator 

activity of IPA1, while IPA1 can in turn bind to the D53 promoter to regulate the expression 

of D53 as a feedback regulation mechanism. At this stage, it is still unclear what the exact 

processes downstream of D53 and IPA1 are in the regulation of axillary branching. Given 

that the SL signalling pathway regulates many plant developmental processes (Screpanti et 

al., 2016), there could be other transcription factor(s) downstream of D53. 

1.4 The mechanism of strigolactone signal reception 

1.4.1 DAD2 is an enzyme-receptor that covalently binds to its hydrolysis product 

DAD2, unusually for a plant hormone receptor, also possesses enzyme activity due to its 

conserved S96-H246-D217 catalytic triad. Various studies showed that DAD2 and its 

orthologues bind to and hydrolyse SL at the enol ether linkage between the ABC-rings and 

the butenolide D-ring through a nucleophilic attack on the carbonyl group of the D-ring 

initiated by the catalytic serine residue (Figure 1.6) (de Saint Germain et al., 2016; Hamiaux 

et al., 2012; Nakamura et al., 2013; Takeuchi et al., 2018; Tsuchiya et al., 2015; Waters et 

al., 2015; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 2013; Zhao et al., 2015). Hydrolysis 

of SL releases the ABC-rings and the butenolide D-ring as inactive products, at least with 

respect to branching (Boyer et al., 2012; Hamiaux et al., 2012; Nakamura et al., 2013; 

Umehara et al., 2015). The enzyme kinetics of DAD2, AtD14, OsD14 and RMS3 have been 

studied using biologically active fluorogenic SL agonists such as Yoshimulactone Green 

(YLG) and (±)-GC242 which produce fluorescence when hydrolysed by DAD2/D14/RMS3 
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in a mechanism similar to the hydrolysis of SL (Figure 1.6) (de Saint Germain et al., 2016; 

Hamiaux et al., 2018; Tsuchiya et al., 2015). All of the kinetic studies of DAD2/D14/RMS3 

demonstrated non-Michaelis Menten kinetics, whereby the initial hydrolysis of the 

fluorogenic SL agonists occurs very fast but gradually slows down until a plateau is reached, 

possibly due to product inhibition. The catalytic turnover (kcat) for DAD2/D14/RMS3 

calculated from the kinetics data showed that the enzyme activities of DAD2, AtD14, OsD14 

and RMS3 are very slow (de Saint Germain et al., 2016; Hamiaux et al., 2018; Tsuchiya et 

al., 2015). 

 

Figure 1.6 Hydrolysis of SL and SL Agonists by DAD2/D14/RMS3. 

DAD2/D14/RMS3 hydrolyses GR24 and the fluorogenic SL agonists YLG (Yoshimulactone Green) and 

GC242, to release the ABC-moiety and D-OH ring in a similar mechanism. The equivalent ABC-moiety of 

YLG and GC242 respectively referred to as fluorescein and DiFMU, produce fluorescence when released from 

the D-OH ring (Source: (de Saint Germain et al. (2016); Hamiaux et al. (2012); Tsuchiya et al. (2015))). 

There is conflicting evidence as to whether each receptor protein molecule catalyses only one 

or more than one hydrolytic reaction. Based on the currently available kinetics data for DAD2, 

DAD2 can catalyse the hydrolysis of more than one molecule of SL in vitro if given sufficient 

time. DAD2 has been shown to completely hydrolyse 20-fold molar excess of (rac)-GR24 

in vitro after an 18 h incubation and this is only possible if DAD2 catalyses more than one 

hydrolytic reaction (Hamiaux et al., 2012). In vitro kinetic experiments using YLG as 

substrate showed that DAD2 has a catalytic turnover of 4.56 molecules of YLG per hour 

(Hamiaux et al., 2018). 
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The enzyme activity of DAD2 orthologues in pea and Arabidopsis quantified using 

hydrolysis assays showed contrasting evidence between these orthologues. In pea, RMS3 has 

been suggested to function as a single turnover enzyme that catalyses the hydrolysis of only 

one molecule of the (±)-GC242 profluorescent probe in vitro (de Saint Germain et al., 2016). 

Hydrolysis of (±)-GC242 resulted in covalent modification of the H247 residue of the 

catalytic triad in RMS3, which corresponds to binding of the D-ring to the H247 residue. The 

release of the D-ring from RMS3 was not observed within the 30 min experimental time 

period, suggesting that binding of the D-ring to the H247 residue inhibits further catalysis in 

RMS3 (de Saint Germain et al., 2016). By contrast, the hydrolysis of (rac)-GR24 and 

4-bromodebranone (a SL agonist) by AtD14 also generated a similar covalent linkage 

between the D-ring and the H247 residue of AtD14, but the release of the D-OH ring from 

AtD14 was detected within 1 h of reaction (Yao et al., 2016), suggesting that AtD14 can 

hydrolyse more than one molecule of GR24 in vitro.  

The unusual binding of the hydrolysis product to the active site cavity of the receptor has also 

been observed in both AtD14 and OsD14 in vivo (Yao et al., 2016; Yao et al., 2018b). The 

hydrolysis of (rac)-GR24 and 5-deoxystrigol (natural SL) by AtD14 and OsD14 in plants 

pre-treated with these compounds induced a C5H5O2-covalent modification on the histidine 

residue (H247) of the catalytic triad of AtD14 and OsD14, indicating D-ring binding to the 

H247 residue occurred in vivo (Yao et al., 2016; Yao et al., 2018b). However, the release of 

the D-OH ring from the D14 orthologues has yet to be tested in vivo. The C5H5O2-covalent 

modification of the catalytic histidine residue neither occurs in the presence of carba-GR24 

(a GR24-derived compound which is non-hydrolysable by AtD14; Figure 1.7), the D-OH 

ring itself, nor in the catalytic mutants of AtD14 and RMS3 (de Saint Germain et al., 2016; 

Yao et al., 2016). These observations suggest that hydrolysis is the process that induces the 

covalent linkage between the D-ring and the histidine residue of the catalytic triad in the 

SL receptor.  

The biological importance of the formation of the covalent linkage between the D-ring and 

the H246/H247 residue in DAD2/D14/RMS3 (H246 in DAD2 and H247 in D14/RMS3) has 

been demonstrated using SL antagonists, such as carba-GR24 and (±)-GC486 (Figure 1.7). 

Carba-GR24 is resistant to hydrolysis by AtD14 due to the lack of an enol ether linkage 

between the ABC- and the D-rings, does not generate the binding of D-ring to the H247 

residue in AtD14, and is biologically inactive when tested for germination of parasitic weeds 

(Thuring, Nefkens, & Zwanenburg, 1997; Yao et al., 2016). Meanwhile, the biologically 

inactive (±)-GC486 substrate (with respect to shoot branching in pea) is susceptible to 
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hydrolysis by RMS3, but the D-ring does not form a covalent linkage with the receptor due 

to the absence of a methyl group on the D-ring (de Saint Germain et al., 2016). The findings 

from these biological studies using SL antagonists suggest that SL hydrolysis and D-ring 

binding to the catalytic histidine residue of the receptor trigger the SL signalling pathway.  

 

Figure 1.7 Chemical Structures of Carba-GR24 and GC486. 

(Source: (de Saint Germain et al. (2016); Thuring et al. (1997))). 

1.4.2 DAD2 undergoes conformational change to transmit the strigolactone signal 

Many studies using differential scanning fluorometry (DSF) or thermal stability shift assays 

showed that DAD2/D14/RMS3 undergoes destabilisation in the presence of SL, but not when 

the enzyme activity was knocked out through mutation of the catalytic serine or histidine to 

an alanine (Abe et al., 2014; de Saint Germain et al., 2016; Hamiaux et al., 2012; Waters et 

al., 2015; Zhao et al., 2015). The negative shift in melting temperature of DAD2/D14/RMS3 

in the presence of SL detected using DSF assays infers that SL binding/hydrolysis induces a 

conformational change in DAD2/D14/RMS3.  

Knowledge about how SL binding and hydrolysis leads to conformational change in 

DAD2/D14/RMS3 is still lacking. Several research groups attempted to crystallise the SL 

receptor in complex with a SL molecule with the aim of determining how the SL molecule 

binds to the receptor and capturing the “active” conformation of the SL receptor. The crystal 

structure of OsD14 has been obtained in the presence of either an intact GR24 (Zhao et al., 

2015), a GR24 hydrolysis intermediate (TMB; 2,4,4,-trihydroxy-3-methyl-3-butenal) (Zhao 

et al., 2013) or the hydrolysis product D-OH ring (Nakamura et al., 2013) (Figure 1.8). In the 

GR24-bound OsD14 structure, an intact GR24 was shown to interact with the serine residue 

(S97) of the catalytic triad of OsD14, whereas the A-ring of the ABC-moiety partially 

protrudes out of the cavity and is exposed to the solvent (Figure 1.8A and B) (Zhao et al., 

2015). In an earlier work reporting the structure of TMB-bound OsD14, the TMB molecule 

was also covalently linked to the S97 residue in the cavity and interacted with the H247 and  
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Figure 1.8 Comparison of the Crystal Structures of Apo- and Ligand-bound OsD14. 

Overall cavity entrance (A, C and E) and close-up (B, D and F) view ribbon representation of GR24-bound (A 

and B), a TMB-bound (a GR24 hydrolysis-intermediate, 2,4,4,-trihydroxy-3-methyl-3-butenal) (C and D) and 

D-OH-bound OsD14 (E and F) superimposed to apo-OsD14. Apo-D14 is coloured in magenta, GR24-bound 

OsD14 in cyan, TMB-bound OsD14 in grey and D-OH-bound OsD14 in orange. The catalytic triad residues 

are highlighted in yellow in apo-D14 and in green in ligand-bound OsD14 (Source: (Nakamura et al. (2013); 

Zhao et al. (2013); Zhao et al. (2015)); apo-OsD14 PDB ID code 4IH9; GR24-bound OsD14 PDB ID code 

5DJ5; TMB-bound OsD14 PDB ID code 4IHA; D-OH-bound OsD14 PDB ID code 3WIO). 
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Y159 residues through water-mediated hydrogen bonding (Figure 1.8C and D) (Zhao et al., 

2013). By contrast, the structural model of OsD14 obtained in the presence of the hydrolysis 

product D-OH ring reported by Nakamura et al. (2013) showed that the D-OH ring is located 

at the top of the active site cavity far from the catalytic triad of OsD14 and the D-OH ring 

interacts through hydrophobic and/or Van der Waals interactions with aromatic residues on 

the lid domain (Figure 1.8E and F). All of these available ligand-bound crystal structures of 

OsD14 illustrated different binding patterns of the proposed ligands in the active site cavity 

of the proteins, but none of these ligand-bound OsD14 structures showed substantially 

distinct conformations compared to apo-OsD14.  

Re-evaluation of the reported ligand-bound structures of OsD14 by Carlsson, Hasse, 

Cardinale, Prandi, and Andersson (2018) questioned the presence of the putative ligands in 

the active site cavity of OsD14. There are two explanations; the first is the lack of electron 

density for the putative ligand indicates low occupancy of the ligand in the active site cavity, 

for example the GR24-bound OsD14 structure reported by Zhao et al. (2015). The second 

explanation is the putative ligand did not satisfactorily fit into the electron density calculated 

from the X-ray data, such as that observed for TMB and the D-OH ring respectively in the 

TMB-bound (Zhao et al., 2013) and the D-OH ring-bound OsD14 (Nakamura et al., 2013). 

In the latter case, a glycerol molecule, present at high concentration during cryo-cooling or 

purification, is likely to outcompete the ligand and bind within the cavity of OsD14 in 

replacement of the TMB molecule or the D-OH ring respectively reported by Zhao et al. 

(2013) and Nakamura et al. (2013). According to the recent re-analysis of the crystal structure 

of these ligand-bound OsD14, it is highly possible that OsD14 was crystallised without a 

ligand (Carlsson et al., 2018). 

A more recent study on the structural characterisation of AtD14 in complex with D3 and 

ASK1 showed a GR24 hydrolysis intermediate, CLIM (Covalently-Linked Intermediate 

Molecule) bound within the cavity of AtD14 in the ternary complex (Figure 1.9A) (Yao et 

al., 2016). In this structure, the CLIM molecule forms interactions with both S97 and H247 

residues of the catalytic triad (Figure 1.9B). Detailed structural re-analysis of the 

AtD14-D3-ASK1 complex does not agree with the presence of CLIM within the cavity of 

AtD14. Part of the putative CLIM molecule did not fit into the small size of electron density 

calculated for the ligand molecule in the active site cavity. Given the low resolution of the 

crystal structure of the AtD14-D3-ASK1 complex (3.3 Å), it is suggested that another ligand, 

such as an iodide ion which presents at high concentration in the crystallisation solution, was 

bound in the cavity instead of CLIM (Carlsson et al., 2018). 
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Figure 1.9 The Crystal Structure of the CLIM-Bound AtD14-D3-ASK1 Complex. 

(A) A ribbon representation of the structure of AtD14-D3-ASK1 in complex with CLIM. AtD14 (Arabidopsis 

D14), D3 (rice F-box protein) and ASK1 (Arabidopsis Skp1 orthologue) are coloured as yellow, green and 

magenta, respectively. CLIM is shown as a space-filling model. (B) A close-up ribbon diagram showing the 

CLIM molecule in the active site cavity of AtD14 in complex with D3-ASK1. The serine and histidine residues 

of the catalytic triad are highlighted in green. Structural comparison of apo-AtD14 (C and E) and CLIM-AtD14 

(D and F) represented in ribbon (C and D) and space-filling models (E and F). In CLIM-AtD14, the αT2 helix 

of the lid domain is turned into a coil (LoopαT2). The lid domains of apo-AtD14 and CLIM-AtD14 are 

highlighted in cyan and orange, respectively. The Q214-A223 loop is highlighted in green in apo-AtD14, but 

this loop (highlighted in red) is disordered in CLIM-AtD14 (Source: Yao et al. (2016); PDB ID code 5HZG). 
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Although the occupancy of CLIM in AtD14 is questionable, the crystal structure of the 

GR24-induced AtD14-D3-ASK1 ternary complex demonstrated a significant structural 

change in the conformation of AtD14 upon binding to D3-ASK1 (Yao et al., 2016). The 

Q214-A223 loop (residues Q214 – A223) that shapes the entrance to the internal cavity of 

AtD14 became disordered in the D3-bound AtD14. This loop consists of the D218 residue 

of the catalytic triad.  

The lid domain of AtD14 comprising four helices (αT1 – αT4) changed into a conformation 

consisting of three helices (αT1, αT3 and αT4), whereby the αT2 helix turned into a coil 

(Figure 1.9C and 1.9D). This conformational change closed the entrance to the cavity of 

AtD14 (Figure 1.9E and 1.9F), resulting in a smaller active site cavity and possibly trapping 

the CLIM molecule in the cavity of AtD14 if CLIM was indeed covalently bound within the 

cavity. The drastic change in the conformation of the lid domain of AtD14 exposed part of 

the core α/β hydrolase fold initially covered by the αT3 helix of the lid domain, which 

together with the collapsed lid, formed an interaction surface for the binding of D3. This 

structural finding suggests that SL hydrolysis and/or D-ring binding induces a conformational 

change in DAD2/D14. 

1.4.3 Strigolactone induces the interaction between the DAD2 receptor with the F-box 

protein and the D53 repressor 

Numerous studies using protein-protein interaction assays, such as yeast two-hybrid, 

pull-down, co-immunoprecipitation, AlphaScreen luminescence proximity assay and 

FRET-FLIM, have shown that SL induces the interactions of the DAD2/D14/RMS3 receptor 

with PhMAX2A/MAX2/D3/RMS4 and PhD53A/D53/SMXL6,7,8 (Hamiaux et al., 2012; 

Hamiaux et al., 2018; Jiang et al., 2013; Liang et al., 2016; Umehara et al., 2015; Wang et 

al., 2015; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 2015; Zhou et al., 2013). The 

interactions between DAD2/D14/RMS3 and the signalling partners are dependent on the 

enzyme activity of DAD2/D14/RMS3. Abolishing catalysis in DAD2/D14/RMS3 

diminished the interactions of the receptor with both signalling partners. For example, the 

catalytic mutant of DAD2 (S96A) is unable to interact with PhMAX2A in the presence of 

GR24 (Hamiaux et al., 2012). Similar observations have also been reported for the D14 

orthologue in rice, whereby the catalytic mutants of OsD14 (S147A, D268N and H297Y) 

showed diminished interactions with both D3 and D53 (Jiang et al., 2013). The 

aforementioned findings and the findings related to GR24-induced conformational change of 

DAD2/D14/RMS3 reviewed in section 1.4.2 collectively suggest that SL hydrolysis is 
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essential to induce a conformational change in DAD2/D14/RMS3 to allow the receptor to 

interact with both PhMAX2A/MAX2/D3/RMS4 and PhD53A/D53/SMXL6,7,8.  

Mutational analysis of OsD14 putatively mapped the possible interaction surface between 

OsD14 and D3 to the lid domain of OsD14 (Zhao et al., 2015). Indeed, structural 

characterisation of the GR24-induced AtD14-D3-ASK1 ternary complex further 

demonstrated that the collapsed region of the αT2 and αT3 helices of the lid domain of AtD14 

together with an exposed region of the core α/β hydrolase fold which was initially covered 

by the αT3 helix of the lid domain directly interact with the C-terminal LRRs of D3 through 

Van der Waals interactions and hydrogen bonding (Figure 1.9; section 1.4.2) (Yao et al., 

2016). Additionally, a G158E mutation in the lid domain of AtD14 (Atd14-5 branching 

mutant of Arabidopsis) presumably impaired the GR24-induced formation of the closed-lid 

conformation required for D3/MAX2 binding and abolished AtD14-D3 interaction in the 

presence of GR24 (Yao et al., 2016). These structural and biochemical observations 

collectively suggest that the lid domain and part of the core α/β hydrolase fold are involved 

in DAD2/D14/RMS3 interaction with PhMAX2A/MAX2/D3/RMS4. Surprisingly, the 

G158E mutant showed increased hydrolysis towards GR24 and also interacted efficiently 

with SMXL6 in the presence of GR24 (Yao et al., 2016), suggesting that DAD2/D14/RMS3 

has different interaction surfaces for PhMAX2A/MAX2/D3/RMS4 and 

PhD53A/D53/SMXL6,7,8.  

1.4.4 Strigolactone-mediated degradation of D53/SMXLs and DAD2/D14 

Various studies have shown that D53/SMXL6,7,8 is the direct target of the 

SCFPhMAX2A/MAX2/D3/RMS4 complex in SL signalling (Jiang et al., 2013; Liang et al., 2016; 

Soundappan et al., 2015; Wang et al., 2015; Zhou et al., 2013). Using transgenic wild-type 

rice calli and seedlings overexpressing D53, it was shown that D53 is polyubiquitinated and 

degraded via the ubiquitin-proteasome system in response to GR24 (Jiang et al., 2013; Zhou 

et al., 2013). The GR24-dependent degradation of D53 has been examined in vivo using 

immunoblotting, luciferase assays and fluorescence imaging of a D53-GFP fusion protein in 

rice seedlings and protoplasts. Results from these experiments show that D53 was degraded 

in the wild-type background in response to GR24, but not in the d3 and d14 mutant 

backgrounds. The degradation of D53 occurred within 20 – 30 min after GR24 treatment 

(Jiang et al., 2013; Zhou et al., 2013). Similar experiments have also been conducted on 

SMXL6, SMXL7 and SMXL8 in Arabidopsis, in which the GR24-induced 

polyubiquitination and degradation of SMXL6,7,8 also occur within 20 – 30 min after GR24 
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treatment in a D14- and MAX2-dependent manner (Liang et al., 2016; Soundappan et al., 

2015; Wang et al., 2015). These data collectively suggest that D53/SMXL6,7,8 is a target for 

proteasome-mediated degradation downstream of D14 and D3/MAX2 in SL signal 

transduction. 

Other than D53/SMXL6,7,8, the SL receptor itself has also been shown to be a target of 

polyubiquitination and degradation mediated by D3/MAX2 in the presence of SL, possibly 

as a feedback regulation mechanism. In Arabidopsis, treatment of wild-type seedlings with 

GR24 led to a decrease in the protein levels of AtD14 within 1 – 2 h after GR24 treatment, 

suggesting the degradation of AtD14 is induced by GR24 (Chevalier et al., 2014). By contrast, 

the GR24-induced degradation of AtD14 was not observed in wild-type seedlings 

simultaneously treated with the proteasome inhibitor MG132, as well as in max2-1 seedlings, 

demonstrating that the degradation of AtD14 is mediated by MAX2. Similar in vivo 

GR24-induced degradation of the SL receptor has also recently been observed in transgenic 

rice calli. OsD14 was shown to be polyubiquitinated and degraded via the 26S proteasome 

within 1 – 2 h after GR24 treatment in the wild-type background but not in the d3 background 

(Hu et al., 2017). The degradation of OsD14 was significantly impaired in the dominant 

negative d53 mutant even in the presence of GR24, suggesting that the degradation of OsD14 

in rice is dependent on D3 and is coupled to D53 degradation. Mutation of various lysine 

residues in OsD14 showed that the degradation of OsD14 containing the K280E mutation 

was severely impaired, suggesting that the K280 residue is the key amino acid for SL-induced 

OsD14 degradation (Hu et al., 2017). The K280 residue of OsD14 is conserved in petunia 

and pea, however, it has yet to be examined whether DAD2 and RMS3 are subjected to 

SL-induced PhMAX2A/RMS4-mediated degradation.  

1.5 KAI2, a paralogue of DAD2 

Phylogenetic analysis of genes similar to DAD2 has identified two closely related clades 

known as the DAD2/D14 clade and the KAI2/HTL clade. The DAD2 clade is further 

subdivided into the core DAD2 subclade and the less characterised D14-LIKE 2 (DLK2) 

subclade (Bythell-Douglas et al., 2017; Conn et al., 2015; Delaux et al., 2012; Janssen & 

Snowden, 2012). The KAI2/HTL clade (also termed D14-Like (D14L) clade in rice) consists 

of the Arabidopsis KAI2/HTL (KARRIKIN-INSENSITIVE2 or HYPOSENSITIVE TO 

LIGHT) protein which was identified as a receptor for the smoke-derived 

germination-promoting small butenolide compounds, karrikins (KARs) (Waters et al., 

2012b). A more recent study suggests that KAI2/HTL may have a yet unidentified 
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endogenous ligand in plants, termed KAI2 ligand (KL) (Conn & Nelson, 2016; Sun, Flematti, 

Smith, & Waters, 2016). In terms of the roles of DAD2/D14 and KAI2/HTL in plant 

development, DAD2/D14 is required for SL-mediated inhibition of shoot branching, whereas 

KAI2/HTL functions through the karrikin signalling pathway for the stimulation of seed 

germination and regulation of seedling morphogenesis (Conn et al., 2015; Nelson et al., 2011; 

Waters et al., 2012b).  

Despite their functions in different signalling pathways, structural and biochemical studies 

of DAD2/D14 and KAI2/HTL have uncovered some similar characteristics. A structural and 

functional comparison between DAD2/D14 and KAI2/HTL could provide valuable 

information on the signalling mechanisms of both receptors. 

1.5.1 Structural similarity between DAD2 and KAI2 

DAD2/D14 and KAI2/HTL are receptors for SLs and KARs/KLs respectively, but both 

receptors are structurally very similar (Figure 1.10) (Bythell-Douglas et al., 2013; Guo, 

Zheng, La Clair, Chory, & Noel, 2013; Kagiyama et al., 2013; Xu et al., 2016; Zhao et al., 

2013). Like DAD2, KAI2 also possesses the canonical catalytic triad (S95-H246-D217) 

(Figure 1.10D) (Bythell-Douglas et al., 2013; Kagiyama et al., 2013; Xu et al., 2016). Despite 

a similarity in the overall structure, the non-polar amino acid residues surrounding the cavity 

in KAI2 are bulkier than their counterparts in DAD2. These differences result in a smaller 

active site cavity in KAI2 compared to DAD2 (Figure 1.10) (Bythell-Douglas et al., 2013; 

Zhao et al., 2013). 

1.5.2 Mechanism of action of DAD2 and KAI2 in signal transduction 

DAD2/D14 and KAI2/HTL not only share structural similarities, but both also share similar 

functional properties. Functional characterisation of KAI2 using an intrinsic fluorescence 

assay showed that Arabidopsis KAI2 (AtKAI2) binds to both KAR1 and GR24 (Toh, 

Holbrook-Smith, Stokes, Tsuchiya, & McCourt, 2014). GR24, especially the non-natural 

GR24ent-5DS, induced a destabilisation in AtKAI2 similar to AtD14, but KARs do not induce 

a destabilisation in AtD14 when examined using DSF assays (Waters et al., 2015; Yao et al., 

2018a). Like DAD2/D14, AtKAI2 can also hydrolyse GR24ent-5DS and mutation of the 

catalytic serine of AtKAI2 (AtKAI2S95A) abolished catalysis (Toh et al., 2014; Waters et 

al., 2015; Yao et al., 2018a). In yeast two-hybrid assays, AtKAI2 interacts with MAX2 in a 

KAR- and GR24-dependent manner (Toh et al., 2014; Xu et al., 2018). The GR24-dependent 

AtKAI2-MAX2 interaction is disrupted in the catalytic mutant of AtKAI2, which is 

consistent with the activity of DAD2 (Hamiaux et al., 2012; Toh et al., 2014; Yao et al., 
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2018a). The AtKAI2S95A mutant also showed a diminished response to KAR1 and 

(rac)-GR24, and was unable to complement the reduced germination phenotype of the 

Arabidopsis kai2-2 mutant compared to wild-type (Waters et al., 2015; Yao et al., 2018a), 

indicating the importance of catalysis in the biological function of AtKAI2 in KAR signalling. 

Biochemical characterisation of AtKAI2 indeed showed some similarities between 

DAD2/D14 and KAI2/HTL in the signal reception and transduction of SL and KAR, 

respectively. 

 

 

Figure 1.10 Cavity Entrance View Ribbon Representation of the Structures of DAD2 and KAI2. 

(A) DAD2, (B) KAI2, (C) the structure of DAD2 (orange) superimposed to KAI2 (green), (D) active site cavity 

catalytic triad residues of DAD2 (orange) and KAI2 (green) superimposed. The internal cavities of DAD2 and 

KAI2 are respectively shown in red and blue. The S96 residue of DAD2 corresponds to the S95 residue of KAI2 

(Source: Hamiaux et al. (2012) and Guo et al. (2013); DAD2 PDB ID Code 4DNP; KAI2 PDB ID Code 4JYP). 
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In planta studies showed that seed germination is mainly regulated by KARs via KAI2 

(although the non-natural GR24ent-5DS may also play a role in Arabidopsis seed germination 

via KAI2) (Conn et al., 2015; Waters et al., 2012b), whereas shoot branching is regulated by 

SL via DAD2/D14 (Arite et al., 2009; de Saint Germain et al., 2016; Hamiaux et al., 2012; 

Waters et al., 2012b). However, (rac)-GR24 was able to reduce the hypocotyl length of both 

Atd14-1 and kai2 mutants. KARs, on the contrary, only reduced hypocotyl length in the 

Atd14-1 mutant, but not in the kai2 mutant. The GR24- and KAR-induced decrease in 

hypocotyl length is abolished in the kai2 Atd14-1 double mutant (Waters et al., 2012b). 

Hence, both DAD2/D14 and KAI2 may have a role in the regulation of seedling 

morphogenesis, indicating that there may be some functional overlap between DAD2/D14 

and KAI2.  

There is still much to discover about the properties of KAI2 throughout the plant kingdom, 

but analysis of the parasitic weed Striga hermonthica genome has identified 11 homologues 

of KAI2/HTL, namely ShHTL1 to ShHTL11 (Conn et al., 2015; Toh et al., 2015; Tsuchiya 

et al., 2015; Xu et al., 2018). Among these homologues, ShHTL6 and ShHTL7 have the 

highest affinity towards SLs when tested in an enzyme assay using the YLG substrate, as 

well as in seed germination assays (Toh et al., 2015; Tsuchiya et al., 2015; Xu et al., 2018; 

Yao et al., 2017). Further analysis has shown that ShHTL7 can hydrolyse GR24 and 

5-deoxystrigol, which resulted in binding of the D-ring of SL to the H246 residue of the 

catalytic triad of ShHTL7, similar to the function of D14. ShHTL7 binds to both AtMAX2 

and ShMAX2 in the presence of GR24 in an in vitro pull-down assay. Using a pull-down 

assay, GR24 was shown to strongly enhance the interaction between ShHTL7 and SMAX1, 

but not with SMXL6 (Yao et al., 2017). SMAX1 is a homologue of D53/SMXL6,7,8 that 

functions downstream of MAX2 to regulate seed germination and seedling development in 

Arabidopsis (Soundappan et al., 2015; Stanga, Morffy, & Nelson, 2016; Stanga et al., 2013). 

This novel finding demonstrates that ShHTL7, a KAI2/HTL orthologue in Striga, acts as a 

SL receptor to induce the germination of Striga seeds.  

Current evidence suggests the convergence of both the KAR and SL signalling pathway at 

MAX2, however the mechanism downstream of MAX2 may be different as KAR and SL are 

implicated in different aspects and stages of plant development (Nelson et al., 2011; 

Soundappan et al., 2015; Waters et al., 2012b). Characterisation of the structural and 

functional properties of KAI2 in other studies could provide an informative guide to dissect 

the functional properties of DAD2 in the signal reception and transduction of SLs. 
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1.6 Current model of strigolactone reception 

Based on current findings, a model for strigolactone reception by the DAD2 receptor has 

been postulated (Figure 1.11) (de Saint Germain et al., 2016; Hamiaux et al., 2012; Snowden 

& Janssen, 2016; Yao et al., 2016). DAD2 binds and hydrolyses SL through nucleophilic 

attack at the carbonyl atom of the butenolide ring of SL mediated by the catalytic serine. 

Hydrolysis of the enol-ether bridge results in the release of the ABC-rings of SL and the 

formation of a covalent linkage between the butenolide D-ring and the histidine residue of 

the catalytic triad within the cavity of DAD2 (section 1.4.1). SL hydrolysis and/or binding of 

the D-ring within the cavity of DAD2 induces a conformational change in DAD2, allowing 

it to interact with PhMAX2A and the other partners of the SCFPhMAX2A complex (section 

1.4.2 and section 1.4.3). The interaction between DAD2 and PhMAX2A recruits the target 

protein, PhD53A to the SCFPhMAX2A complex for polyubiquitination and subsequent 

degradation by the 26S proteasome (sections 1.4.3 and 1.4.4), the effect of which is 

manifested in the inhibition of shoot branching in plants. The signalling events that occur 

after the degradation of PhD53A are still not well understood, but the DAD2 receptor, at 

some stage, is likely to be polyubiquitinated by the SCFPhMAX2A complex and degraded via 

the 26S proteasome (section 1.4.4). The degradation of DAD2, together with the bound 

D-ring or after the D-ring has been released, possibly functions as a feedback regulatory 

mechanism to reset the SL signalling cascade. 
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Figure 1.11 The Current Model of 

Strigolactone Reception by the DAD2 

Receptor. 

In the open conformation, SL binds in the 

cavity of the DAD2 receptor. DAD2 

hydrolyses SL, releases the ABC-rings and 

the D-ring is covalently bound within the 

cavity of DAD2. DAD2 undergoes a 

conformational change and interacts with 

PhMAX2A (an F-box protein of the SCF 

complex) and the target protein, PhD53A. 

Formation of the ternary complex 

comprising of DAD2, SCFPhMAX2A and 

PhD53A leads to polyubiquitination and 

proteasome-mediated degradation of 

PhD53A. The degradation of PhD53A 

results in changes to plant developmental 

processes, including the inhibition of shoot 

branching, changes in root development 

and leaf morphology. After signalling, the 

D-ring may be released, DAD2 is then 

polyubiquitinated by the SCFPhMAX2A 

complex and degraded via the 26S 

proteasome as a feedback regulatory 

mechanism.
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1.7 Aims of this thesis 

The SL signalling pathway is an area of research that is actively being investigated due to the 

importance of SLs in regulating developmental, physiological and ecological processes in 

plants. Knowledge about how the SL signal is perceived and how the signal transduction 

pathway is activated may provide benefits in modulating this pathway to generate crops with 

various desirable agronomic traits. 

As reviewed in this introduction, catalysis, conformational changes and interaction with the 

SCF complex and target proteins are the three main processes involved in SL signal 

perception and transmission. Although many recent advances have contributed to our 

understanding of the SL signalling mechanism, there are some questions about SL perception 

by DAD2 that remain to be addressed, such as: 

1. How SL hydrolysis/binding and conformational changes of DAD2 coordinate interaction 

of DAD2 with PhMAX2A and PhD53A. 

2. Is SL hydrolysis, conformational change or interaction with PhMAX2A/PhD53A the 

crucial process that initiates the signalling cascade? 

To address these questions, the work in this thesis mainly utilised mutagenesis, biochemical 

and transgenic approaches. The specific hypothesis is that SL hydrolysis/binding causes 

conformational changes in DAD2 to allow binding to signal transduction partners 

(PhMAX2A and PhD53A), resulting in the activation of the SL signalling cascade. A 

structural approach might be considered more informative in addressing the importance of 

conformational changes of DAD2 in SL signalling, but this approach to address the same 

questions are being conducted as part of another PhD project running simultaneously within 

Dr Kimberley Snowden’s laboratory. 

With the overall aim of understanding how catalysis of SL correlates with conformational 

change and interaction of DAD2 with the signalling partners, the specific aims of this work 

were: 

1. To use a mutagenesis approach to investigate the function of catalysis and conformational 

changes of DAD2 and their contributions towards interaction with PhMAX2A/PhD53A 

in SL signal transduction.  

Mutagenesis allows the direct modification of the receptor protein so that different 

functions of the protein, such as catalysis or protein-protein interaction, can be 
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specifically and individually investigated for their importance in SL signal transduction. 

I predicted that mutations that caused conformational change as well as enhancing the 

interaction between DAD2 and PhMAX2A/PhD53A without hydrolysis may activate SL 

signalling, thus testing the hypothesis that conformational change and interaction with 

PhMAX2A/PhD53A are the crucial processes that activate signalling. Mutants that 

disrupt interaction with PhMAX2A/PhD53A without affecting hydrolysis would test the 

requirement of catalysis in signal transduction. The mutagenesis experiments thus 

address the association between the three main processes (catalysis, conformational 

changes and protein-protein interaction) in the activation of SL signalling.  

To achieve this goal, I employed both random and site-directed mutagenesis approaches 

to alter the DAD2 receptor to separate catalysis from the interaction with the signalling 

partners (PhMAX2A and/or PhD53A), and also to generate mutants that can interact with 

PhMAX2A in a SL-independent manner which may also alter conformation. Site-

directed mutagenesis allows directed modifications to produce desired characteristics in 

the receptor protein. However, there are only a limited number of mutants that can be 

generated based on our current knowledge of the signalling mechanism. Random 

mutagenesis provides a broader coverage in the number of DAD2 mutants having altered 

interactions with PhMAX2A that can be produced. The random and site-directed 

mutagenesis, as well as the in vitro biochemical characterisations of the mutants are 

respectively discussed in Chapters 3 and 4. 

2. To use a transgenesis approach to examine whether alterations in catalysis and/or 

interaction with PhMAX2A/PhD53A affects SL signalling in planta. 

Transgenic complementation allows the in planta investigation of the effect of altered 

catalysis, conformation of DAD2 and/or interactions with PhMAX2A and PhD53A on 

the activation of SL signalling with respect to phenotypic changes in SL-insensitive 

mutant plants. This approach puts the in vitro work into a plant context. A DAD2 

conformational mutant that interacts with PhMAX2A and PhD53A without requiring the 

hydrolysis of SL and can complement the SL-insensitive branching mutant plant would 

suggest that interaction of DAD2 with PhMAX2A and PhD53A, made possible by 

conformational change, is sufficient to activate SL signalling in planta. The transgenic 

work is discussed in Chapter 5.  
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2 Materials and Methods 

2.1 Chemicals 

Media and chemicals used in this work were of analytical grade purchased from BD 

Biosciences, BDH Chemicals, DIFCO Laboratories, Duchefa Biochemie, GE Healthcare, 

Global Science, Invitrogen, Life Technologies, Merck, New England Biolabs (NEB), ProGen 

Industries, Sigma-Aldrich, and Thermo Fisher Scientific. 

2.2 Miscellaneous materials 

Sartorius Minisart® 0.22 µm syringe filters were supplied by Medic, and Durapore® 

0.22 µm hydrophilic PVDF membrane filters by Merck Millipore. The EDTA-free 

cOmplete™ and cOmplete™ Mini protease inhibitor cocktail tablets, as well as lysozyme 

were purchased from Sigma-Aldrich. Zymolase was purchased from ZymoResearch. The 

following materials were purchased from Thermo Fisher Scientific: 

Molecular weight markers, including the 1 kb Plus DNA ladder, Novex® Sharp pre-stained 

protein standard and SeeBlue® Plus2 pre-stained protein standard, Sypro™ Tangerine 

protein gel stain, SYBR® Safe DNA gel stain, UltraPure™ 10× TBE buffer, Novex Bolt™ 

20× MES SDS running buffer, Novex Bolt™ 10% Bis-Tris Plus and 4 – 12% Bis-Tris Plus 

SDS-PAGE gels, SnakeSkin® (3500 molecular weight cut-off) dialysis tubing, UltraPure™ 

isopropyl β-D-thiogalactopyranoside (IPTG; >99% purity) and UltraPure™ 

DNase/RNase-free distilled water were used in all molecular cloning and mutagenesis 

experiments. 

2.3 Substrates 

(rac)-GR24 (≥98% purity) was purchased from Chiralix and Yoshimulactone Green (YLG; 

≥98% purity) from TCI America. Stocks of (rac)-GR24 and YLG were prepared in 100% 

DMSO and stored at -20 °C. 2-nitrophenyl-β-D-galactopyranoside (ONPG; ≥98% purity) 

were from Sigma-Aldrich. Fluorescein sodium salt was purchased from BDH Chemicals. 

Stocks of fluorescein (100× stock) were prepared in sterile Milli-Q® ultrapure water and 

stored at 4 °C for short-term storage or at -20 °C for long-term storage. 

2.4 Buffers and solutions 

Buffers used in this work (Table 2.1) were prepared using Milli-Q® ultrapure water. All 

buffers used for protein purification were filtered using Durapore® hydrophilic PVDF 
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0.22 µm membrane filters. All percentages are measured in weight by volume (w/v) unless 

specified otherwise.  

Table 2.1 A Range of Standard Buffers and Solutions Used in This Thesis. 

Buffer Constituents 

Coomassie Blue protein stain 0.1% Coomassie Brilliant Blue R250, 45% (v/v) methanol, 45% (v/v) 

acetic acid 

cOmpleteTM Mini protease inhibitor 

(10×) 

1 tablet of EDTA-free cOmpleteTM Mini protease inhibitor in 1 mL 

sterile Milli-Q® ultrapure water 

DNA loading buffer (6×) 0.25% bromophenol blue, 0.25% xylene cyanol FF, 30% (v/v) 

glycerol 

Laemmli buffer (4×) 300 mM Tris-HCl (pH 6.8), 8% sodium dodecyl sulphate (SDS), 40% 

(v/v) glycerol, 0.12% bromophenol blue, 4 mM EDTA, 400 mM DTT 

NB1 buffer 50 mM Tris-HCl (pH 8.0), 500 mM sucrose, 1 mM MgCl2, 2 mM 

DTT, 1 mM EDTA, 1× EDTA-free cOmpleteTM Mini protease 

inhibitor 

PDEB buffer 100 mM Tris-HCl (pH 8.0), 50 mM EDTA, 500 mM NaCl, 0.07% 

β-mercaptoethanol 

Plant DNA extraction buffer 50 mM Tris-HCl (pH 8.0), 0.1 mM EDTA (pH 8.0), 2% (v/v) 

β-mercaptoethanol added fresh before use 

PLATE solution 40% PEG 3350, 0.1 M LiAC, 10 mM Tris-HCl (pH 7.5), 1 mM 

EDTA 

Ponceau S staining solution 0.1% Ponceau S, 5% (v/v) acetic acid 

SDS-PAGE loading buffer (4×) 200 mM Tris-HCl (pH 6.8), 400 mM DTT, 40% (v/v) glycerol, 8% 

SDS, 0.4% bromophenol blue  

Sorbitol buffer 1.2 M sorbitol, 10 mM CaCl2, 0.1 M Tris-HCl (pH 7.5), 35 mM 

β-mercaptoethanol 

STE buffer 10 mM Tris-HCl (pH 8.0), 0.1 M NaCl, 1 mM EDTA 

TBS buffer (10×) 20 mM Tris-HCl (pH 7.6), 137 mM NaCl 

TBS.T buffer 1× TBS, 0.05% (v/v) TWEEN® 20 (polyethylene(20)sorbitan 

monolaurate) 

Yeast protein extraction buffer 40 mM Tris-HCl (pH 6.8), 8 M Urea, 2.5% SDS, 0.2 mM EDTA, 

0.04% bromophenol blue, 1% (v/v) β-mercaptoethanol added fresh 

before use 

Z buffer 60 mM Na2HPO4, 40 mM NaH2PO4 (pH 7.0), 10 mM KCl, 1 mM 

MgSO4 

Z buffer with β-mercaptoethanol Z buffer containing 0.27% β-mercaptoethanol 
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2.5 Antibiotics, growth regulators and growth media 

All antibiotics, growth regulators and media used in this work were prepared using Milli-Q® 

ultrapure water. Growth media were sterilised by autoclaving. 

2.5.1 Antibiotics 

Antibiotics were filtered-sterilised using a 0.22 µm syringe filter (Sartorius Ministart®). 

Chloramphenicol was prepared in 100% ethanol. Stocks were stored at -20 °C and used 

according to the concentrations stated in Table 2.2: 

Table 2.2 List of Antibiotics Used in This Thesis. 

Antibiotic Stock concentration (mg/mL) Final concentration (µg/mL) 

Ampicillin (Amp) 100 100 

Cefotaxime (Cef) 100 200 

Chloramphenicol (Cam) 34 34 

Gentamicin (Gent) 50 50 

Kanamycin (Kan) 100 100 

Spectinomycin (Spec) 100 100 

 

2.5.2 Bacteria growth media 

Bacteria were grown in both liquid and solid media (media plates) listed in Table 2.3. For 

solid media, 1.5% of agar (Invitrogen) was added before autoclaving. 

Table 2.3 Recipes for Bacterial Growth Media Used. 

Name Constituents 

Luria-Bertani (LB) medium 2.5% Luria broth base (Invitrogen) 

NZY medium 2.1% NZY broth 

SOC medium 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 

10 mM MgSO4, 20 mM D-glucose  

Yeast Minimal (YM) medium 0.04% yeast extract, 1% mannitol, 1.7 mM NaCl, 0.8 mM MgSO4, 2.2 mM 

K2HPO4 (pH 7.0) 

Yeast Nutrient (YN) medium 0.3% Difco™ Beef Extract, 0.5% Bacto™ Peptone, 1% yeast extract, 

0.137 mM NaCl (pH 7.3) 
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2.5.3 Yeast growth media amino acid supplements 

The following amino acid supplements (Table 2.4) were added accordingly to Synthetic 

Complete (SC) media (section 2.5.4) to prepare selective media for yeast two-hybrid assays 

(Clontech Yeast Protocols Handbook, 2009). Stock amino acid supplements were 

filter-sterilised using a 0.22 µm filter, stored at room temperature and added to SC media 

before autoclaving. 

Table 2.4 Concentrations of Amino Acid Supplements Used. 

Amino acid supplements Stock concentration (mg/mL) Final concentration (mg/mL) 

Adenine hemisulphate (Ade) 2 0.02 

Uracil (Ura) 2 0.02 

Tryptophan (Trp) 10 0.02 

Histidine (His) 10 0.02 

Methionine (Met) 10 0.02 

Lysine (Lys) 10 0.03 

Leucine (Leu) 10 0.03 

 

2.5.4 Yeast growth media 

Yeasts were grown in both liquid and solid media (media plates) listed in Table 2.5. For solid 

media, 2% of agar (Invitrogen) was added before autoclaving. Yeast media was based on 

Clontech Yeast Protocols Handbook, 2009.  

Table 2.5 Recipes for Yeast Growth Media Used. 

Name Constituents 

Synthetic Complete (SC) 0.67% yeast nitrogen base without amino acids, 2% glucose and amino acid 

supplements (section 2.5.3) 

SC-Trp SC without tryptophan supplement 

SC-Leu SC without leucine supplement 

SC-Trp/Leu SC without tryptophan and leucine supplements 

SC-Trp/Leu/His SC without tryptophan, leucine, and histidine supplements 

SC-Trp/Leu/His/Ade SC without tryptophan, leucine, histidine and adenine supplements 

SC-Trp/Leu/Ura SC without tryptophan, leucine and uracil supplements 

YPAD 1% yeast extract, 2% Bacto-peptone, 2% glucose, 0.004% adenine 

hemisulphate 
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2.5.5 Plant growth media 

Plants were grown in soil and in growth media listed in Table 2.6. 

Table 2.6 Recipes for Plant Growth Media Used.  

Name Components 

Germination medium 

(GM) 

0.44% Murashige and Skoog (MS) salt and vitamin mixture (Duchefa) (Murashige 

& Skoog, 1962), 1% sucrose, pH 5.7 adjusted with KOH, solidified with 0.8% agar 

Planting soil ¾ Dalton’s Potting Mix topped with ¼ Dalton’s Seedling Mix (Daltons; Matamata 

NZ) 

 

2.6 Organisms 

2.6.1 Bacterial and yeast strains 

The strains of bacteria and yeast used during the course of the work are listed in Table 2.7. 

Table 2.7 List of Organisms and Their Strains Used in This Thesis.  

Organism Strain Uses Source 

Agrobacterium 

tumefaciens 

GV3101(pMP90) Host for Arabidopsis transformation Gifted by Geeta 

Chhiba, PFR 

Escherichia coli XL-10 Gold Host for propagation of plasmids after 

mutation 

Agilent 

Technologies 

 Subcloning 

efficiency™ DH5α 

Host for propagation of plasmids in all 

other cloning work 

Invitrogen 

 One Shot® 

OmniMAX™ 2 T1R 

Host for propagation of plasmids after 

Gateway™ LR cloning 

Invitrogen 

 Rosetta-gami™ 

2(DE3) 

Host for DAD2 mutant protein 

expression 

Invitrogen 

Saccharomyces 

cerevisiae 

PJ69-4α and PJ69-4A Host for yeast two-hybrid interaction 

assays 

(James, Halladay, 

and Craig (1996)) 

 

2.6.2 Growth of bacteria and yeast 

In general, E. coli bacterial cultures were incubated at 37 °C overnight (16 – 18 h) without 

shaking for plate cultures or with shaking at 250 rpm for liquid cultures. Agrobacterium 

tumefaciens plate cultures were incubated at 28 °C for 72 h, while liquid cultures were 

incubated at 28 °C overnight with shaking at 250 rpm. Saccharomyces cerevisiae plate 
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cultures were incubated at 28 – 30 °C for 72 h without shaking or with shaking (250 rpm) 

overnight for liquid cultures.  

2.6.3 Long-term storage of bacteria and yeast 

For long-term storage of bacteria, 80% sterile glycerol was added to 200 µL of an overnight 

(16 – 18 h) culture to give a final concentration of 16% glycerol in 1 mL. For long-term 

storage of yeast, 80% sterile glycerol was added to 250 µL of an overnight (16 – 18 h) culture 

to give a final concentration of 20% glycerol in 1 mL. All glycerol stocks were stored 

at -80 °C.  

2.6.4 Plant materials 

All Arabidopsis thaliana (Arabidopsis) plants used were of the Columbia-0 (Col-0) ecotype 

and were grown from seed. Arabidopsis seeds of the d14-seto mutant in Col-0 ecotype were 

a generous gift from Pilar Cubas (Chevalier et al., 2014), while the seeds of transgenic d14-1 

mutant in Col-0 ecotype were gifted by Mark Waters (Waters et al., 2012b). Arabidopsis 

d14-crispr and d14-crispr max4 in Col-0 ecotype were developed by Dr Revel Drummond 

(this laboratory). 

2.7 Plasmid vectors 

All plasmid vectors used in this thesis are listed in Table 2.8. The plasmids were stored in 

AE buffer (equivalent to TE buffer; supplied in the NucleoSpin Plasmid EasyPure kit, 

Machery & Nagel) at -20 °C. 

Table 2.8 Plasmid Vectors Used for Cloning, Transformation and Expression of Genes in This Thesis.  

Plasmid Size (bp) Selection Source/Reference Use/Description 

pAD-GATE2 9700 

 

Amp in E. coli 

and SC-Leu in 

yeast 

Maier, Brandner, 

Hintner, Bauer, and 

Onder (2008) 

Yeast vector expressing the GAL4 

activation domain for yeast 

two-hybrid assay 

pBD-GATE2 9016 

 

Kan in E. coli 

and SC-Trp in 

yeast 

Maier et al. (2008) Yeast vector expressing the GAL4 

DNA-binding domain for yeast 

two-hybrid assay 

pDEST566 9367 Amp Hamiaux et al. 

(2012) 

Vector for DAD2 mutant protein 

expression 

pDONR221 3375 Kan Invitrogen Entry vector for DAD2 mutation 

pDONR221-

DAD2opti 

3375 Kan B. Janssen (this 

laboratory) 

Entry clone for DAD2 site-specific 

mutagenesis for in vitro 

characterisation 
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pDONR221-

10×Myc-DAD2 

3765 Kan B. Janssen (this 

laboratory) 

Entry clone for DAD2 site-specific 

mutagenesis for plant 

transformation 

pHEX2 15497 Spec in E. coli 

and Kan in 

Arabidopsis 

Hellens et al. (2005) Binary vector containing the CaMV 

35S promoter and OCS 3' terminator 

used for the expression of DAD2 in 

Arabidopsis 

pURA3-GW 9856 SC-Ura Hamiaux et al. 

(2012) 

Yeast expression vector 

pXCB1-D14p 14856 Spec in E. coli 

and Kan in 

Arabidopsis 

R. Drummond (this 

laboratory) 

Binary vector derived from pHEX2, 

containing the Arabidopsis D14 

promoter and OCS 3' terminator 

used for the expression of DAD2 in 

Arabidopsis 

 

2.8 Oligonucleotide primers 

Table 2.9 below contains a list of the oligonucleotides used for DAD2 mutagenesis and PCR 

detection/screening. Oligonucleotides used for DNA sequencing are not listed. All 

oligonucleotides were purchased from either IDT or Macrogen. 

Table 2.9 Oligonucleotides Used in This Thesis. 

Name Sequence (5' – 3') Use 

35S-For CGCACAATCCCACTATCCTT PCR detection of the CaMV 35S 

promoter  

2-12 WT For ATCAGCTTGGCACTTGATCCTTCCT PCR detection of the AtD14 

coding sequence 

AtD14-CC9-2F ATTGACATCAGCTCCAACAGCAAG PCR detection of the AtD14 

coding sequence  

AtMAX2seq 

forward 

AGTGGTGTAGCTTTAGAGGC PCR detection of the MAX2 gene 

in Arabidopsis  

AtMAX2seq 

reverse 

GTCAAATCGCCGGAATTCTT PCR detection of the MAX2 gene 

in Arabidopsis  

D14p-For TCCAACTCTCTTCTTTACCCTCA PCR detection of the 

Arabidopsis D14 promoter  

OCS-Rev TTAGGTTTGACCGGTTCTGC PCR detection of the OCS 3' 

terminator  

oHWL1 TGCCGTGTCATATCTTTCTAACGGCGCGCG

A 

Q213L mutation in DAD2opti 

coding sequence 
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oHWL2 TCGCGCGCCGTTAGAAAGATATGACACGG

CA 

Q213L mutation in DAD2opti 

coding sequence 

oHWL3 TATCTTTCAAACGGCGTGGGATCACAGTG

TCCCGG 

R216W mutation in DAD2opti 

coding sequence 

oHWL4 CCGGGACACTGTGATCCCACGCCGTTTGA

AAGATA 

R216W mutation in DAD2opti 

coding sequence 

oHWL5 AATGATGAAGACTATCATGGCGGTGCTGA

ACAGGGCGAAATC 

F135A mutation in DAD2opti 

coding sequence 

oHWL6 GATTTCGCCCTGTTCAGCACCGCCATGAT

AGTCTTCATCATT 

F135A mutation in DAD2opti 

coding sequence 

oHWL7 GCGGCCGTCCGTGCATTTAGCCGCACC E173A mutation in DAD2opti 

coding sequence 

oHWL8 GGTGCGGCTAAATGCACGGACGGCCGC E173A mutation in DAD2opti 

coding sequence 

oHWL9 CCGTCCGTGAATTTAGCGCCACCCTGTTCA

ATATGC 

R176A mutation in DAD2opti 

coding sequence 

oHWL10 GCATATTGAACAGGGTGGCGCTAAATTCA

CGGACGG 

R176A mutation in DAD2opti 

coding sequence 

oHWL11 TTGTGTCACGTACGGTTGCCAACTCGGAC

ATGCGCG 

F194A mutation in DAD2opti 

coding sequence 

oHWL12 CGCGCATGTCCGAGTTGGCAACCGTACGT

GACACAA 

F194A mutation in DAD2opti 

coding sequence 

oHWL13 AAACGGCGCGCGATGCCAGTGTCCCGGCT H218A mutation in DAD2opti 

coding sequence 

oHWL14 AGCCGGGACACTGGCATCGCGCGCCGTTT H218A mutation in DAD2opti 

coding sequence 

oHWL15 GCATTGGCTGAACATCTTAGGCCACCTGC

CGCA 

E244L mutation in DAD2opti 

coding sequence 

oHWL16 TGCGGCAGGTGGCCTAAGATGTTCAGCCA

ATGC 

E244L mutation in DAD2opti 

coding sequence 

oHWL17 GTGCGTATGTTGGTCACGCCGTCTCTGCCA

TGATTG 

S96A mutation in DAD2opti 

coding sequence 

oHWL18 CAATCATGGCAGAGACGGCGTGACCAACA

TACGCAC 

S96A mutation in DAD2opti 

coding sequence 

oHWL19 GATCGGTGCTAGTCCGAGCTTCCTGAATG

ATGA 

R124S mutation in DAD2opti 

coding sequence 

oHWL20 TCATCATTCAGGAAGCTCGGACTAGCACC

GATC 

R124S mutation in DAD2opti 

coding sequence 

oHWL21 GGTGCATTGGCTGATCATCGAAGGCCACC N242I mutation in DAD2opti 

coding sequence 
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oHWL22 GGTGGCCTTCGATGATCAGCCAATGCACC N242I mutation in DAD2opti 

coding sequence 

oHWL31 CGGTGTCATGTTGCGTGGAC PCR detection of the MAX4 gene 

in Arabidopsis  

oHWL32 TACGTACCATTCTGCATGTCATT PCR detection of the MAX4 gene 

in Arabidopsis 

oHWL33 TTGTGCTTATGTTGGTCACGCTGTTTCTGC

TATGATTGG 

S96A mutation in DAD2 coding 

sequence 

oHWL34 CCAATCATAGCAGAAACAGCGTGACCAAC

ATAAGCACAA 

S96A mutation in DAD2 coding 

sequence 

oHWL35 TCGGTGCTTCTCCCAGCTTCTTGAATGATG

AAGA 

R124S mutation in DAD2 

coding sequence 

oHWL36 TCTTCATCATTCAAGAAGCTGGGAGAAGC

ACCGA 

R124S mutation in DAD2 

coding sequence 

oHWL37 ACACAGTGCATTGGTTGATTATTGAAGGG

CATTTGCC 

N242I mutation in DAD2 coding 

sequence 

oHWL38 GGCAAATGCCCTTCAATAATCAACCAATG

CACTGTGT 

N242I mutation in DAD2 coding 

sequence 

oPBG2 AAACTCATCCTCATCGGTGCTTCTCC Random mutagenesis and PCR 

detection of the DAD2 coding 

sequence 

oPBG3 AAGTAGGGGCACTAAGATGAGG Random mutagenesis and PCR 

detection of the DAD2 coding 

sequence 

 

2.9 Transformation of bacteria 

2.9.1 Heat-shock transformation of E. coli 

All E. coli transformation experiments were conducted according to a standard E. coli 

heat-shock transformation protocol, unless described otherwise. Competent cells were stored 

at -80 °C, thawed on ice when required and an aliquot of the cells was transferred into 

pre-chilled tubes. The volume of competent cells generally used was based on the strain of 

E. coli; 50 µL for Subcloning Efficiency™ DH5α, 15 µL for One Shot® OmniMAX™ 2 T1R 

and 20 µL for Rosetta-gamiTM 2(DE3) cells, unless specified otherwise. Approximately 

50 – 300 ng of DNA (in 1 – 2 µL) was added to the competent cells and incubated on ice for 

30 min. The cells were heat-shocked at 42 °C for 30 s and immediately incubated on ice for 

2 min. Subsequently, 100 – 450 µL of SOC medium (depending on the cells transformed) 

was added, and the cells were incubated at 37 °C for 1 – 2 h at 250 rpm. Aliquots (0.1 and 
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0.5 volume) of this culture were each spread on LB media plates containing the appropriate 

antibiotic (section 2.5.1) for selection of transformants, and incubated at 37 °C overnight 

(16 – 18 h). 

2.9.2 Electro-shock transformation of A. tumefaciens 

Agrobacterium tumefaciens (Agrobacterium) GV3101(pMP90) used in Arabidopsis 

transformation experiments was transformed using an electro-shock method according to the 

following procedure. Cells were stored at -80 °C and thawed on ice prior to use. Binary 

plasmid (100 – 200 ng/µL) to be transformed was diluted 10× in a final volume of 10 µL. 

Subsequently, a 1 µL aliquot of the diluted binary plasmid was placed in a chilled microfuge 

tube. An aliquot of cells (25 µL) was added to the DNA in the chilled microfuge tube. The 

DNA/cell mixture was transferred to a chilled electroporation cuvette (1 mm gap) and 

electroporated at a voltage of 1440 V with a pulse of approximately 6 msec. Subsequently, 

1 mL of LB medium was immediately added to the cells, gently mixed by pipetting and 

transferred to a culture tube. Cells were then incubated at 28 °C for 3 h with shaking 

(250 rpm). After recovery, 20 µL and 200 µL of culture were spread on LB media plates 

containing the appropriate antibiotic (section 2.5.1) to select for the binary and helper 

plasmids. Plates were then incubated at 28 °C for 72 h. 

2.10 Extraction of plasmids from bacteria and yeast 

2.10.1 Extraction of plasmid DNA from E. coli 

All plasmid extractions from E. coli were performed from cultures inoculated with a single 

colony of bacteria in LB broth containing the appropriate antibiotic (section 2.5.1), and 

incubated overnight (16 – 18 h) at 37 °C with shaking (250 rpm). Two mL of overnight 

culture was collected by centrifugation at 16,000 ×g for 30 s, supernatant discarded and 

plasmid extracted using the NucleoSpin Plasmid EasyPure kit (Machery & Nagel) according 

to the manufacturer’s instructions. 

2.10.2 Extraction of plasmid DNA from A. tumefaciens 

To extract plasmids from Agrobacterium, a 10 µL loop of Agrobacterium from a fresh plate 

was used to inoculate 5 mL of YM media (with addition of the appropriate antibiotic selection 

for the helper and transforming binary plasmids) (section 2.5.2), incubated overnight 

(16 – 18 h) at 28 °C with shaking (250 rpm). The overnight culture was pelleted by 

centrifugation at 3220 ×g for 15 min at room temperature, supernatant discarded and pellet 

re-suspended in 500 µL of STE buffer (section 2.4). Suspension was transferred to a 2 mL 
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microfuge tube and again pelleted by centrifugation at 11,000 ×g for 1 min at room 

temperature. The pellet was re-suspended in 200 µL of resuspension buffer (supplied in the 

NucleoSpin Plasmid EasyPure kit (Machery & Nagel)) with the addition of 5 µL of 

50 mg/mL lysozyme (freshly prepared). Suspension was vigorously mixed by vortex and 

incubated for 20 min at room temperature to allow the lysozyme to digest the cell wall of 

Agrobacterium. Subsequently, the plasmid was extracted using the NucleoSpin Plasmid 

EasyPure kit (Machery & Nagel) according to the manufacturer’s instructions. 

2.10.3 Extraction of plasmid DNA from S. cerevisiae 

To isolate plasmid DNA from diploid yeast, a 1 µL loop of yeast was used to inoculate SC 

medium supplemented with appropriate amino acids (section 2.5.3) and incubated at 28 °C 

overnight (16 – 18 h). Three mL of the overnight culture was collected by centrifugation 

(16,000 ×g, 1 min) and the supernatant was discarded. The pellet was re-suspended in 1 mL 

of 10 mM EDTA (pH 8.0), and then centrifuged at 16,000 ×g for 1 min. The supernatant was 

discarded and the pellet was re-suspended in 600 µL of sorbitol buffer, followed by the 

addition of 10 µL of freshly prepared zymolase (5 U/µL). The mixture was incubated at 30 °C 

for 2 h and then centrifuged at 16,000 ×g for 30 s. The yeast pellet was subjected to plasmid 

extraction using the NucleoSpin Plasmid EasyPure kit (Machery & Nagel) according to the 

manufacturer’s instructions. Purified plasmid was eluted at a volume of 35 µL and stored at 

-20 °C until further use.  

2.11 Preparation of nucleic acids from plants 

2.11.1 Preparation of genomic DNA from plants 

To isolate genomic DNA from transgenic Arabidopsis for PCR analysis, a small amount of 

leaf material (~1.5 cm2 in size) was harvested and ground in 350 µL of PDEB buffer (freshly 

prepared; section 2.4) in a microfuge tube at room temperature using a micro-pestle. 

A 400 µL aliquot of PDEB buffer and 100 µL of 10% SDS were added to the tissue 

suspension, vigorously mixed by vortex, and incubated at 65 °C for 10 min. After incubation, 

266 µL of 5 M potassium acetate was added, inverted to mix and incubated on ice for 20 min. 

Cellular debris was removed by centrifugation (16,900 ×g, 4 °C, 20 min) and the resulting 

supernatant was transferred to a clean microfuge tube. Genomic DNA was precipitated by 

the addition of 0.5 volume of isopropanol and incubated at -20 °C for 30 min, followed by 

centrifugation (16,900 ×g, 4 °C, 20 min). The supernatant was discarded and the genomic 

DNA pellet was washed with 200 µL of 70% ethanol. Genomic DNA was again pelleted by 
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centrifugation (16,000 ×g, room temperature, 2 min), excess ethanol was discarded and the 

pellet was air-dried at room temperature for 10 min. The pellet was re-suspended in 100 µL 

of UltraPure™ DNase/RNase-free distilled water and stored at -20 °C until further use. 

2.11.2 Preparation of total plant RNA 

To obtain total plant RNA, leaf tissue (~100 mg) was harvested from plants using a scalpel 

and immediately snap-frozen in liquid nitrogen to prevent RNA degradation. Frozen leaf 

tissues were either used immediately in total RNA extraction or stored at -80 °C until used. 

Frozen leaf tissues were finely ground using a chilled micro-pestle (chilled in liquid nitrogen) 

in a 1.5 mL microfuge tube immersed in liquid nitrogen. Extraction of total RNA was carried 

out using the RNeasy® Plant Mini Kit (QIAGEN). All extraction procedures were conducted 

according to the manufacturer’s instruction, with the exception that the tissue lysis step was 

conducted using the RLT buffer (supplied in the kit) with 3 min incubation at 56 °C, and the 

RNA was eluted in 30 µL of RNase-free water. RNA concentration was quantified (section 

2.13.5) and stored at -20 °C until further use. 

2.12 Analysis of RNA transcript 

2.12.1 DNase-treatment of RNA samples 

Total RNA samples were digested with DNase to remove genomic DNA contaminants that 

may affect the synthesis of cDNA. DNase-treatment was performed using the TURBO 

DNA-free™ kit (Ambion), with some modifications. The reaction, prepared in a RNase-free 

1.5 mL microfuge tube, consisted of 2 µg of total RNA, 1× TURBO™ DNase buffer 

(provided in the kit), and 2 units of TURBO™ DNaseI in a final volume of 30 µL. To recover 

RNA from the sample, reaction mixture was centrifuged at 16,000 ×g for 2 min. The quality 

of RNA after DNase-treatment was analysed (section 2.12.2) and the concentration of RNA 

in the sample was quantified (section 2.13.5).  

2.12.2 Analysis of RNA quality 

The integrity of RNA was determined by electrophoretic assays using the Agilent RNA 6000 

Nano Assay kit, conducted using an Agilent 2100 Bioanalyzer (Agilent Technologies). The 

assay was performed according to protocols provided by the manufacturer. Data were 

analysed using the Agilent 2100 Expert software.  
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2.12.3 Determination of plant genomic DNA contaminant in RNA samples 

To check whether DNase-treated RNA samples contain any genomic DNA contaminant, the 

RNA samples were subjected to a standard PCR amplification (section 2.13.2.1). 

Oligonucleotide primers that amplify within the DAD2 or AtD14 coding sequence were used 

(section 2.8). Controls used in the PCR were genomic DNA extracted from Arabidopsis 

d14-crispr transformed with 35Spro:10×Myc-DAD2 or D14pro:AtD14 (section 2.11.1) and 

also RNA samples that were not treated with DNase.  

2.12.4 First strand synthesis of cDNA and gene expression analysis 

First strand synthesis of cDNA was conducted using the SuperScript® IV Reverse 

Transcriptase kit (Invitrogen), with some modifications. Each reverse transcription reaction 

contained 1 µg of DNase-treated RNA (in 23 µL of RNase-free water), 2 µL of 50 µM 

Oligo(dT23)V primer, and 2 µL of 10 mM dNTPs. The RNA-primer mix was incubated at 

65 °C for 5 min, followed by 4 °C for 5 min using a thermal cycler to denature the RNA and 

allow primer-annealing. Subsequently, a RT reaction mix, containing 8 µL of 5× SSIV buffer 

(provided in the kit), 2 µL of 0.1 M DTT (provided in the kit), 2 µL of RNaseOUT™ 

Recombinant RNase Inhibitor and 1 µL of SuperScript® IV Reverse Transcriptase 

(200 U/µL), were added to the RNA-primer mix and gently mixed by pipetting. The reaction 

mixture was incubated at 50 °C for 10 min, followed by 80 °C for 10 min, and then 4 °C for 

5 min. The resulting cDNA sample was diluted to 100 µL with RNase-free water and used 

immediately for PCR or stored at -20 °C until required.  

To determine the expression of DAD2 or AtD14, the cDNA samples were subjected to a 

standard PCR amplification (section 2.13.2.1) using oligonucleotide primers that amplify 

within the DAD2 or AtD14 coding sequence (section 2.8). Controls used in the PCR were 

cDNA from petunia dad2-3 transformed with 35Spro:10×Myc-DAD2 prepared using the same 

RNA extraction procedure.  

2.13 Manipulation of DNA 

2.13.1 Gateway™ LR cloning by recombination 

Gateway™ LR recombination reactions were performed using the Gateway™ LR Clonase™ 

II Enzyme mix (Invitrogen), with some modifications. Each reaction, in a final volume of 

5 µL, contained 50 – 150 ng of entry clone, 150 ng of destination vector and 1 µL of 

LR Clonase™ II enzyme mix. The reaction was mixed well by vortex briefly twice, 

centrifuged briefly and incubated at 25 °C overnight (24 h). Next, 1 µL of Proteinase K 
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(provided in the kit) was added to the reaction mixture and incubated at 37 °C for 10 min to 

terminate the LR reaction. Then, a 2 µL aliquot of the LR reaction was transformed into 

15 µL of E. coli One Shot® OmniMAX™ 2 T1R according to the methods described in 

section 2.9.1. 

For LR reactions where entry clone and destination clone have the same antibiotic selection, 

the entry clone in the resulting LR reaction was removed by restriction digestion before the 

LR reaction was terminated with the addition of Proteinase K. Restriction digests were 

performed by adding 2 µL of 10× reaction buffer (NEB), 1 µL of restriction endonuclease 

(20 units), 2 µL of 10× bovine serum albumin (NEB) and 10 µL of water (section 2.13.3). 

Following digestion, the reactions were terminated with 1 µL of Proteinase K at 37 °C for 

10 min. A 10 µL aliquot of the reaction mixture was diluted in 40 µL of water and 

transformed into 50 µL of E. coli Subcloning Efficiency™ DH5α (section 2.9.1).  

2.13.2 Polymerase Chain Reaction (PCR) 

2.13.2.1 Standard PCR 

PCRs were carried out using the KAPA2G™ Robust PCR kit (KapaBiosystems). Each 

reaction contained 0.4 µM each of the appropriate oligonucleotide primers (section 2.8). For 

plasmid DNA (~100 – 300 ng), plant genomic DNA and cDNA, 1 µL were used as template 

for PCR. Amplifications were generally carried out for 30 – 35 cycles at an annealing 

temperature ranging between 55 – 62 °C. Resulting products were visualised by 

electrophoresis (section 2.13.4). 

2.13.2.2 PCR from bacterial and yeast colonies 

For screening of transformed bacterial or yeast colonies, a standard PCR method (section 

2.13.2.1) was performed using a bacterial or yeast colony suspension as a template. To 

prepare a bacterial colony suspension, a colony of bacteria was suspended in 30 µL of sterile 

water and 2 µL of this suspension was used as template for PCR. Yeast colony suspensions 

were prepared by suspending each colony of yeast in 50 µL of 20 mM NaOH and incubating 

at 99 °C for 10 min in a thermal cycler. A 2 µL aliquot of the yeast colony suspension was 

used as a template for PCR.  

2.13.2.3 PCR from crude plant extracts 

A young leaf (~25 mm2 in size or a young inflorescence) was collected in a 1.5 mL microfuge 

tube and ground in 100 µL of plant DNA extraction buffer (section 2.4) using a micro-pestle. 

To increase cell lysis, crude plant extracts were subjected to a freeze-thaw process by 
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incubation at -80 °C for 30 min, followed by thawing on ice and then used as a DNA template 

in PCRs. Remaining crude plant extracts were stored at -80 °C. The PCR (in a reaction 

volume of 25 µL) was performed using KAPA3G™ Plant PCR kit (KapaBiosystems). 

Amplifications were carried out for 35 cycles at an annealing temperature ranging between 

55 – 58 °C. Resulting products were visualised by electrophoresis (section 2.13.4).  

2.13.3 Restriction endonuclease digestion of DNA 

General restriction digests of plasmid DNA were carried out to check the success of 

Gateway™ LR cloning and the presence of recombinant plasmid DNA in Agrobacterium. 

Restriction digests were carried out as recommended by the manufacturer. Restriction 

endonucleases that were used are listed in Table 2.10. 

Table 2.10 List of Restriction Endonucleases Used in This Thesis. 

Enzyme Supplier Vectors carrying the DAD2 mutant construct digested 

ApaLI NEB pDEST566 bacterial expression vector 

BamHI NEB pHEX2 binary vector 

DpnI Agilent Non-mutated parental DNA template 

EcoRI-HF NEB pHEX2 binary vector 

EcoRV-HF NEB pDEST566 bacterial expression vector 

NheI NEB pDONR221 entry vector 

Pst1-HF NEB pHEX2 binary vector and pXCB1-D14p binary vector 

PvuII-HF NEB pBD-GATE2 yeast expression vector, pDEST566 bacterial 

expression vector and pXCB1-D14p binary vector  

HindIII Invitrogen pBD-GATE2 yeast expression vector 

  

2.13.4 Agarose gel electrophoresis 

An agarose gel (concentration ranging from 0.8 – 1.5% depending on application) prepared 

in 0.5× TBE containing 0.01% SYBR® Safe DNA gel stain was used for the separation and 

visualisation of DNA fragments ranging from 0.3 – 9 kb. An aliquot of 5 µL of PCR product 

or 25 µL of restriction digestion product was respectively loaded with 1 µL or 5 µL of 

6× DNA loading buffer (section 2.4) per lane. To estimate the size of DNA fragments, 0.5 µL 

of 1 kb Plus DNA ladder (in 6× DNA loading buffer) was loaded in a separate well and 

electrophoresed alongside the products. Agarose gels were electrophoresed in 0.5× TBE 

buffer in a field of 1 to 6 V/cm. DNA was visualised and photographed using a gel 

documentation imager system (GE Amersham Imager 600). 
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2.13.5 Quantification of nucleic acid 

Concentrations of DNA and RNA were measured using a spectrophotometer (NanoDrop™ 

ND-1000 spectrophotometer, Thermo Fisher), according to the manufacturer’s protocol. The 

quantity of DNA and RNA was calculated based on its absorbance at 260 nm. The quality of 

the sample was indicated by the ratio of A260/A280 with acceptable levels ranging from 1.7 to 

2.0. 

2.13.6 DNA sequencing 

Sequencing of DNA was conducted using Sanger sequencing by Macrogen, Inc. (Seoul, 

South Korea). Pure plasmid DNA samples or PCR products were diluted with UltraPure™ 

DNAse/RNAse-free water according to the instructions from Macrogen, Inc.  

2.14 Preparation of protein extracts 

2.14.1 Preparation of protein from yeast 

To prepare yeast protein extracts for western analysis, a colony of approximately 2 mm in 

size was inoculated into 5 mL yeast selection media in a 50 mL Falcon tube and incubated at 

28 °C overnight at 250 rpm. Next, 2 mL of overnight culture (OD600 ~0.5) was seeded into 

8 mL of YPAD media (section 2.5.4) in a 50 mL Falcon tube and incubated at 28 °C with 

shaking (250 rpm) until an OD600 of 0.5 – 0.8 was obtained. Cells were harvested by 

centrifugation at 3220 ×g at 4 °C for 10 min. The resulting supernatant was discarded and 

the cell pellet was re-suspended in yeast protein extraction buffer preheated to 65 °C before 

adding glass beads (450 – 600 µm). The density of all yeast samples was equalised using the 

following equation: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑏𝑢𝑓𝑓𝑒𝑟 (𝜇𝐿) =
𝑂𝐷600 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑖𝑛 𝑚𝐿

7.5
× 100 

Samples were incubated at 65 °C for 10 min followed by an immediate vortex for 1 min. 

Subsequently, samples were heated in a 100 °C boiling water-bath for 5 min, immediately 

vortexed for 1 min and then chilled on ice. To collect the yeast protein suspension, the 

samples were centrifuged at 16,900 ×g at 4 °C for 5 min. The supernatant was transferred to 

a clean microfuge tube on ice and was used directly in western analysis (section 2.18.5). 

Samples were stored at -80 °C for long-term storage.  
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2.14.2 Preparation of protein from plants 

To prepare plant proteins for western analysis, a leaf sample (~100 mm2) was collected and 

homogenised in 600 µL (or 100 µL for ~25 mm2 young Arabidopsis rosette leaves) ice-cold 

NB1 buffer (section 2.4) using a Dounce homogeniser. Lysate was poured into a 1.5 mL 

microfuge tube and centrifuged (16,900 ×g, 4 °C, 1 min) to pellet plant tissue debris. 

Supernatant (plant protein extract) was transferred into a clean 1.5 mL microfuge tube. 

Samples were stored at 4 °C prior to western analysis (section 2.24.2) or at -80 °C for 

long-term storage. 

2.15 SDS-PAGE gel electrophoresis and western blotting 

2.15.1 Antibodies 

Table 2.11 List of Antibodies Used in This Thesis. 

Antibody Working concentration Use (Source) 

GAL4-TA mouse 

monoclonal IgG2a  

1:5000 in 1% skim milk-TBS.T Primary antibody for GAL4 activation 

domain (SC-1663, Santa Cruz 

Biotechnologies) 

GAL4-DBD mouse 

monoclonal IgG2b  

1:5000 in 1% skim milk-TBS.T Primary antibody for GAL4 DNA 

binding domain (SC-510, Santa Cruz 

Biotechnologies) 

c-Myc mouse monoclonal 

IgG1  

1:5000 in 1% skim milk-TBS.T Primary antibody for 10×Myc tag 

(SC-40, Santa Cruz Biotechnologies) 

Goat anti-mouse IgG 

Horseradish peroxidase-

antibody conjugate 

1:10000 in 1% skim milk-TBS.T Secondary antibody-enzyme conjugate 

for the immunodetection of proteins 

(Bio-Rad) 

 

2.15.2 SDS-PAGE gel electrophoresis 

Crude plant and yeast proteins were electrophoresed in Novex Bolt™ 10% Bis-Tris Plus 

SDS-PAGE gels, whereas protein purified from bacterial cells was electrophoresed in Novex 

Bolt™ 4 – 12% Bis-Tris Plus SDS-PAGE gels. Novex® Sharp pre-stained protein standard 

or SeeBlue® Plus2 pre-stained protein standard (10 µL) were used as protein size standards. 

Crude plant and yeast protein samples to be electrophoresed were prepared according to the 

specific methods described in chapter 2.18.5 and 2.24.2, respectively. Proteins purified from 

bacterial cells (section 2.19.2) were mixed with 4× SDS-PAGE loading buffer (section 2.4), 
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and 10 µL of the samples were loaded into the gel. The gels were electrophoresed in 

1× Novex Bolt™ MES buffer at a constant voltage of 165 V for 35 min.  

2.15.3 SDS-PAGE gel staining and destaining 

After electrophoresis, proteins separated within the SDS-PAGE gel were visualised by 

staining the SDS-PAGE gel with Coomassie Blue staining solution (section 2.4) at room 

temperature for 30 min with gentle shaking. Destaining was carried out by heating the 

SDS-PAGE gel in distilled water using a microwave for 4 – 8 min. 

2.15.4 Western transfer and immunodetection of proteins 

Proteins separated by SDS-PAGE gel electrophoresis were transferred to PVDF membranes 

using the preset P0 programme in the iBlot® 2 dryblot system (Life Technologies) according 

to the manufacturer’s instructions. The membrane was blocked in 5% skim milk-TBS.T 

solution at room temperature for 1 h with gentle shaking and then overnight at 4 °C. After 

blocking, membranes were probed with primary antibody (section 2.15.1) at room 

temperature for 1 h with gentle shaking, followed by five 10-min washes in TBS.T buffer 

(section 2.4). Membranes were then probed with secondary antibody at room temperature for 

1 h with gentle shaking, again followed by five 10-min washes in TBS.T buffer.  

To detect the activity of the peroxidase by chemiluminescence, the membrane was incubated 

with 800 µL of SuperSignal® West Femto Maximum Sensitivity Substrate (Pierce) for 5 min. 

The membrane was sealed in acetate film and visualised by chemiluminescence in an imager 

system (GE Amersham Imager 600) using an exposure setting of 30 s – 5 min. 

2.16 Random mutagenesis 

Random mutagenesis was performed using the GeneMorph® II EZClone Domain 

Mutagenesis kit (Agilent Technologies) according to the manufacturer’s instructions, unless 

otherwise specified. 

2.16.1 Synthesis of mutant megaprimer and generation of mutant plasmids 

A mutant megaprimer was synthesised using the primer pair oPBG2 and oPBG3 (section 2.8). 

To achieve a medium rate of mutation, 2 µg of DNA template (pBD-GATE2-DAD2) was 

used in this reaction. The reaction was subjected to 1 cycle of 95 °C for 2 min, 30 cycles of 

95 °C for 30 s, 62 °C for 30 s, 72 °C for 1 min, and 1 cycle of 72 °C for 10 min using a 

thermal cycler.   
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The mutant megaprimer was purified from the PCR product using the E-Gel® Clonewell™ 

pre-cast 0.8% agarose gel on the E-Gel® iBase™ Power system (Invitrogen) according to 

the manufacturer’s instructions. 

The mutated plasmids were transformed into XL-10 Gold Ultracompletent cells supplied in 

the GeneMorph® II EZClone Domain Mutagenesis kit according to the manufacturer’s 

instructions. The transformation reaction was plated onto six LB agar plates supplemented 

with kanamycin (section 2.5.1). 

2.16.2 Mutant library plasmid DNA extraction 

To isolate plasmid DNA from the mutant library, 5 mL of LB medium was added to one of 

the six culture plates to scrape the bacteria colonies off the agar plate using a sterile spreader. 

The bacterial suspension was then transferred to the next culture plate to scrape the bacterial 

colonies off the agar plate. This process was repeated for all of the plate cultures and the 

bacterial suspension was collected into a 50 mL Falcon tube. All of the culture plates were 

rinsed twice with 5 mL LB medium. The bacterial suspension was pooled into a 50 mL 

Falcon tube (total volume of 15 mL) and diluted with 15 mL LB medium (total final volume 

of 30 mL). Fifteen µL of 100 mg/mL kanamycin was added to the bacterial suspension, which 

was then equally divided into two 50 mL Falcon tube (each tube containing 15 mL bacterial 

suspension) and incubated at 37 °C for 2.5 h with constant shaking at 250 rpm. The mutant 

library plasmid DNA was then isolated from this bacterial culture using the QIAfilter Plasmid 

Midi kit (QIAGEN) according to the manufacturer’s instructions.  

2.16.3 Screening of mutant library in yeast 

After transformation of the random mutant library into yeast (section 2.18.1.1), the mutations 

of DAD2 in the random mutant library were determined by DNA sequencing. The mutated 

DAD2 coding sequence was PCR-amplified (section 2.13.2.2) from the yeast transformants. 

PCR products were purified using the QIAquick PCR purification kit (QIAGEN) according 

to the manufacturer’s protocol, and then subjected to DNA sequencing (section 2.13.6). 

2.17 Site-directed mutagenesis 

2.17.1 Generation of site-specific mutants 

Site-directed mutagenesis was performed using the QuikChange® Lightning Site-Directed 

Mutagenesis kit (Agilent Technologies) according to the manufacturer’s instructions, with 

the exception that reactions were carried out in half of the recommended volume. Primers 



 

49 

 

containing the desired mutation (section 2.8) were designed using Agilent Technologies’ 

online QuikChange® Primer Design tool (http://www.genomics.agilent.com/primerDesign

Program.jsp). The pDONR221 entry clones carrying either the plant DAD2 coding sequence 

with an N-terminal 10×Myc tag (pDONR221-10×Myc-DAD2) or the bacterial codon-

optimised version of DAD2 coding sequence (pDONR221-DAD2opti) (section 2.7) were 

used as DNA template to generate the site-specific mutations.  

The mutant plasmids were transformed into 20 µL of XL10-Gold Ultracompetent cells that 

were pre-mixed with 0.9 µL of the XL10-Gold β-mercaptoethanol (supplied in the 

QuikChange® Lightning Site-Directed Mutagenesis kit). Transformations were carried out 

according to the manufacturer’s instructions and cultures were spread onto LB agar 

supplemented with kanamycin (section 2.5.1). Mutant plasmid DNA was extracted from the 

bacterial clone (section 2.10.1) and sequenced (section 2.13.6) to verify the mutation. 

2.17.2 Screening of recombinant mutant plasmids 

To determine the success of cloning of mutated DAD2 coding sequence from the entry clones 

into the appropriate expression vectors by Gateway™ LR recombination (section 2.13.1), the 

resulting expression clones were screened by colony PCR (section 2.13.2.2) and restriction 

digestion (section 2.13.3). 

2.18 Yeast two-hybrid assay 

The yeast two-hybrid system consisted of two yeast two-hybrid vectors (pBD-GATE2 and 

pAD-GATE2), previously constructed by Maier et al. (2008) using Gateway™ Technology 

(Invitrogen). The pBD-GATE2 and pAD-GATE2 vectors contained sequences encoding the 

DNA-binding domain (GAL4-BD domain) and the transcriptional activation domain 

(GAL4-AD domain) of yeast GAL4 transcriptional activator, respectively. The pURA3-GW 

vector was used to express the third untagged protein when required in the yeast two-hybrid 

assays. The yeast strains used in all of the yeast two-hybrid assays were Saccharomyces 

cerevisiae PJ69-4α and PJ69-4A (James et al., 1996).  

2.18.1 Transformation of yeast 

Salmon Sperm DNA (SS-DNA) used in the transformation of yeast was denatured by boiling 

for 5 min in a boiling water-bath, then immediately chilled on ice and stored at -20°C until 

needed. 

http://www.genomics.agilent.com/primerDesignProgram.jsp
http://www.genomics.agilent.com/primerDesignProgram.jsp
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2.18.1.1 Random mutant library 

Transformation of the DAD2 random mutant library into yeast PJ69-4A was performed 

according to the high efficiency yeast transformation protocol of Gietz, Triggs-Raine, 

Robbins, Graham, and Woods (1997) with some modifications. First, yeast PJ69-4A carrying 

the pAD-GATE2-PhMAX2A plasmid from a SC-Leu (section 2.5.4) media plate was 

inoculated into 25 mL of SC-Leu medium in a 250 mL flask and incubated at 28 °C overnight 

at 250 rpm. To determine the cell titre of the overnight culture, 100 µL of the overnight 

culture was diluted 10× by the addition of 900 µL of SC-Leu medium, then cell density was 

measured at 600 nm (OD600) using a spectrophotometer (Evolution 201 UV-Visible 

spectrophotometer, Thermo Fisher). The cell titre was calculated using the formula below: 

𝐶𝑒𝑙𝑙 𝑡𝑖𝑡𝑟𝑒 (𝑐𝑒𝑙𝑙𝑠/𝑚𝐿) =
𝑂𝐷600 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

0.1
× (1 × 106 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿) × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (10 ×), 

𝑤ℎ𝑒𝑟𝑒𝑏𝑦 𝑂𝐷600 𝑜𝑓 0.1 𝑖𝑠 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑜 1 × 106 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 

 

The yeast culture was grown to a density of 3.17 × 107 cells/mL. Subsequently, 7.89 mL of 

the overnight culture containing 2.5 × 108 cells was pelleted at 3000 ×g for 5 min. The cell 

pellet was re-suspended in 50 mL of pre-warmed (28 °C) YPAD medium (section 2.5.4) in a 

pre-warmed sterile 250 mL culture flask to give a titre of 5 × 106 cells/mL. The culture was 

incubated at 28 °C with 250 rpm shaking for aeration. The cell density was measured at 

600 nm every 2 hours. When the cell titre reached 2 × 107 cells/mL, the cells were harvested 

by centrifugation at 3000 ×g for 5 min and washed with 10 mL of sterile Milli-Q® ultrapure 

water. Cells were then re-suspended in 10 mL sterile 0.1 M LiAc and incubated in a 30 °C 

water-bath for 10 min. Then, cells were pelleted by centrifugation at 3000 ×g for 5 min to 

remove the LiAc. The transformation mix containing 2.4 mL of 50% PEG 3350, 360 µL of 

1 M LiAc, 500 µL of 2 mg/mL denatured SS-DNA, 55.5 µL of pBD-GATE2-DAD2 random 

mutant plasmids (50 µg) and 294.5 µL of sterile Milli-Q® ultrapure water, was added to the 

cell pellet and vortexed gently to re-suspend the cell pellet. The transformation mixture was 

subjected to heat-shock in a water-bath at 42 °C for 40 min with gentle mixing by inversion 

every 5 min. The cell mixture was centrifuged at 3000 ×g for 5 min to remove the 

transformation mix and gently re-suspended in 10 mL sterile Milli-Q® ultrapure water. The 

cell suspension was spread (500 µL/plate) onto 20 large (150 × 15 mm) SC-Trp/Leu/His agar 

plates (section 2.5.4). A 10 µL cell suspension was also spread on SC-Trp, SC-Leu and 
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SC-Trp/Leu agar plates (section 2.5.4) to allow estimation of the total number of 

transformants screened. Plates were incubated for 3 d at 28 °C. 

2.18.1.2 Site-specific mutants 

Transformation of yeast was conducted according to the methods of Gietz and Schiestl (2007) 

with modifications. A 10 µL volume of yeast (freshly grown on a YPAD plate) was 

suspended in 120 µL of sterile water. Plasmid DNA (1 µg in 10 µL water) and denatured 

SS-DNA (10 µL of 10 mg/mL stock) were added to the yeast suspension, and mixed by 

vortex. Next, 500 µL of PLATE solution (section 2.4) and 57 µL of DMSO were added to 

the yeast-DNA mixture and vortexed immediately. The transformation mixture was 

incubated at room temperature for 15 min, and then at 42 °C for 15 min. The mixture was 

then centrifuged at 9300 ×g for 30 s, supernatant discarded and the pellet was re-suspended 

by pipetting in 200 µL of SC medium supplemented with the appropriate amino acids (section 

2.5.3). A 50 µL and 150 µL aliquot of the yeast suspension were each spread on SC agar 

plates supplemented with the appropriate amino acids (section 2.5.3) and incubated for 3 d 

at 30 °C. 

2.18.2 Plasmid rescue from yeast 

To rescue the mutant pBD-GATE2-DAD2 plasmid from diploid yeast, plasmid was extracted 

(section 2.10.3), then a 5 µL aliquot of the purified plasmid was transformed into 12 µL of 

E. coli One Shot® OmniMAX™ 2 T1R (section 2.9.1) and was spread onto LB media plate 

supplemented with kanamycin (section 2.5.1) to select for the mutant pBD-GATE2-DAD2 

plasmid. The success of the plasmid rescue procedure was confirmed by colony PCR (section 

2.13.2.2) and the plasmid purified from E. coli cells (section 2.10.1) was checked by 

restriction digest (section 2.13.3). 

2.18.3 Yeast mating and selection 

A colony of yeast PJ69-4A harbouring the bait plasmid(s) and a colony of PJ69-4α carrying 

the pBD-GATE DAD2 mutant plasmid were each suspended in 100 µL sterile water. The 

bait plasmids were either pAD-GATE2, pAD-GATE2-PhMAX2A, pAD-GATE2-D53A, or 

both pAD-GATE2-D53A and pURA3-PhMAX2A or pURA3-GW, depending on the 

experiment. A droplet of 5 µL of PJ69-4A yeast suspension was inoculated onto YPAD 

media plate and allowed to air-dry. Subsequently, a droplet of 5 µL of PJ69-4α yeast 

suspension was inoculated onto the dried PJ69-4A yeast droplet on the same YPAD media 

plate and again allowed to air-dry. Plates were sealed and incubated for 1 d at 30 °C.  
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To select for diploid yeast that carries both pBD-GATE2 and pAD-GATE2 plasmids, yeast 

cells were streaked onto a SC-Trp/Leu media plate and incubated for 3 d at 30 °C. A colony 

of yeast was picked and again streaked onto a SC-Trp/Leu media plate. Plate was incubated 

for 3 d at 30 °C to obtain single colonies of diploid yeast carrying both plasmids. To select 

for diploid yeast carrying all three of the pBD-GATE2, pAD-GATE2 and pURA3 plasmids, 

a colony of yeast was streaked onto SC-Trp/Leu/Ura media plate as per methods above to 

obtain single colonies of diploid yeast carrying all three plasmids.  

2.18.4 β-galactosidase liquid culture assay 

Yeast two-hybrid β-galactosidase liquid culture assay was used to quantify the strength of 

the interaction between the proteins, using methods from the Clontech Yeast Protocols 

Handbook, 2009, with some modifications. 

A single 2 mm colony of diploid yeast from a fresh selection plate was used to inoculate 

5 mL of SC medium (supplemented with the appropriate amino acids; section 2.5.4) and 

incubated overnight at 28 °C with shaking (250 rpm). The cell density (OD600) of the 

overnight culture was measured at an absorbance of 600 nm (A600) using a spectrophotometer 

(Evolution 201 UV-Visible spectrophotometer, Thermo Fisher). Overnight culture (of 

equalised density in 1 mL for all samples in the same assay) was used to inoculate 4 mL of 

YPAD medium supplemented either with 5 µL of 100% DMSO or 5 µL of (rac)-GR24 

(prepared in 100% DMSO; concentration used in the assay depends on the application) in a 

50 mL Falcon tube. The yeast culture was incubated (28 °C, 250 rpm) until an OD600 of 

0.5 – 0.8 was obtained. The exact OD600 of the culture was measured when the cells were 

harvested. A 1 mL aliquot of culture was transferred to each of three 1.5 mL microfuge tubes, 

and pelleted by centrifugation (16,000 ×g, 1 min, room temperature). The supernatant was 

carefully removed by pipetting. Then, 1 mL of Z buffer (section 2.4) was added to each tube 

and vortexed to completely re-suspend the cells. The cell suspension was centrifuged again 

(16,000 ×g, 1 min, room temperature) and the supernatant was discarded. Each pellet was 

re-suspended in 300 µL of Z buffer to obtain a concentration factor of 3.33-fold. A 0.1 mL 

aliquot of each of the cell suspension was transferred to a fresh microfuge tube. The cells 

were subjected to three freeze-thaw cycles of 1 min in liquid nitrogen and 1 min in 37 °C 

water-bath to lyse the cells. A sample blank was prepared with 0.1 mL Z buffer (section 2.4).  

Consecutively, Z buffer with β-mercaptoethanol (700 µL; section 2.4) were added to each 

tube of the lysed cells as well as the sample blank. The reaction for each sample was initiated 

in staggered intervals of 20 s, by adding 160 µL of 4 mg/mL ONPG substrate 
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(2-nitrophenyl-β-D-galactopyranoside, prepared in Z buffer) to each of the sample and blank 

tubes. The tubes were immediately incubated at 30 °C in a dry-bath. After yellow colour 

developed in the reaction mixture, the reaction was stopped by the addition of 0.4 mL of 1 M 

Na2CO3 and mixed by vortex. The elapsed reaction time (t, min) was recorded. The reaction 

tubes were centrifuged at 16,000 ×g for 10 min to pellet cell debris. Following centrifugation, 

1 mL of the resulting supernatant was transferred to a clean 1.5 mL cuvette. The optical 

density of the samples were measured at an absorbance of 420 nm (OD420) relative to the 

blank, using a spectrophotometer. 

The β-galactosidase units of each samples were calculated using the formula stated below, 

whereby 1 unit of β-galactosidase is defined as the amount which hydrolyses 1 μmol of 

ONPG to o-nitrophenol and D-galactose per min per cell:  

𝛽 − 𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑠𝑖𝑑𝑎𝑠𝑒 𝑢𝑛𝑖𝑡𝑠 =
(1000 × 𝑂𝐷420)

(𝑡 × 𝑉 × 𝑂𝐷600)
  

𝑤ℎ𝑒𝑟𝑒        𝑡 = 𝑒𝑙𝑎𝑝𝑠𝑒𝑑 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛) 𝑜𝑓 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 

                    𝑉 = 0.1 𝑚𝐿 × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (3.33) 

                   𝑂𝐷600 = 𝐴600 𝑜𝑓 1 𝑚𝐿 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑎𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 

 

2.18.5 Western blot analysis of yeast protein 

To check for the presence of the GAL4 activation domain and the GAL4 DNA binding 

domain in the yeast transformants, yeast protein extract (5 µL per well; section 2.14.1) was 

electrophoresed (section 2.15.2) in two SDS-PAGE gels to produce two duplicate protein 

gels. Gels were subjected to western blotting (section 2.15.4) to transfer the proteins to PVDF 

membranes. Each of the membranes was probed with appropriate primary and secondary 

antibodies (section 2.15.1). 

2.19 Protein expression and purification of DAD2 mutants 

2.19.1 Protein expression in E. coli Rosetta-gami™ 2(DE3) 

All DAD2 mutant proteins were expressed using E. coli Rosetta-gami™ 2(DE3) cells 

(Hamiaux et al., 2012). The transformation of expression clones into E. coli Rosetta-gami™ 

2(DE3) cells was performed using a general heat-shock transformation method (section 
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2.9.1). Each mutant protein was expressed in a batch of 3 L cultures, consisting of six flasks 

of 500 mL culture per mutant protein.  

A colony of bacteria carrying the expression clone was grown in 50 mL LB media 

supplemented with ampicillin and chloramphenicol (section 2.5.1) at 37 °C overnight with 

shaking (250 rpm). A 5 mL aliquot of the overnight culture was used to inoculate each of the 

500 mL LB media (pre-warmed overnight at 37 °C) containing 100 µg/mL ampicillin and 

0.2% glucose (filter-sterilised). The cultures were incubated at 37 °C at 220 rpm until OD600 

~0.8 was obtained. Protein expression was then induced by the addition of IPTG (isopropyl 

β-D-thiogalactopyranoside) to a final concentration of 0.5 mM. The cultures were incubated 

at 20 °C overnight (16 – 18 h) with shaking (220 rpm). The cells were harvested by 

centrifugation at 6000 ×g at 4 °C for 15 min using the Sorvall® RC6 Plus centrifuge (Thermo 

Fisher) and cell pellets were stored at -20 °C until used.  

2.19.2 Purification of DAD2 mutant proteins 

2.19.2.1 Lysis of cells 

Frozen cell pellets were thawed on ice. The cells were re-suspended on ice in a total of 90 mL 

of lysis/binding buffer (20 mM Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole) 

supplemented with three tablets of EDTA-free cOmpleteTM protease inhibitor. Cells were 

lysed by passing the cell suspension twice through an emulsifier (EmulsiFlex-C3, Avestin) 

at a pressure of 15 kPa. Cell lysate was centrifuged at 17,000 ×g at 4 °C for 50 min using the 

Sorvall® RC6 Plus centrifuge (Thermo Fisher) to partition the cell lysate into crude soluble 

(supernatant) and insoluble (pellet) protein fractions. The crude soluble protein fraction was 

collected and used to purify the DAD2 mutant proteins (section 2.19.2.2). 

2.19.2.2 His6-MBP tag purification by nickel affinity chromatography 

In the first step of purification, DAD2 mutant proteins were purified with a nickel affinity 

column (HisTrapTM HP 5 mL column, GE Healthcare) using a peristaltic pump. The flow 

rate was maintained at 5 mL/min.  

The crude soluble protein fraction (section 2.19.2.1) was loaded onto the nickel affinity 

column. Bound protein was washed using 10 column volumes of lysis/binding buffer (20 mM 

Tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole), followed by 5 column volumes of 

wash buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 20 mM imidazole). Elution of bound 

protein was performed in five fractions of 1 column volume of elution buffer (20 mM 

Tris-HCl (pH 8.0), 100 mM NaCl, 300 mM imidazole). All of the eluates were collected and 
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analysed by SDS-PAGE gel electrophoresis (section 2.15.2) to confirm the success of 

purification. Eluted protein fractions containing semi-purified DAD2 mutant protein were 

pooled and dialysed (1:50) overnight at 4 °C against buffer A (20 mM Tris-HCl (pH 8.0), 

50 mM NaCl, 1 mM DTT) using SnakeSkin® (3500 molecular weight cut-off) dialysis 

tubing to remove the imidazole and to prepare the protein samples for anion-exchange 

chromatography. 

2.19.2.3 Anion-exchange chromatography 

Anion-exchange chromatography (HiTrap™ Q HP 5 mL column, GE Healthcare) was used 

to further purify the DAD2 mutant proteins on the AKTA™ Pure chromatography system 

(GE Healthcare). The purification procedure was performed at a flow rate of 5 mL/min.  

The dialysed protein fractions (section 2.19.2.2) were filtered through a 0.22 µm 

syringe-filter and loaded onto the anion-exchange column. Bound protein was washed with 

5 column volumes of buffer A (20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM DTT), and 

then eluted in buffer B (20 mM Tris-HCl (pH 8.0), 1 M NaCl, 1 mM DTT) using a continuous 

salt gradient of 0 – 0.5 M NaCl for 20 column volumes, followed by a step gradient at 1 M 

NaCl for 5 column volumes. 

The eluted protein fractions were analysed by SDS-PAGE gel electrophoresis (section 

2.15.2). Protein fractions containing semi-purified DAD2 mutant proteins were pooled, 

protein concentration was quantified (section 2.19.3) and subjected to His6-MBP tag cleavage. 

2.19.2.4 Removal of His6-MBP tag by nickel affinity chromatography 

TEV (Tobacco Etch Virus) protease was used to cleave the His6-MBP tag fused to DAD2 

mutant proteins. TEV protease (1 mg/mL) at a ratio of 1 mg TEV protease to 60 mg protein 

and EDTA (pH 8.0) to a final concentration of 10 mM were added to the pooled protein 

fractions. The sample was dialysed (1:50) overnight at 4 °C against buffer AG with DTT and 

EDTA added (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 50 mM L-glutamic acid, 50 mM 

L-arginine, 1 mM EDTA and 1 mM DTT) using SnakeSkin® (3500 molecular weight cut-off) 

dialysis tubing. 

On the following day, the protein sample was dialysed (1:50) at 4 °C for 2 h against buffer 

AG (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 50 mM L-glutamic acid, 50 mM L-arginine) 

using SnakeSkin® (3500 molecular weight cut-off) dialysis tubing to remove the DTT and 

EDTA. The protein sample was then loaded (at a flow rate of 5 mL/min) onto a nickel affinity 

column (HisTrapTM HP 5 mL column, GE Healthcare) equilibrated with buffer AG (20 mM 
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Tris-HCl (pH 8.0), 100 mM NaCl, 50 mM L-glutamic acid, 50 mM L-arginine), on the 

AKTA™ Pure chromatography system (GE Healthcare). Protein with the His6-MBP tag 

successfully cleaved does not bind to the column and therefore was eluted in the flow-through. 

The column was washed with 3 column volumes of buffer AG to completely elute the DAD2 

mutant proteins. The bound His6-MBP tag was then eluted from the column with buffer B2 

(20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 M imidazole) using a continuous gradient of 

0 – 50% buffer B2 for two column volumes, followed by 100% buffer B2 for two column 

volumes. 

Purified DAD2 mutant proteins were analysed by SDS-PAGE gel electrophoresis (section 

2.15.2). Protein fractions containing purified DAD2 mutant proteins were pooled and 

concentrated to ~6 mg/mL using Vivaspin® 20 (10 kDa molecular weight cut-off) and 

Vivaspin® 2 (10 kDa molecular weight cut-off) centrifugal concentrator (centrifugation at 

4000 ×g, 10 °C, 2 – 5 min). Protein samples were stored at -80 °C until required for further 

purification with gel filtration column chromatography. 

2.19.2.5 Gel-filtration chromatography 

To remove any remnants of protein contamination in the DAD2 mutant protein samples, the 

proteins were further purified by gel filtration chromatography (Superdex™ 75 10/300 GL 

column, GE Healthcare), on the AKTA™ Pure chromatography system (GE Healthcare). 

Protein samples were thawed on ice and a 200 µL aliquot was mixed with 200 µL of running 

buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM DTT). This sample (400 µL) was 

then loaded onto the gel filtration column equilibrated with running buffer, and eluted (in 

0.5 mL fractions) with an isocratic flow of running buffer (flow rate of 1 mL/min) for 

1.5 column volumes. Protein samples from the observed peak were collected and stored at 

4 °C until required for further analyses.  

2.19.3 Quantification of protein 

The absorbance of protein at 280 nm (A280) was measured using a spectrophotometer 

(NanoDrop™ 2000c spectrophotometer, Thermo Fisher), according to the manufacturer’s 

protocol. Protein concentration was calculated using the Beer-Lambert law A = εcl, where 

A is the absorbance of protein at an A280, ε is the molar extinction coefficient of the protein, 

c is the concentration and l is the path-length used to measure the absorbance. The molar 

extinction coefficient and molecular weight of proteins were estimated using the online 

ExPASy ProtParam tool (https://web.expasy.org/protparam/).  

https://web.expasy.org/protparam/
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2.20 Kinetic analysis of DAD2 mutants 

2.20.1 Time-course hydrolysis of Yoshimulactone Green 

The hydrolytic activity of DAD2 mutants was determined using a fluorogenic substrate, 

Yoshimulactone Green (YLG, prepared as 100× stocks in 100% DMSO; TCI Chemicals) 

according to the methods of Tsuchiya et al. (2015). Each sample reaction (in a final volume 

of 100 µL) consisted of 0.34 µM of protein and 1 µM YLG in 20 mM Tris-HCl (pH 8.0), 

150 mM NaCl, 0.1 mM DTT, 1% DMSO, whereas the YLG control consisted of only 1 µM 

YLG in the same buffer. All experiments were conducted in three technical replicates in 

flat-bottom, black 96-well microplates (Eppendorf). Fluorescence was monitored using a 

FLUOStar® Omega microplate reader (BMG LabTech) with 485 ± 12 nm excitation filter 

and 520 ± 10 nm emission filter at every 2 min-interval over 90 min. The gain was set to 920, 

and the number of flashes to 20. Fluorescence units were converted to fluorescein 

concentrations using fluorescein standard curves. Time-course reaction was plotted as the 

amount of fluorescein produced (µM) against the reaction time.  

2.20.2 Kinetics assay using Yoshimulactone Green 

To determine the kinetic parameters of the DAD2 mutants, assay reactions were performed 

at six YLG concentrations (0, 0.2, 0.4, 0.6, 1, 2, 3.5, 5 µM) in triplicate according to the assay 

conditions in section 2.20.1. Fluorescence was monitored at every 2 min-interval over 60 min. 

Velocity (µM/min) at each YLG concentration, at the 15 min time-point, was calculated as 

the amount of fluorescein produced (µM) per minute time. Michaelis-Menten analyses, to 

determine the K1/2, Vmax and kcat values of each protein, were performed by non-linear 

regression in GraphPad Prism 5.0 (GraphPad Software) using the velocity at the 15 min 

time-point.  

2.21 Differential Scanning Fluorimetry 

Differential scanning fluorimetry (DSF) experiments were performed in 384 multiwell plates, 

according to the methods of Hamiaux et al. (2012). The molar ratio of GR24 to DAD2 protein 

was 25:1. Final reaction mixture, at a volume of 20 µL, consisted of 250 µM (rac)-GR24, 

10 µM protein and 10× Sypro™ Tangerine protein dye in 20 mM Tris-HCl (pH 8.0), 150 mM 

NaCl, 2.5% DMSO. The final reaction mixture for DMSO control consisted of the same assay 

components, except (rac)-GR24.  
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2.22 Growth conditions for Arabidopsis 

2.22.1 Growth of Arabidopsis on soil 

Germination of seeds either took place on soil or on GM media supplemented with or without 

antibiotics (section 2.5.5), depending on the application. Plants sown on soil were grown in 

pots of planting soil (section 2.5.5) that had been thoroughly soaked with water containing 

the insecticide Dimilin® 2L (brand name for 240 g/L diflubenzuron; Nufarm) at a 

concentration of 0.1% to discourage insect pests. Plants sown on GM media (section 2.22.3) 

were transplanted from tissue culture into individual pots of planting soil prepared according 

to the above mentioned methods. 

All plants were grown in long day conditions (16 h day/8 h dark photoperiod) at 22°C with 

140 µmol photons m-2 s-1 light (Heliospectra LX601c). Plants were routinely watered until 

global proliferative arrest was achieved, then were left to dry, if the seeds were to be collected. 

Plants were covered with clear plastic sleeves when the primary inflorescences had grown. 

When dry, seeds were collected and stored in glassine paper bags at room temperature in the 

dark.  

2.22.2 Seed sterilisation and growth of Arabidopsis in tissue culture 

Prior to growth of Arabidopsis on GM plates, the seeds were sterilised to prevent bacterial 

and fungal growth. Samples of between 100 – 4000 seeds were estimated by weight in a 2 mL 

microfuge tube. In a laminar flow hood, seeds were initially sterilised in 1.5 mL of 70% 

ethanol containing 0.05% Triton X-100 and mixed by inversion for 10 min. Seeds were then 

pelleted by centrifugation (1500 ×g, 1 min). The seeds were re-suspended in 1.5 mL of 100% 

ethanol for 5 min, and again pelleted by centrifugation (1500 ×g, 1 min). Finally, seeds were 

re-suspended in 0.5 – 1 mL of 100% ethanol and then pipetted onto pre-sterilised filter paper 

(pre-sterilised with 100% ethanol and air-dried) in a sterile Petri dish. Seeds were allowed to 

dry until all of the ethanol had evaporated and subsequently sprinkled onto GM media plates 

with appropriate antibiotics (section 2.5.5). Plants were grown in a controlled environment 

growth room under long day conditions (16 h day/8 h dark photoperiod) with 70 µmol 

photons m-2 s-1 fluorescent light at 24 °C. 

2.22.3 Growth of Arabidopsis for phenotype characterisation 

2.22.3.1 Primary transformants 

When phenotypic analysis was performed using primary transformants (T1), 12 independent 

T1 lines (n = 12) identified by kanamycin selection and multiplex PCR (section 2.23.3.1) 
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were transplanted from tissue culture onto soil at 7 days post-planting (section 2.22.1). All 

of the transgenic lines were randomised (section 2.26.2) and grown to maturity for 

characterisation of phenotype (section 2.24.1). 

2.22.3.2 Homozygous lines 

When phenotypic analysis was performed using homozygous lines (T3), approximately 

30 – 50 seeds of each independent homozygous line were germinated and grown on soil 

(section 2.22.1). At 7 days post-planting, 12 plants (n = 12) of each independent homozygous 

line were transferred into individual pots, randomised (section 2.26.2) and grown to maturity 

for characterisation of phenotype (section 2.24.1). 

2.23 Generation of transgenic Arabidopsis 

2.23.1 Agrobacterium culture for plant transformation 

A 1 µL loop of Agrobacterium containing the desired binary vector was used to inoculate 

10 mL of YN medium supplemented with the appropriate antibiotic (section 2.5.1) to select 

for the transforming and helper plasmids. The culture was incubated overnight at 28 °C with 

shaking (250 rpm). Cell density (OD600) of the overnight culture was measured using a 

spectrophotometer. The overnight culture was pelleted by centrifugation (3220 ×g, 15 min, 

room temperature), supernatant discarded and the cell pellet was re-suspended in 5% sucrose 

to a density (OD600) of approximately 0.6. A surfactant, Silwet L-77 (Lehle Seeds) was added 

to the Agrobacterium suspension to a final concentration of 0.02% immediately before use, 

to increase the transformation efficiency (Clough & Bent, 1998).  

2.23.2 Arabidopsis floral dip transformation 

Transformation of Arabidopsis was based on the floral dip method of Clough and Bent (1998). 

Approximately 50 seeds were sown onto soil in an 11 cm diameter pot and grown according 

to the methods described in section 2.22.1. When the primary inflorescences were 

approximately 10 cm tall (usually 5 days after flowering), the plants were inverted into the 

Agrobacterium suspension (section 2.23.1) such that all above-ground tissues were 

submerged, and the plants were removed after 3 – 5 s of gentle agitation. After dipping, the 

plants were covered with clear plastic sleeves and the top portions of the sleeves were folded 

to maintain humidity and facilitate transformation. After 24 h, the plastic sleeves were 

unfolded and the plants were grown to maturity for seed harvesting (section 2.22.1).  
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2.23.3 Selection of transgenic Arabidopsis 

2.23.3.1 Screening for primary transformants 

For each line of primary transformants (T1), 4000 – 8000 seeds, as estimated by weight, were 

sterilised (section 2.22.2) and plated onto GM plates (150 × 15 mm) supplemented with the 

appropriate antibiotics (section 2.5.1) at a density of 4000 seeds/plate. The plates were 

incubated at 4 °C for 72 h to allow the seeds to undergo vernalisation. Then, the plates were 

transferred to a growth room (section 2.22.2).  

After 7 – 10 d, 12 KanR T1 plants were transferred to soil (section 2.22.1) and further screened 

by multiplex PCR (section 2.13.2.3) to check for the presence of the transformed T-DNA. 

All KanR T1 lines were screened using oligonucleotide primers that amplified between the 

35S promoter (or the Arabidopsis D14 promoter) and the Octopine Synthase (OCS) 

terminator. The MAX4 gene was used as a reference in the multiplex PCR for transgenic lines 

in Col-0, d14-seto and d14-crispr background, whereas the MAX2 gene was used for 

transgenic lines in the d14-crispr max4 background (see section 2.8 for oligonucleotides 

used). The KanR T1 plants were grown to maturity and the seeds (T2) were harvested. 

2.23.3.2 Screening for heterozygous lines 

The number of T-DNA insertions in the heterozygous lines (T2) were identified by 

determining the segregation of KanR to KanS progeny. To screen for T2 heterozygous lines, 

~100 seeds from each KanR T1 plants were sterilised (section 2.22.2) and plated onto GM 

plates supplemented with the appropriate antibiotics (section 2.5.1). The plates were 

incubated at 4 °C for 3 d for vernalisation and then transferred to a growth room (section 

2.22.2). After 7 – 10 d, the numbers of KanR and KanS plants were counted and the ratio of 

plants were examined by a χ2 test. Where the χ2 test showed a ratio of 3:1 with a 95% 

confidence interval, ten KanR T2 plants were transferred to soil, whereas twenty KanR T2 

plants were transferred to soil if the χ2 test showed a ratio of 15:1 with a 95% confidence 

interval (section 2.22.1). All KanR T2 plants were grown to maturity and the seeds (T3) were 

harvested.  

2.23.3.3 Selection of homozygous lines 

In order to identify a homozygous line, ~100 seeds from each KanR T2 lines were sterilised 

(section 2.22.2) and plated onto GM plates supplemented with the appropriate antibiotics 

(section 2.5.1). After 7 – 10 d, the KanR and KanS plants were distinguishable and the ratio 

of KanR to KanS plants was scored. A transgenic homozygous line was identified if all of the 

progeny were KanR.  
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2.24 Phenotypic characterisation of transgenic Arabidopsis 

2.24.1 Characterisation of height and branching phenotype 

Plants for characterisation of phenotype were grown according to the methods described in 

section 2.22.3. Each genotype characterised consisted of 12 plants (n = 12). When the total 

number of plants per phenotypic analysis was more than 54, the number of plants for each 

genotype were equally separated into two trays, hence each tray contained six individual 

plants per genotype. The trays were placed next to each other in the growth room. The 

position of plants in each tray were randomised (section 2.26.2) to account for environmental 

variation.  

At 17 d post-germination, the 4th rosette leaf was marked with an indelible marker to 

determine the direction of the phyllotactic spiral. The 3rd rosette leaf was harvested for 

western blot analysis (section 2.24.2) at 18 days post-germination. The 6th rosette leaf was 

harvested and snap-frozen at 24 d post-germination for total RNA extraction (section 2.11.2) 

and analysis of RNA transcript (section 2.12). For some phenotypic analyses, mature cauline 

leaves were harvested at 42 d post-germination for western blot and RNA transcript analysis, 

instead of rosette leaves.  

Each individual plant was photographed at 42 d post-germination (or at 49 d post-germination, 

depending on the phenotypic analysis conducted). Then, plant height and branching levels 

were measured on the same day. Plant height was measured using a ruler. Branching levels 

were quantified by counting the number of primary rosette branches, number of primary 

cauline branches, and number of secondary and higher order cauline and rosette branches 

present on the plant (Chevalier et al., 2014). The total number of branches were calculated as 

a sum of primary rosette, primary cauline and all secondary and higher order branches. Only 

elongated branches ≥1 cm were counted.  

2.24.2 Western blot analysis of plant protein 

Plant proteins were extracted (section 2.14.2) to check for the presence of 10×Myc tagged 

DAD2 protein in the transgenic plants. Prior to SDS-PAGE gel electrophoresis, an aliquot 

(75 µL) of plant protein extract was mixed with 25 µL of 4× Laemmli buffer (section 2.4) 

and heated to 70 °C for 10 min. 

Next, 10 µL of sample was electrophoresed in SDS-PAGE gel (section 2.15.2), and then 

subjected to western transfer (section 2.15.4). To determine if the transfer was successful and 
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to check whether the amount of protein loaded into each lane of the gel was similar, the 

membrane was stained with Ponceau S staining solution (section 2.4) prior to blocking. 

Ponceau S staining was done for 1 h and the membrane was rinsed five times with water to 

remove excess Ponceau S solution. After detection of the proteins, the membrane was 

blocked (section 2.15.4) and subsequently probed with primary and secondary antibodies 

(section 2.15.1). 

2.25 Reproduction of photographs and other images for thesis production 

PaintShop® Pro 8 (Jasc Software) was used to draw diagrams, as well as for cropping and 

adjustment of brightness and contrast of photographs, following the ethical guidelines of 

Cromey (2010).  

2.26 Computing 

2.26.1 General computing 

Word processing, compilation and formatting of references were performed using Microsoft 

Office Word 2013 and EndNote X7 (Clarivate Analytics). Statistical analysis (General 

ANOVA) was performed using GenStat program (17th edition; VSN International). Graphs 

were plotted using Microsoft Office Excel 2013 and GraphPad Prism 5.0 (GraphPad 

Software).  

2.26.2 Generation of randomised layout for plants 

To randomise the plants in phenotypic analysis, layouts for the position of plants in each 

experiment were generated using a single factor, non-resolvable, two stage randomised, 

cyclic row-column design in the CycDesigN 4.1 software (VSN International) (Bailey, 2012).  

2.26.3 Sequence analysis, primer design and protein structure viewing 

Geneious R10 program (Biomatters) (Kearse et al., 2012) was used to assemble sequences 

obtained from DNA sequencing to a reference sequence, multiple sequence alignment and 

designing primers. Crystal structures of proteins were visualised and images of protein 

structures were generated using Pymol (Schrödinger) (Yuan, Chan, & Hu, 2017). 

  



 

63 

 

3 Mutational Analysis of DAD2 

3.1 Introduction 

Our current model of SL signalling is that DAD2 functions as the receptor for SL and 

transmits this signal by hydrolysing SL and interacting with its signalling partner, PhMAX2A. 

This cascade ultimately leads to proteasome-mediated degradation of downstream 

components in the SL signalling pathway as discussed in Chapter 1. At the time this work 

was initiated, it was apparent that the hydrolytic activity of DAD2 is vital for its interaction 

with PhMAX2A, however it was unclear how SL hydrolysis leads to DAD2-PhMAX2A 

interaction and what the possible interaction surface is between DAD2 and PhMAX2A. The 

current availability of the crystal structure of the CLIM-bound AtD14-D3-ASK1 protein 

complex, as well as mass spectrometry experiments, have shown the binding of SL hydrolysis 

product D-ring to the catalytic triad histidine of AtD14/OsD14/RMS3 (de Saint Germain et 

al., 2016; Yao et al., 2016; Yao et al., 2018b). Yet, we still lack a complete understanding of 

how exactly catalysis and binding of the D-ring within the cavity causes conformational 

changes in DAD2 leading to interactions with both PhMAX2A and downstream target 

proteins.  

This chapter describes the use of a mutagenesis approach to modify the DAD2 protein by 

altering its hydrolytic activity, conformation and interaction with PhMAX2A to generate 

multiple DAD2 mutants with altered characteristics. This mutagenesis aimed to produce 

mutants whose catalytic activity is separated from the ability to interact with PhMAX2A. 

A library of DAD2 mutants was created using random mutagenesis and screened in a yeast 

two-hybrid assay to identify mutants of DAD2 that can interact with PhMAX2A in the 

absence of SL (section 3.2). A site-directed mutagenesis approach was also used to 

specifically modify the DAD2 protein by mutating amino acids residing within different 

regions of DAD2, such as the lid domain and the core α/β hydrolase fold (section 3.3). 

3.2 Identification of DAD2 mutants with GR24-independent interaction 

with PhMAX2A 

3.2.1 Generation and screening of the DAD2 random mutant library 

The rationale behind the use of random mutagenesis to generate a library of DAD2 mutants 

was to obtain a broad coverage of possible mutants of DAD2 that can interact with 

PhMAX2A without GR24. In the yeast two-hybrid system used in this study to show 



 

64 

 

protein-protein interactions, DAD2 was expressed using the pBD-GATE2-DAD2 plasmid as 

a fusion protein with the DNA-binding domain of GAL4 (GAL4-BD) fused to the N-terminus 

of DAD2 (GAL4-BD-DAD2). PhMAX2A was expressed using the 

pAD-GATE2-PhMAX2A plasmid as a fusion protein with the transcriptional activation 

domain of GAL4 (GAL4-AD) fused to the N-terminus of PhMAX2A 

(GAL4-AD-PhMAX2A). Interaction between DAD2 and PhMAX2A in vivo in yeast brings 

the GAL4-BD and GAL4-AD domains into proximity, allowing them to be recruited to the 

GAL promoter to activate the transcription of reporter genes (GAL1-HIS3, GAL2-ADE2 and 

GAL7-LacZ) (Hamiaux et al., 2012; James et al., 1996; Maier et al., 2008). 

The coding sequence of DAD2 is 804 bp in length, corresponding to 268 amino acids. Hence, 

a total of 5054 mutant variants of DAD2 are required in order to obtain all possible single 

amino acid variants of DAD2. Given the possibility of obtaining silent mutations due to 

non-synonymous nucleotide substitutions, it would be difficult to obtain all possible mutant 

variants of DAD2 that may have altered characteristics. To reduce this number the decision 

was made to restrict the region of DAD2 that was targeted by mutagenesis. Preliminary 

experiments using deletion mutants in yeast two-hybrid assays conducted in the Snowden 

laboratory (unpublished data) identified the potential role of the hairpin and the lid domain 

of the DAD2 protein in being necessary for the interaction between DAD2 and PhMAX2A. 

Random mutagenesis was performed on the portion of DAD2 sequence that includes these 

regions (Figure 3.1). There are a total of 2660 possible mutant variants of DAD2 within the 

new target region of 421 bp, which is an order of magnitude lower than the coverage needed 

for the entire coding region. However, limiting the size of the region targeted increases the 

chances of finding a mutant with the desired characteristics.  

Random mutagenesis was conducted by error-prone PCR using the GeneMorph II EZClone 

Domain Mutagenesis kit. The DAD2 coding sequence inserted into the pBD-GATE2 yeast 

two-hybrid vector (pBD-GATE2-DAD2) was used as the template so that the resulting 

mutant plasmid can be used directly for screening in yeast two-hybrid assays. A medium 

mutation rate with a calculated mutation frequency of 9 mutations/kb and 100-fold 

amplification was chosen for this experiment to produce a targeted average of 3 – 4 

mutations/clone. To achieve this, mutant megaprimers complementary to the target region of 

the DAD2 coding sequence were first synthesized using pBD-GATE2-DAD2 (Chapter 

2.16.1) as the template with oPBG2 and oPBG3 (section 2.8) as a primer pair for the reaction. 

The resulting 421 bp PCR product, referred to as the mutant megaprimers, contained various  
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Figure 3.1 Region of DAD2 Selected for Random Mutagenesis. 

(A) Nucleotide and protein sequences of DAD2 open reading frame. Secondary structures of DAD2 are 

annotated in orange. Lid and hairpin domains of DAD2 are annotated in purple. The catalytic triad is annotated 

in blue. The oPBG2 and oPBG3 primer pair is annotated in dark and light green, respectively. The region of 

DAD2 selected for random mutagenesis is annotated in cyan. (B) Ribbon representation of the DAD2 structure 

with the target region covering the lid, the hairpin and part of the core α/β hydrolase fold selected for random 

mutagenesis highlighted in red and the catalytic triad highlighted in green (Source: Hamiaux et al. (2012); PDB 

ID code 4DNP). 
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randomly-produced point mutations. The mutant megaprimers then functioned as primer 

pairs in the EZClone reaction to re-synthesise pBD-GATE2-DAD2, resulting in plasmids 

that contain mutations in the targeted region of the DAD2 coding sequence. Transformation 

of the random mutant plasmids into E.coli XL-10 Gold Ultracompetent cells provided in the 

GeneMorph II EZClone Domain Mutagenesis kit produced a DAD2 random mutant library 

consisting of 2033 bacterial transformants (section 2.16.1) (Figure 3.2). 

To check whether random mutagenesis was successful, the target region of the DAD2 coding 

sequence was amplified from 10 randomly-picked colonies and mutations were determined 

by sequencing. Five of the 10 clones had no mutations, two clones had one mutation, two 

clones had three mutations, and one clone had five mutations. Among these mutations, some 

were silent mutations, i.e., they did not change the amino acid sequence. Nevertheless, an 

average of 1.3 mutations per clone was generated in this random mutant library based on this 

sequencing screen, which is lower than the expected average of 3 – 4 mutations per clone. 

Given that there were 2033 bacterial transformants obtained in the library, this random 

mutant library contained approximately 2600 possible random mutants of DAD2. 

To recover this library, the 10 clones identified, together with all remaining clones, were 

collected and plasmid DNA extracted according to the protocol described in section 2.16.2. 

This DNA library was then screened in a yeast two-hybrid plate assay by transforming the 

random mutant library DNA into yeast (S. cerevisiae strain PJ69-4A) already harbouring the 

pAD-GATE2-PhMAX2A plasmid (section 2.16.3) (Gietz et al., 1997; Hamiaux et al., 2012). 

The number of yeast transformants obtained was 1.91 × 105, with a transformation efficiency 

of 3820 transformants per µg of DNA. Hence, this transformation event gave 94-fold 

coverage of the random mutant library generated initially in bacteria.  

The yeast transformants were then screened on Synthetic Complete (SC) media lacking 

tryptophan, leucine and histidine to select for yeast cells that carry both pBD-GATE2-DAD2 

and pAD-GATE2-PhMAX2A plasmids, and having the ability to activate transcription of the 

HIS3 reporter gene (His+) (James et al., 1996). Of the 1.91 × 105 transformants screened on 

histidine selection, 6780 (that is, 3.5% of the library transformants) were identified to be His+. 

However, histidine selection can often result in a number of false positives due to 

auto-activation of the histidine reporter gene (James et al., 1996).  
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Figure 3.2 Flow Chart Showing the Strategy of Generation of the DAD2 Random Mutant Library. 

(A) Mutant megaprimers were synthesized from pBD-GATE2-DAD2 by error-prone PCR using the oPBG2 

and oPBG3 primer pair; (B) The purified mutant megaprimers containing various randomly-produced point 

mutations, were used as primer pairs to re-synthesize pBD-GATE2-DAD2. The resulting product contained 

both the parental pBD-GATE2-DAD2 and pBD-GATE2-DAD2 with point mutations in the targeted region of 

DAD2. The parental pBD-GATE2-DAD2 was digested and the mutant pBD-GATE2-DAD2 was transformed 

into E. coli to produce a DAD2 random mutant library. 
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To reduce the number of false positives, a second screen was performed on SC media lacking 

tryptophan, leucine, histidine and adenine. Adenine selection is more stringent than histidine 

selection, thus this screen will test for strong interactions between the DAD2 mutants and 

PhMAX2A. In total, 270 transformants were randomly picked among the His+ transformants 

and screened on SC media lacking tryptophan, leucine, histidine and adenine. All 270 of the 

transformants grew on this selective media (Ade+), however some colonies appeared pink, 

while some appeared white. Yeasts lacking the ADE2 gene have lost the ability to synthesize 

adenine, and this results in accumulation of the adenine biosynthetic intermediate 

phosphoribosylamino imidazole that causes red pigmentation in yeast (Ugolini & Bruschi, 

1996). Differing strengths of interaction between the DAD2 mutants and PhMAX2A may 

lead to intermediate expression of the ADE2 reporter gene. Consequently, colonies of yeast 

with various shades of pink were produced (James et al., 1996). It is also noteworthy that the 

yeast two-hybrid system is leaky and false positives can arise from transcriptional activation 

of the reporter genes by unspecific proteins (Bartel, Chien, Sternglanz, & Fields, 1993). There 

might be a mixture of false positives and transformants with true interactions between the 

DAD2 mutants and PhMAX2A among the 270 Ade+ transformants identified. Nevertheless, 

the white colonies are more likely to indicate true DAD2-PhMAX2A interactions. 

3.2.2 Seven different DAD2 mutants were identified from the random mutant library 

To confirm whether any of the 270 Ade+ transformants from the DAD2 random mutant 

library contain mutations, 32 Ade+ transformants that appeared white were picked, the DAD2 

mutant construct from these yeast transformants was amplified by PCR and sequenced to 

determine the type of mutations carried in these transformants.  

Seven different mutants were identified among the 32 transformants, and six of the mutants 

were found multiple times in the screen, except random mutant 5 which occurred only once 

among the 32 transformants sequenced (Table 3.1). This finding indicated that this screen 

was likely to have covered the majority of mutants able to grow on media lacking adenine, 

given that the random mutant library was rather small. Therefore, none of the remaining Ade+ 

yeast transformants were further screened.  

Among the seven different mutants identified, there was only one mutant (random mutant 1) 

with a single mutation, while the other random mutants had two to seven mutations including 

silent mutations within the target region of the DAD2 coding sequence (see Table 3.1). All 

of the mutants identified had mutations that altered residues located within the core α/β 

hydrolase fold only or coupled with mutations altering residues located in the lid and/or the 
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hairpin domains of DAD2 (see Table 3.1). Some of the mutations, such as N242I and Q213L, 

were found in three out of the seven different mutants identified. Meanwhile, mutations 

affecting the R124 residue produced two different amino acids (R124S and R124M). Most 

of the mutations identified in the screen except N156Y, N242I and R216W were those that 

altered residues conserved within the DAD2 and/or KAI2 clades.  

 

Table 3.1 Random Mutants and Their Respective Mutations Identified from the Random Mutagenesis 

Screen. 

The locations of the mutated amino acids in DAD2 were indicated by underlines, whereby residues underlined 

in red correspond to amino acids within the core α/β hydrolase fold; residues underlined in blue correspond to 

amino acids within the lid domain; and residues underlined in green correspond to amino acids located in the 

hairpin structure of DAD2. Random mutants 2 and 4 had silent mutations at residue F212 and S190, respectively 

(not listed in the table). The number of occurrences indicates the number of times the mutant was identified in 

the random mutagenesis screen (out of 32 mutants that were sequenced). The level of β-galactosidase activity 

indicates a qualitative assessment of the level of interaction between the DAD2 random mutants with 

PhMAX2A in a yeast two-hybrid β-galactosidase liquid culture assay, where only a single replicate was done.  

Random 

mutants 
Mutations 

Number of 

occurrences 

Level of β-

galactosidase activity 

1 N242I 3 High 

2 F135S, V171I, V189L, Q213L, T237S 3 Low 

3 R124M, Q213L 10 Medium 

4 Y131H, E136G, A169E, Q213L, Y227D, K229E 9 Medium 

5 A162T, R216W 1 Medium 

6 R124S, N242I 4 Medium 

7 N156Y, N242I 2 Medium 

 

To identify mutants that interact with PhMAX2A in the absence of GR24, a clone was picked 

from each of these seven mutants and subjected to a preliminary yeast two-hybrid 

β-galactosidase activity assay. In this assay, clones with positive DAD2-PhMAX2A 

interaction will result in the activation of the LacZ reporter gene in the yeast cells. The 

strength of interaction between the proteins can be quantified by determining the activity of 

β-galactosidase using this assay. All of the mutants showed increased β-galactosidase activity 

in the yeast two-hybrid assay, except for mutant 2 (Table 3.1). Among them, only mutants 1, 

3, 5 and 6 were selected for further screening (section 3.2.3) because these mutants showed 

some degree of interaction with PhMAX2A in the preliminary yeast two-hybrid assay and 

most of the amino acids (R124, A162 and Q213) mutated in these mutants were at conserved 

positions. Moreover, some mutations may promote DAD2-PhMAX2A interaction, while 

some others might have a counter-effect that diminishes the interaction (Zhao et al., 2015). 
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Hence, only single or double mutants were selected so that the exact mutation that accounted 

for the observed GR24-independent interaction between DAD2 and PhMAX2A can be 

identified. 

3.2.3 The N242I and R124S/N242I random mutants interact with PhMAX2A in the 

absence of strigolactone 

To rule out the possibility that the interaction observed from the preliminary yeast two-hybrid 

β-galactosidase assay was caused by auto-activation of the LacZ reporter by unspecific 

proteins in yeast and not due to a true DAD2-PhMAX2A interaction, random 

mutant 1 (N242I), 3 (R124M/Q213L), 5 (A162T/R216W) and 6 (R124S/N242I) were 

subjected to plasmid rescue to isolate the mutant pBD-GATE2-DAD2 plasmid (section 

2.18.2). The resulting mutant pBD-GATE2-DAD2 plasmids isolated from each of the 

selected mutants were transformed into PJ69-4α yeast strain. The pBD-GATE2 plasmid 

(expressing the DNA-binding domain of GAL4 without an additional protein fusion, 

GAL4-BD) and the pBD-GATE2-DAD2WT plasmid (expressing the GAL4 DNA-binding 

domain fused to wild-type DAD2; GAL4-BD-DAD2WT) were also transformed into 

PJ69-4α yeast strain. The transformed PJ69-4α yeast strains were mated with PJ69-4A yeast 

strain carrying the pAD-GATE2-PhMAX2A plasmid to produce diploid yeast transformants 

carrying both plasmids, as well as with PJ69-4A yeast strain carrying the pAD-GATE2 

plasmid that expressed the transcriptional activation domain of GAL4 without an additional 

protein fusion (GAL4-AD).  

The diploid yeast transformants were then cultured on selective media lacking tryptophan 

and leucine (SC-Trp/Leu) to select for yeast carrying both pBD-GATE2-DAD2 and 

pAD-GATE2-PhMAX2A or pAD-GATE2 plasmids. To check that the diploid yeast 

transformants were expressing the DNA-binding (GAL4-BD) and the transcriptional 

activation (GAL4-AD) domains of GAL4 and their respective fusion proteins 

(GAL4-BD-DAD2 and GAL4-AD-PhMAX2A), proteins were extracted and subjected to 

western blot analysis (methods described in section 2.18.5). The GAL4 DNA-binding 

domain either alone or as a fusion protein with DAD2 was detected by immunoblotting using 

the GAL4-DBD monoclonal antibody, whereas the GAL4 activation domain either alone or 

as a fusion protein with PhMAX2A was detected using the GAL4-TA monoclonal antibody 

(methods described in section 2.15.4). Western blots confirmed that all of the diploid yeast 

transformants contained both GAL4-BD and GAL4-AD domains and the predicted 

respective fusion proteins of DAD2 and PhMAX2A (Figure 3.3). The sizes of GAL4-BD, 
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GAL4-AD, GAL4-BD-DAD2 and GAL4-AD-PhMAX2A were 22.3, 20.2, 52.5 and 

99.2 kDa, respectively.  

 

Figure 3.3 Western Blot Analysis of Diploid Yeast Transformants Expressing DAD2 Random Mutants 

and PhMAX2A Protein Fusions. 

(A) shows the presence of the GAL4 DNA-binding (GAL4-BD) domain either alone or as a fusion protein with 

DAD2, detected by immunoblotting with the GAL4-DBD monoclonal antibody. (B) shows the presence of the 

GAL4 transcriptional activation (GAL4-AD) domain either alone or as a fusion protein with PhMAX2A, 

detected using the GAL4-TA monoclonal antibody. All samples contained both the GAL4 DNA-binding and 

activation domains either alone (represented by (−)), or respectively fused to DAD2 or PhMAX2A. PhMAX2A 

and wild-type DAD2 are respectively indicated by (+) and WT. Sizes shown (first lane) correspond to the 

Novex® Sharp pre-stained protein standard. 

A β-galactosidase assay was then performed using these diploid yeast transformants to 

quantify the strength of DAD2-PhMAX2A interaction in the absence and presence of GR24 

(Figure 3.4). Diploid yeast transformants expressing the GAL4-BD-DAD2 fusion protein but 

not PhMAX2A, functioned as a control in the β-galactosidase assay to demonstrate that any 

interactions observed between the DAD2 mutants and PhMAX2A were true interactions and 

not due to auto-activation of the LacZ reporter gene by the GAL4 activation domain without 

a fusion protein. The DNA-binding domain of GAL4 without a fusion protein (GAL4-BD) 

was used as a negative control in the assay to show that in the absence of DAD2, there was 

no background interaction between the GAL4 DNA-binding and activation domains or 

PhMAX2A. Wild-type DAD2 was used as a positive control to compare the strength of 

interaction between the random mutants with PhMAX2A. 

According to this reporter gene assay, wild-type DAD2 had a strong interaction with 

PhMAX2A in the presence of GR24, but not in the absence of GR24 (Figure 3.4) (Hamiaux 

et al., 2012). Random mutant 1 containing only the N242I mutation had increased interaction 

with PhMAX2A in the absence of GR24, although the interaction with PhMAX2A in the 
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presence of GR24 was weaker than wild-type DAD2. Addition of the R124S mutation to the 

N242I mutant (random mutant 6) diminished the interaction with PhMAX2A in the presence 

of GR24. However, in the absence of GR24, the interaction still remained higher than 

wild-type DAD2. The interactions observed were considered true interactions because there 

was no auto-activation of the β-galactosidase LacZ reporter gene by the N242I and 

R124S/N242I mutants in the presence of the GAL4 activation domain alone. By contrast, 

wild-type DAD2 in combination with the GAL4 activation domain caused a slight 

auto-activation of the LacZ reporter gene. Therefore, the N242I mutation had seemingly 

abolished the auto-activation seen in wild-type DAD2. On the other hand, the R124M/Q213L 

and A162T/R216W mutants (random mutants 3 and 5 respectively), showed auto-activation 

with the GAL4 activation domain. Thus, increased β-galactosidase activity observed in these 

mutants, regardless of the presence of GR24, was not due to true interactions between these 

mutants with PhMAX2A. It is unknown whether either one of the mutations in each of the 

double mutants or both mutations in each of the double mutants cumulatively caused the 

auto-activation of the LacZ reporter gene. 

 

Figure 3.4 Interactions of DAD2 Random Mutants with PhMAX2A in the Presence and Absence of GR24. 

(A) shows the interaction between the DAD2 random mutants and PhMAX2A. (B) shows the interaction 

between the DAD2 random mutants and GAL4 activation domain alone, which detects auto-activation of the 

reporter gene by the DAD2 random mutants. Interactions in each figure were quantified using a yeast 

two-hybrid β-galactosidase liquid culture assay in the absence and presence of 10 µM GR24. The GAL4 

DNA-binding domain without fusion protein (GAL4-BD) was used as a negative control, whereas GAL4-BD 

domain fused to wild-type DAD2 (WT) was used as a positive control. All data shown are mean ± SEM; n = 3 

technical replicates. 

3.3 Generation of DAD2 mutants with altered characteristics 

3.3.1 Regeneration of DAD2 random mutants using site-directed mutagenesis 

Based on the yeast two-hybrid results obtained from the random mutagenesis screen, the 

N242I and the R124S/N242I mutants showing increased interaction with PhMAX2A were 
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chosen for further in vitro characterisation to determine whether the hydrolytic activity of 

these mutants differ from wild-type DAD2. In the random mutagenesis screen, these mutants 

were expressed using the pBD-GATE2 yeast two-hybrid expression vector. Hence, the N242I 

and R124S/N242I mutants were regenerated using a site-directed mutagenesis approach to 

remake these mutations in the bacterial codon-optimised version of DAD2 coding sequence 

(DAD2opti). The purpose was to create those mutants as a DAD2opti insert in the 

pDONR221 entry vector (pDONR221-DAD2opti; section 2.7) so that the DAD2 mutant 

construct can be transferred into various expression vectors for protein expression, 

purification and further in vitro characterisations. 

The aim of the mutagenesis experiment was to create a DAD2 mutant whose catalytic activity 

is uncoupled from its interaction with PhMAX2A. Therefore, the catalytic activity of the 

N242I mutant was knocked out by mutating the catalytic serine to an alanine to determine if 

the resulting S96A/N242I double mutant could still interact with PhMAX2A independent of 

both GR24-binding and its catalytic activity.  

Additionally, two amino acids, Q213L and R216W identified in this random mutagenesis 

screen were also discovered by Dr Kimberley Snowden of this laboratory in an earlier random 

mutagenesis screen. The Q213L mutation was a mutation found in three out of the seven 

random mutants identified in this screen that may interact with PhMAX2A in the absence of 

GR24 (Table 3.1). Moreover, the number of occurrences of mutants containing the Q213L 

mutation in the random mutagenesis screen was very high, with it occurring in 22 out of the 

32 transformants screened. Thus, the Q213L mutant was hypothesized to be a potential 

mutant showing SL-independent interaction with PhMAX2A. For subsequent in vitro 

characterisation, both the Q213L and R216W mutants were regenerated by site-directed 

mutagenesis via a similar approach to the N242I and R124S/N242I mutants described above. 

The amino acids in DAD2 identified from the random mutagenesis screen are shown in 

Figure 3.5.  

All site-specific mutants were made using the QuikChange Site-directed Mutagenesis kit 

with mutagenic primer pairs designed using Agilent’s web-based QuikChange Primer Design 

Program (www.agilent.com/genomics/qcpd) (see section 2.8 for the list of primers used in 

these mutagenesis experiments). The N242I, Q213L and R216W mutants were generated in 

the DAD2opti coding sequence within the pDONR221 entry vector and sequenced to confirm 

the mutation introduced. Then, the pDONR221-DAD2opti N242I entry clone functioned as 

a template for the generation of the S96A and R124S mutations in separate PCRs to produce 

http://www.agilent.com/genomics/qcpd
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Figure 3.5 Entrance View Ribbon Representation of DAD2 with Randomly Mutated Amino Acids. 

The randomly mutated amino acids are highlighted in yellow and the catalytic triad residues in green (Source: 

Hamiaux et al. (2012); PDB ID code 4DNP). 

the respective S96A/N242I and R124S/N242I double mutants. Mutants were again 

sequenced to confirm the correct mutations had been introduced. The mutated DAD2opti 

constructs were cloned using Gateway™ LR recombination into pBD-GATE2 and 

pDEST566 expression vectors to respectively generate expression clones for yeast 

two-hybrid assays and protein expression (section 2.13.1). The expression clones were 

checked by colony PCR, plasmid extracted and digested using the appropriate restriction 

enzymes (section 2.17.2) to confirm the success of the Gateway™ LR recombination process 

before proceeding to subsequent in vitro experiments. Further characterisations of these 

mutants, including testing for interactions with PhMAX2A, protein expression and 

purification to determine their hydrolytic activity and thermal stability in vitro will be 

discussed in Chapter 4. 

3.3.2 Site-directed mutagenesis of DAD2 

As mentioned in the introduction of this chapter (section 3.1), the random mutagenesis 

experiment was mainly used to screen for DAD2 mutants that can interact with PhMAX2A 

in the absence of SL, without prior knowledge of whether these mutants have altered enzyme 

activity. To help answer the questions on the relationship between SL hydrolysis, DAD2 

conformational change and interaction with PhMAX2A in the mechanism of SL signalling, 

site-directed mutagenesis was used to mutate various conserved amino acids of DAD2 to 
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generate mutants whose catalytic activity has been uncoupled from the ability to interact with 

PhMAX2A. At the time that this work was initiated, information was unavailable on the 

possible interaction surface between DAD2 and PhMAX2A, as well as the predicted 

structural changes in DAD2 upon GR24-binding and interaction with PhMAX2A, such as 

the CLIM-bound AtD14-D3-ASK1 protein complex reported by Yao et al. (2016). Therefore, 

the available crystal structures of both DAD2 and the catalytic mutant of DAD2 

(DAD2S96A), as well as its paralogue KAI2, especially the karrikin-bound structure of KAI2 

(KAR1-KAI2), were used as references for the design of mutations that may alter the 

biological function of DAD2 (see section 1.5). Comparison of conserved amino acids across 

the DAD2/D14 and KAI2/HTL clades was also used as a guide to select specific amino acids 

for mutation (Figure 3.6). 

 

 

Figure 3.6 Sequence Alignment of DAD2 and KAI2 Family Members. 

Various amino acids that were mutated in site-directed mutagenesis are highlighted in black boxes. The catalytic 

triad residues are highlighted in red boxes. The first 50 amino acids of OsD14 are not shown in the figure. 

OsKAI2 is commonly known as rice D14L. Species naming is as follows: Ps for Pisum sativum; Ph for Petunia 

hybrida; At for Arabidopsis thaliana; Os for Oryza sativa. Accession numbers for the proteins are as follows: 

A0A109QYD3 for PsRMS3; J9U5U9 for PhDAD2; Q9SQR3 for AtD14; Q10QA5 for OsD14; Q9SZU7 for 

AtKAI2; Q10J20 for OsKAI2. Sequences were aligned with ClustalW alignment using the Geneious R10 

software package. 

The choice of amino acids for mutation was based on the observation that the side chain of 

these amino acids shifted in conformation in the KAR1-KAI2 structure and it was possible 
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that the shift in orientation could also be important for DAD2 function in SL signalling. 

Hence, amino acids with different side chain orientations in KAR1-KAI2 and apo-KAI2 as 

reported by Guo et al. (2013) were studied and compared to the corresponding amino acids 

in DAD2 for their orientations in the protein. In addition, some amino acids in DAD2 were 

also shown to have high flexibility when compared to the crystal structure of DAD2S96A 

(Hamiaux et al., 2012), and may be of importance for the biological function of DAD2. These 

highly flexible amino acids were also studied to see if they were conserved throughout the 

DAD2/D14 and KAI2/HTL clades. Based on the inference that mutation of these conserved 

amino acids would change the characteristics of DAD2, a set of six mutations affecting the 

lid domain (section 3.3.2.1), the surface of the core α/β hydrolase fold (section 3.3.2.2) or the 

active site cavity (section 3.3.2.3) of DAD2 were generated in the DAD2opti coding sequence 

within the pDONR221 entry vector using a similar approach described in section 3.3.1. The 

amino acids chosen for site-directed mutagenesis are shown in Figure 3.7. 

3.3.2.1 Mutations of residues within the lid domain of DAD2 

Based on the prediction that the lid domain of DAD2 could be a potential interaction surface 

with PhMAX2A, amino acids within the lid domain were compared with those of apo-KAI2 

and KAR1-KAI2. A number of amino acids in the lid domain of KAI2 underwent 

conformational shifts of their side chains upon KAR1 binding. Two of them, E173 and R176 

are also conserved within the DAD2/D14 and KAI2/HTL clades (Figure 3.6). The side chains 

of these residues face downwards onto the surface of the core α/β hydrolase fold of apo-KAI2, 

but upon KAR1 binding, shift in conformation whereby the side chains then face upwards 

(Guo et al., 2013). Moreover, the conformation of these side chains in apo-KAI2 is the same 

in DAD2 (Figure 3.7A and 3.8). It was postulated that these charged residues could be part 

of the DAD2-PhMAX2A interaction surface and form charged interactions with PhMAX2A, 

as certain amino acids in the lid domain of OsD14 were also found to be involved in 

OsD14-D3 interaction (Zhao et al., 2015).  

Indeed, the amino acids in AtD14 (E174 and R177) that are equivalent to E173 and R176 in 

DAD2 had been shown to form hydrogen bonds with amino acids T599 and D606 within 

loop 16 of rice D3 (Yao et al., 2016). Furthermore, these amino acids could also be involved 

in maintaining the proper structure of the lid domain over the α/β hydrolase core by forming 

charged interactions with charged and polar residues below them on the α2A chain of the 

α/β hydrolase core of DAD2. Therefore, removing the charge of these residues by mutating 
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to an alanine may disrupt the interaction between DAD2 and PhMAX2A or produce changes 

in the overall conformation of DAD2. 

 

Figure 3.7 Ribbon Representation of DAD2 with Mutated Site-Specific Amino Acids. 

The mutated amino acids located within the lid domain (A), on the surface of the core α/β hydrolase fold (B), 

and around the active site cavity (C) were highlighted in yellow. (D) A close-up view of the two phenylalanines 

in the cavity of DAD2 that were chosen for mutagenesis. The canonical catalytic triad is highlighted in green 

(Source: Hamiaux et al. (2012); PDB ID code 4DNP). 

3.3.2.2 Mutations of residues located on the surface of the core α/β hydrolase fold 

The N242I mutant identified from the random mutagenesis screen formed the basis of the 

design of the E244 mutation located on the β7 chain of the core α/β hydrolase fold. It was 

speculated that PhMAX2A may form a hydrophobic interaction with part of the core α/β 

hydrolase fold of the N242I mutant. Moreover, the side chain of E244 residue faces upward 

towards the lid domain (Figure 3.7B). So, it was hypothesized that this residue when mutated 
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to a leucine may also form a hydrophobic interaction with PhMAX2A. If this hypothesis is 

correct, then this will help map the interaction surface of DAD2 and PhMAX2A.  

 

 

Figure 3.8 A Close-Up Ribbon Diagram Showing Comparison of the Orientation of the Side Chains of 

E173 and R176 Residues of DAD2, Apo-KAI2 and KAR1-KAI2 Superimposed. 

The structure of DAD2 is shown in orange, apo-KAI2 in green and KAR1-KAI2 in cyan (Source: Hamiaux et 

al. (2012) and Guo et al. (2013); DAD2 PDB ID code 4DNP, apo-KAI2 PDB ID code 4JYP, KAR1-KAI2 PDB 

ID code 4JYM). 

3.3.2.3 Mutations of residues around the active site cavity of DAD2 

The notion of choosing two phenylalanines located in the active site cavity (F135 and F194) 

for mutation into an alanine came from the observation reported by Guo et al. (2013) that the 

benzene ring side chains of these phenylalanines are positioned in the active site cavity of 

apo-KAI2 in an orientation making them perpendicular to each other (Figure 3.9A). However 

in KAR1-KAI2, F194 shifted in orientation and formed a parallel stacking conformation with 

F134 (corresponds to F135 of DAD2) to sandwich the bicyclic butenolide ring of KAR1 in 

between the aromatic rings of F134 and F194 (Figure 3.9B). Mutation of these 

phenylalanines to alanine had significantly reduced the binding affinity of KAI2 to KAR1 

(Guo et al., 2013) This indicated the importance of these amino acids in KAR1 binding to 

KAI2.  

Both phenylalanines are conserved in DAD2 (F135 and F194) and also have the same 

orientation in the cavity of DAD2 as was seen in apo-KAI2 (Figure 3.9A). Furthermore, F135 

and F194 are among the amino acids lining the cavity of DAD2 which might be involved in 

SL-binding (Hamiaux et al., 2012; Hamiaux et al., 2018; Zhao et al., 2015). In rice, the F136V 
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Figure 3.9 A Close-Up Ribbon Diagram of the F134/F135 and F194 Residues of DAD2, apo-KAI2 and 

KAR1-KAI2. 

(A) The F135 and F194 residues of DAD2 (orange) superimposed onto apo-KAI2 (green) and KAR1-KAI2 

(cyan). The F135 residue of DAD2 corresponds to the F134 residue of KAI2. (B) The parallel stacking 

conformation of the side chains of F134 and F194 in KAR1-KAI2. The karrikin molecule (KAR1) is shown in 

yellow (Source: Hamiaux et al. (2012) and Guo et al. (2013); DAD2 PDB ID code 4DNP, apo-KAI2 PDB ID 

code 4JYP, KAR1-KAI2 PDB ID code 4JYM).  

mutation in OsD14 (equivalent to F135 in DAD2) significantly reduced GR24-binding (Zhao 

et al., 2015). The F135 and F194 residues could possibly play a role in SL-binding to DAD2 

by holding the SL molecule in the active site cavity for nucleophilic attack by S96. F194 is 

also highly flexible in both DAD2 and DAD2S96A, as observed in the crystal structures of 

both proteins (Hamiaux et al., 2012). Thus, to test whether removal of either F135 or F194 

would lead to a change in the enzyme activity of DAD2, either residue was mutated to an 

alanine to produce the single mutants of F135A and F194A. 

The histidine residue (H218) located at the entrance to the cavity of DAD2 was also selected 

for mutation (Figure 3.7C). The H218 residue presumably limits the size of the cavity 

entrance and affects the ease of entry of a SL molecule into the cavity. The side chain 

conformations of H218 are different in the crystal structures of DAD2, DAD2S96A and 

DAD2 with SL-antagonists bound to the cavity (Figure 3.10), suggesting the flexibility of 

H218 in the protein (Hamiaux et al., 2012; Hamiaux et al., 2018). However, H218 is not 

conserved in the DAD2/D14 and KAI2/HTL clades (Figure 3.6). The pea D14 homolog 

(PsRMS3) has a corresponding methionine residue, while it is replaced by a valine residue 

in OsD14 and AtD14. On the other hand, OsKAI2 and AtKAI2 have a leucine residue at the 

equivalent position. Among these homologs, DAD2 has a charged residue that is larger in 

size compared to the other amino acids at this position. To test whether mutation of the H218 

residue changes SL-binding and enzyme activity of DAD2, as well as its interaction with 
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PhMAX2A, the H218 residue was mutated to an alanine. All of the site-specific DAD2 

mutants were characterised in vitro for enzyme activity, thermal stability and interactions 

with the signalling partners, results of which will be discussed in Chapter 4. 

 

 

Figure 3.10 A Close-Up Ribbon Diagram Showing Comparison of the Side Chain Conformation of H218 

Residue of DAD2, DAD2S96A, and SL-Antagonists-Bound DAD2 Superimposed. 

The structure of DAD2 is shown in orange, DAD2S96A in green, tolfenamic acid-bound DAD2 in yellow and 

2-(2-methyl-3-nitroanilino)benzoic acid-bound DAD2 in cyan. The tolfenamic acid and 

2-(2-methyl-3-nitroanilino)benzoic acid molecules are not shown (Source: Hamiaux et al. (2012) and Hamiaux 

et al. (2018); DAD2 PDB ID code 4DNP, DAD2S96A PDB ID code 4DNQ, tolfenamic acid-bound DAD2 

PDB ID code 6AP6, 2-(2-methyl-3-nitroanilino)benzoic acid-bound DAD2 PDB ID code 6AP7). 

3.4 Discussion 

3.4.1 Random mutagenesis of DAD2 

In this study, both random and site-directed mutagenesis approaches were used to generate 

mutants of DAD2. Site-directed mutagenesis allows the rational design of mutant proteins 

with specific properties, for example, abolishing the catalytic activity of the DAD2 protein. 

However, it may not be possible to produce the desired characteristics of a protein based on 

prediction from the protein structure. Hence to overcome this, a random mutagenesis 

approach was chosen as an additional method to generate mutants with specific properties, 

such as mutants that can bind to PhMAX2A in the absence of the hormone ligand. Table 3.2 

shows a list of the DAD2 mutants generated in this work. 

In this random mutagenesis screen, a medium rate of mutation was chosen to generate the 

random mutant library using the GeneMorph II EZClone Domain Mutagenesis kit, whereby 

an estimated average of three to four mutations per clone should be generated within the  
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Table 3.2 Summary of DAD2 Mutants Generated in This Thesis. 

Mutations General position in DAD2 Justification for mutagenesis 

F135A Cavity Conserved 

E173A Lid Conserved and side chain movement in 

KAR1-KAI2 structure 

R176A Lid Conserved and side chain movement in 

KAR1-KAI2 structure 

F194A Cavity Conserved and side chain movement in 

KAR1-KAI2 structure 

Q213L Surface of core hydrolase fold Present in random mutagenesis screens 

R216W Surface of core hydrolase fold Present in random mutagenesis screens 

H218A Cavity entrance Side chain movement in DAD2, DAD2S96A 

and SL-antagonist-bound DAD2 structure 

N242I Surface of core hydrolase fold Present in random mutagenesis screens 

S96A/N242I Cavity and the surface of core 

hydrolase fold 

Combine catalytic triad mutation with 

mutation found in random mutagenesis 

screens 

R124S/N242I Hairpin and the surface of core 

hydrolase fold 

Present in random mutagenesis screens 

E244L Surface of core hydrolase fold Conserved 

 

target region of DAD2. However, an average of 1.3 mutations per clone was generated 

instead using this error-prone PCR method, which indicates that this method has a potential 

of generating lower average number of mutations per clone than expected. Some of the 

mutants generated had multiple mutations, whereas most of the other mutants produced were 

single or double mutants (Table 3.1 in section 3.2.2). Although the size of the random mutant 

library generated in this screen was rather small (approximately 2600 possible random 

mutants of DAD2; section 3.2.1), some new mutants that can possibly interact with 

PhMAX2A in the absence of GR24 were identified in this library (section 3.2.3). The N242I 

and Q213L mutations were each found to be present in three out of the seven random mutants 

identified in a yeast two-hybrid assay (Table 3.1 in section 3.2.2). The Q213L mutant was 

also discovered in an earlier DAD2 random mutant library generated using a lower rate of 

mutation by Dr Kimberley Snowden. Therefore, if the random mutagenesis screen is to be 

repeated again using a DAD2 DNA library generated from a higher rate of mutation, there is 

a possibility that some new mutants may be identified in addition to the ones obtained in the 

screen described here.  
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Various mutations altering residues located within the hairpin, lid and α/β hydrolase core of 

DAD2 generated in the random mutagenesis screen in this work have produced mutants that 

can interact with PhMAX2A in the absence of GR24. The N242I mutant, in particular, 

showed strong interaction with PhMAX2A in the absence of GR24, suggesting that part of 

the core α/β hydrolase fold forms the interaction surface for PhMAX2A. Indeed, the region 

of the core α/β hydrolase fold of AtD14 that is covered by the αT3 helix of the lid domain of 

AtD14 had been shown to form part of the major interaction surface between AtD14 and D3 

(Yao et al., 2016). However, the N242I mutation is not located within the region of the core 

α/β hydrolase fold of AtD14 that interacts with D3 as described by Yao et al. (2016). In fact, 

the amino acid that is equivalent to N242 in DAD2, is K243 in AtD14. The N242I mutation 

might have indirectly affected the overall conformation of the DAD2 protein which then 

altered DAD2 interaction with PhMAX2A. Similar findings had been reported by Zhao et al. 

(2015) where two mutations (R13D and R207D) affecting residues within the α/β hydrolase 

fold of OsD14 also compromised OsD14-D3 interaction as detected using an AlphaScreen 

interaction assay, although these residues are not located within the potential interaction 

surface between OsD14 and D3. Moreover, these mutants described by Zhao et al. (2015) 

have not yet been investigated to understand their biological effects in plants. Therefore, the 

function of the N242I mutant will be explored in vitro to address how the N242I mutation 

have altered the characteristics of DAD2, the results of which will be discussed in Chapter 4. 

Identification of the R124S/N242I mutant in this random mutagenesis screen demonstrated 

that an addition of the R124S mutation to the hairpin structure of the N242I mutant 

diminished its interaction with PhMAX2A in the presence and absence of GR24 but did not 

completely abolish it. This could indicate that the R124S/N242I mutant protein may have 

lost its enzyme activity or the ability to bind SL. It is also possible that the hairpin structure 

may play a role in maintaining the overall conformation of DAD2 and changing the flexibility 

or altering the structure of the hairpin may destabilise the lid domain of the protein. Work 

reported by Yao et al. (2016) showed that the hairpin of AtD14 was not part of the interaction 

surface between AtD14 and D3. However, GR24 was able to induce destabilisation of the 

hairpin structure in OsD14 detected using hydrogen-deuterium exchange, while mutations 

that reversed the charge of the affected residues (D131R and E137R) within the hairpin of 

OsD14 led to increased OsD14-D3 interaction (Zhao et al., 2015). Currently, there are no 

conclusive findings on the role of the hairpin structure of DAD2 in catalysis and 

conformational changes of DAD2. Characterisation of the R124S/N242I double mutant, 

which will be explored in Chapter 4, will provide insights into how a mutation affecting 
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residues within the hairpin structure of DAD2 affects catalysis and DAD2-PhMAX2A 

interaction.   

Proper assessment of the effects of mutations affecting residues within the lid domain of 

DAD2 towards interaction with PhMAX2A was hampered by the auto-activation of the 

reporter gene observed in the yeast two-hybrid assay used to screen for DAD2 random 

mutants in this thesis. However, there is recent evidence in rice and Arabidopsis showing 

regions of the lid domains of OsD14 and AtD14 that are involved in interaction with D3. In 

the crystal structure of the CLIM-bound AtD14-D3-ASK1 complex, the αT2 and αT3 helices 

of the lid domain of AtD14 formed part of the minor and major interaction surface between 

AtD14 and D3, and mutations of key residues within this region attenuated AtD14-D3 

interaction induced by GR24 (Yao et al., 2016). In OsD14, mutations of nine amino acids 

surrounding the cavity and residing at the junctions between the helices of the lid domain and 

their connecting loops strongly compromised OsD14-D3 interactions (Zhao et al., 2015). 

Given the high similarity in the crystal structures of DAD2, OsD14 and AtD14, the lid 

domain of DAD2 is also likely to participate in the interaction with PhMAX2A. 

3.4.2 Site-directed mutagenesis of DAD2 

Although the basis of the selection of amino acid residues in DAD2 for site-specific mutation 

was according to the similarities and differences between the structure and properties of 

DAD2 and KAI2, as well as a prediction about the possible interaction surface between 

DAD2 and PhMAX2A, this was done based only on hypothesis and inferences. Nonetheless, 

comparison of the conserved amino acids and also the conformation of the side chains of 

these residues in both proteins provided a useful approach to dissect the molecular 

mechanism of DAD2 in the perception and transmission of the SL signal. Conserved amino 

acids across a clade or between clades often confer specificity to proteins in those clades in 

terms of function and ligand specificity (Poteete, Rennell, & Bouvier, 1992). Mutating amino 

acids that are conserved within the DAD2/D14 and KAI2/HTL clades could possibly produce 

mutants of DAD2 that have altered hydrolytic activity, conformation and/or 

DAD2-PhMAX2A interaction, which is the main purpose of this study (Zhao et al., 2015).  

Some of the conserved amino acids selected for mutation in this study without prior 

knowledge of the interaction surface between AtD14 and D3 (for example, residues 

E173/E174, R176/R177 and E244/E245 in DAD2/AtD14) were recently reported to be 

involved in direct interaction between AtD14 and D3 (Yao et al., 2016). In rice, mutations of 

conserved residues located in the lid domain of OsD14 abolished interaction with D3 in the 
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absence of GR24 and mutations within the hairpin of OsD14 resulted in mutants that interact 

with D3 in the absence of a hormone ligand (Zhao et al., 2015). Further characterisations are 

required to investigate whether mutations affecting the conserved amino acids in DAD2 (such 

as F135A, E173A, R176A, F194A and E244L) altered the catalytic activity of DAD2, 

conformation and/or DAD2-PhMAX2A interaction, which will be explored in Chapter 4. 

Non-conserved amino acids may also play a role in protein interactions. The R216W and 

N242I mutants identified in the random mutagenesis screens were not well-conserved across 

the DAD2/D14 and KAI2/HTL clades (Figure 3.6, section 3.3.2), but both mutants showed 

altered interaction with PhMAX2A in the absence of GR24 (Figure 3.3, section 3.2.3). Both 

residues also have the same side chain conformations in DAD2 and DAD2S96A (Figure 

3.11), suggesting that non-conserved residues with less flexible side chains might also play 

a role in protein-protein interactions. However, the role of these amino acids in 

DAD2-PhMAX2A interactions needs to be further confirmed by in vitro characterisations, 

which will be discussed in Chapter 4, or by X-ray crystallography. 

 

Figure 3.11 A Close-Up Ribbon Diagram of R216 and N242 Residues of DAD2 Superimposed onto 

DAD2S96A. 

The structures of DAD2 and DAD2S96A are respectively shown in orange and green (Source: Hamiaux et al. 

(2012); DAD2 PDB ID code 4DNP, DAD2S96A PDB ID code 4DNQ). 

It is noteworthy that binding of proteins to each other is determined by the amino acid 

composition and the tertiary structure of the proteins. Changes in the orientation of side 

chains of amino acids in the protein partners before and after ligand or protein binding may 

not necessarily imply that those amino acids are located at the interaction surface between 

the proteins, but these changes can provide information on how one protein interacts with 

another (Fernandez-Ballester, Blanes-Mira, & Serrano, 2004). The movement of amino acids 

within a secondary structure of a protein may affect the structures adjacent to it, causing 
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changes to the overall conformation and function of the protein (Fraser et al., 2009). For 

example, SL-binding inside the cavity of AtD14 and interaction with D3 resulted in changes 

in the overall conformation of AtD14 (Yao et al., 2016). Moreover, proteins exist in a 

dynamic state, hence the side chains of the amino acids can exist in different conformations 

in different crystal structures of a protein. For instance, in OsD14, 11 charged amino acids 

(Q8, E19, R44, P89, S130, Q142, R217, R236, F241, N243 and R263) showed different 

conformations in all three different crystal structures of apo-OsD14 and there is no evidence 

that any of these amino acids are important for D14-D3 interactions (Zhao et al., 2015). 

Nonetheless, in vitro characterisation of the DAD2 mutants (Chapter 4) will provide 

information on whether those mutations can indeed alter the biochemical properties of DAD2.  
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4 In vitro Characterisation of DAD2 Mutants 

4.1 Introduction 

This chapter presents the results of in vitro experiments carried out to characterise the DAD2 

mutants generated in Chapter 3. The in vitro experiments aimed to determine whether the 

DAD2 mutants have different characteristics, such as altered catalysis, thermal stability 

and/or interaction with signalling partners (PhMAX2A and PhD53A), compared to wild-type 

DAD2. In vitro biochemical characterisation of the DAD2 mutants provides information on 

whether the enzymatic activity of DAD2 was successfully disconnected from the interaction 

with PhMAX2A and PhD53A, and distinguished whether either catalysis or interaction 

between DAD2 and PhMAX2A or PhD53A is sufficient for SL signal transduction. 

Initially, the DAD2 mutants were tested in yeast two-hybrid experiments to examine whether 

the mutants exhibit an altered ability to interact with PhMAX2A (section 4.2.1) and/or 

PhD53A on their own (section 4.2.2). The DAD2 mutants were also tested for interaction 

with PhD53A in the presence of PhMAX2A to examine whether formation of the DAD2, 

PhD53A and PhMAX2A complex affects the interaction between DAD2 or DAD2 mutants 

with PhD53A (section 4.2.3).  

Selected DAD2 mutants showing altered interactions with PhMAX2A and/or PhD53A were 

chosen for additional analyses. Purified DAD2 mutant proteins were tested for thermal 

stability and enzymatic activity using differential scanning fluorimetry (DSF) and a 

Yoshimulactone Green (YLG) hydrolysis assay, respectively. These approaches were used 

to determine whether the DAD2 mutants had altered enzyme activity and/or changes in 

conformation compared to wild-type DAD2. These results were then correlated with the 

mutants’ ability to interact with signalling partners. Results of the latter part of these in vitro 

experiments are discussed in sections 4.4 and 4.5. Part of the results for the enzyme kinetics 

of wild-type DAD2 shown in section 4.5 (Figure 4.5, Table 4.2) and Appendix 7.3 have been 

published in Hamiaux et al. (2018). 

4.2 Protein-protein interaction of DAD2 mutants with PhMAX2A and 

PhD53A 

The generation of DAD2 mutants in the bacterial codon-optimised coding sequence of DAD2 

(DAD2opti) and cloning of the mutated DAD2opti constructs into the pBD-GATE2 yeast 

two-hybrid plasmid to generate expression clones for protein-protein interaction studies were 
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discussed in section 3.3.1. In the yeast two-hybrid assays conducted in this work, all of the 

DAD2 mutants were expressed as an N-terminal GAL4 DNA-binding domain fusion protein, 

whereas the bait protein, either PhMAX2A or PhD53A, was expressed as an N-terminal 

GAL4 activation domain fusion protein. The general principles and approaches, including 

explanation of the use of appropriate controls for the yeast two-hybrid system in this thesis, 

have been discussed in sections 3.2.1 and 3.2.3. 

4.2.1 Mutations of DAD2 altered the interactions with PhMAX2A 

The initial aim of this work was to test whether the DAD2 mutants have altered interactions 

with PhMAX2A in the presence and absence of GR24 compared to wild-type DAD2. 

Western blot analysis confirmed that all diploid yeast transformants expressed the GAL4 

DNA-binding and activation domains either alone or as fusion proteins with DAD2 and 

PhMAX2A, respectively (Appendix 7.1; Figure 7.1). The interactions between the DAD2 

mutants and PhMAX2A were then investigated using β-galactosidase assays in the presence 

and absence of GR24 (Figure 4.1). Consistent with published data, wild-type DAD2 

demonstrated a strong interaction with PhMAX2A in the presence of GR24 (Figure 4.1A) 

(Hamiaux et al., 2012; Hamiaux et al., 2018). 

Among all of the DAD2 mutants tested, the N242I mutant showed a strong interaction with 

PhMAX2A in the absence of GR24 (Figure 4.1A). The strength of the interaction between 

N242I and PhMAX2A without GR24 was higher than the interaction observed between 

wild-type DAD2 and PhMAX2A in the presence of GR24. The N242I-PhMAX2A 

interaction was further enhanced in the presence of GR24. Mutating the catalytic serine of 

the N242I mutant (S96A/N242I) diminished the GR24-induced interaction with PhMAX2A, 

but did not completely abolish it, as opposed to the S96A mutant which lost its interaction 

with PhMAX2A (Figure 4.1A) (Hamiaux et al., 2012). The S96A/N242I mutant showed 

reduced GR24-independent interaction with PhMAX2A compared to the N242I single 

mutant, but the strength of the interaction was still higher than either wild type or the S96A 

mutant (Figure 4.1A). The R124S/N242I mutant showed a similar level of interaction with 

PhMAX2A as the S96A/N242I mutant in the presence and absence of GR24 (Figure 4.1A).  

The other mutants showed varied interactions with PhMAX2A, such that interaction with 

PhMAX2A in the presence of GR24 was unaltered (F135A and E244L mutants), increased 

(H218A mutant) or abolished (E173A and F194A mutants) compared to wild-type DAD2 

(Figure 4.1C). Both the R176A (Figure 4.1C and D) and Q213L (Figure 4.1E and F) 

mutations caused an auto-activation of the LacZ reporter gene with the GAL4 activation 
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domain in the presence and absence of GR24. The observed auto-activation made it difficult 

to determine any true interactions between these mutants with PhMAX2A. GR24 induced a 

strong interaction between the R216W mutant and PhMAX2A (Figure 4.1E), although this 

mutant also showed auto-activation in the presence and absence of GR24 (Figure 4.1F). 

 

Figure 4.1 Interactions of DAD2 Mutants with PhMAX2A in the Presence and Absence of GR24. 

(A), (C) and (E) show the interaction between the DAD2 mutants and PhMAX2A. (B), (D) and (F) show the 

interaction between the DAD2 mutants and GAL4 activation domain alone, which detects auto-activation of 

the reporter gene by the DAD2 mutants. Interactions in each figure were quantified in the presence and absence 

of 10 µM GR24 using yeast two-hybrid β-galactosidase liquid culture assays. The GAL4 DNA-binding domain 

without a fusion protein (GAL4-BD) was used as a negative control, whereas GAL4 DNA-binding domain 

fused to wild-type DAD2 (WT) was used as a positive control. All data shown are means ± S.E.M.; n = 3 

technical replicates. 
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4.2.2 Mutations of DAD2 altered the interactions with PhD53A 

Since the DAD2 mutants have altered interactions with PhMAX2A, all of the DAD2 mutants 

were further examined using a similar yeast two-hybrid β-galactosidase assay to see whether 

any of the mutants altered interactions with PhD53A in the presence and absence of GR24. 

In this assay, PhD53A instead of PhMAX2A, was fused to the GAL4 activation domain. The 

expression of the GAL4 DNA-binding and activation domains with or without the respective 

fusion proteins DAD2 and PhD53A, were confirmed by western blotting (Appendix 7.1; 

Figure 7.2). The interactions between the DAD2 mutants and PhD53A or the GAL4 

activation domain without fused PhD53A are shown in Figure 4.2. In the presence of GR24, 

wild-type DAD2 demonstrated strong interaction with PhD53A, consistent with published 

data (Figure 4.2A) (Hamiaux et al., 2018).   

 

Figure 4.2 Interactions of DAD2 Mutants with PhD53A in the Presence and Absence of GR24. 

Both (A) and (C) show the interaction between the DAD2 mutants and PhD53A. Both (B) and (D) show the 

interaction between the DAD2 mutants and GAL4 activation domain alone, which detects auto-activation of 

the reporter gene by the DAD2 mutants. Interactions in each figure were quantified in the presence and absence 

of 1 µM GR24 using yeast two-hybrid β-galactosidase liquid culture assays. The GAL4 DNA-binding domain 

without a fusion protein (GAL4-BD) was used as a negative control, whereas GAL4-BD domain fused to 

wild-type DAD2 (WT) was used as a positive control. All data shown are means ± S.E.M.; n = 3 technical 

replicates.  

In this assay, the R216W (Figure 4.2A) and F135A (Figure 4.2C) mutants showed a stronger 

interaction with PhD53A than wild-type DAD2 in the absence of GR24. The addition of 
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GR24 further enhanced the R216W-PhD53A interaction, but not the F135A-PhD53A 

interaction. The N242I mutant, which was shown to have GR24-independent interaction with 

PhMAX2A (Figure 4.1A; section 4.2.1), did not show any changes in interaction with 

PhD53A compared to wild-type DAD2 (Figure 4.2A). Mutating the catalytic serine either 

alone (S96A) or as a double mutant with the N242I mutant (S96A/N242I) abolished the 

GR24-induced DAD2-PhD53A interactions (Figure 4.2A). The R124S/N242I (Figure 4.2A) 

and F194A (Figure 4.2C) mutations also abolished the GR24-induced interaction with 

PhD53A. As for the other mutants, the interaction with PhD53A in the presence of GR24 

was decreased (Q213L mutant in Figure 4.2A and E173A mutant in Figure 4.2C), increased 

(R176A mutant; Figure 4.2C), or unaltered (H218A and E244L mutants; Figure 4.2C) 

compared to wild-type DAD2.  

4.2.3 The interactions between DAD2 mutants and PhD53A were affected by the 

presence of PhMAX2A 

To further determine whether the presence of PhMAX2A affects the interactions between the 

DAD2 mutants with PhD53A, the interaction of the DAD2 mutants with PhD53A was 

assayed using yeast two-hybrid in the presence and absence of PhMAX2A. In this assay, the 

pURA3-GW plasmid alone or carrying the PhMAX2A construct was transformed into 

PJ69-4A yeast strain expressing the GAL4 activation domain-PhD53A fusion protein and 

then mated with PJ69-4α yeast strain expressing wild-type DAD2 or the mutants fused to the 

GAL4 DNA-binding domain. Expression of the GAL4 DNA-binding and activation domains 

either alone or respectively as fusion proteins with DAD2 and PhD53A in the positive 

transformants were confirmed using western blotting (Appendix 7.1; Figure 7.3). The 

predicted PhMAX2A was expressed as a third untagged protein with a nuclear localisation 

signal to direct the localisation of the PhMAX2A protein into the yeast’s nucleus. To compare 

the interaction between DAD2 mutants and PhD53A in the presence and absence of 

PhMAX2A, yeast transformants expressing only the nuclear localisation signal peptide 

(without the PhMAX2A fusion protein) were used as a control.  

The presence of PhMAX2A reduced the strength of interaction between DAD2 and PhD53A 

in the presence of GR24. The reduced β-galactosidase activity was observed in all of the 

DAD2 mutants with PhD53A in the presence of GR24, except the S96A (Figure 4.3A), 

S96A/N242I (Figure 4.3A), R124S/N242I (Figure 4.3B), E173A (Figure 4.3C) and F194A 

(Figure 4.3D) mutants. There were either no changes (S96A and F194A mutants) or minimal 

changes (S96A/N242I, R124S/N242I and E173A mutants) observed in these mutants in the  
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Figure 4.3 Interactions of DAD2 Mutants with PhD53A in the Absence and Presence of PhMAX2A. 

Interactions were quantified by assaying β-galactosidase activity in diploid yeast transformants on selective 

media in the absence and presence of 1 µM GR24. All yeast transformants contained the pURA3-GW plasmid, 

the GAL4 DNA-binding and activation domains, either without (indicated by (−)) or with the respective fusion 

proteins (indicated by (+)). Negative controls for the assays were GAL4 DNA-binding and GAL4 activation 

domains without fusion proteins, as indicated by DAD2-(−) and PhD53A-(−), respectively. Wild-type DAD2 

(WT) fused to the GAL4 DNA-binding domain was used as a positive control. All data shown are means 

± S.E.M.; n = 3 technical replicates. 
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presence and absence of GR24, possibly because these mutants have reduced interaction with 

PhMAX2A (Figure 4.1; section 4.2.1) or PhD53A (Figure 4.2; section 4.2.2) or both. These 

observations suggest that PhMAX2A was indeed expressed in all of the yeast transformants. 

In the absence of GR24, the interaction between the N242I mutant and PhD53A (Figure 4.3A) 

was slightly increased in the presence of PhMAX2A compared to wild-type DAD2. The 

increased GR24-independent interactions with PhD53A observed for the R216W (Figure 

4.3B) and F135A (Figure 4.3C) mutants were not greatly affected by the presence of 

PhMAX2A compared to wild-type DAD2. 

4.3 Protein expression and purification of DAD2 mutants 

Based on findings from the yeast two-hybrid experiments, the N242I, S96A/N242I and 

R124S/N242I mutants were chosen for further characterisation to elucidate their catalytic 

activity and thermal stability. These mutants were selected because they showed increased 

GR24-independent interaction with PhMAX2A. Moreover, the interaction between the 

N242I mutant and PhD53A was slightly increased by the presence of PhMAX2A, suggesting 

that this mutant may form a complex with PhMAX2A and PhD53A in the absence of SL. 

Hypothetically, the S96A/N242I mutant might also be catalytically uncoupled from its ability 

to interact with PhMAX2A. The selection of R124S/N242I was based on an earlier 

hypothesis that the hairpin might have played an important role in the biological function of 

DAD2.  

The cloning of the N242I, S96A/N242I and R124S/N242I mutants (within the DAD2opti 

construct) into the pDEST566 expression plasmid by Gateway™ LR recombination has been 

discussed in section 3.3.1. These DAD2 mutants were expressed as a cleavable His6-MBP 

fusion protein in E. coli Rosetta-gamiTM 2(DE3). The mutant proteins were purified via nickel 

affinity chromatography, followed by anion-exchange chromatography. Purified proteins 

were then subjected to TEV protease cleavage to cleave off the His6-MBP tag, then further 

purified using nickel affinity chromatography to remove the tag and to obtain purified 

cleaved DAD2 mutant proteins. Lastly, the DAD2 mutant proteins were subjected to 

gel-filtration chromatography to remove any contaminating protein remnants and also to 

exchange the DAD2 mutant proteins into a buffer used for the DSF and hydrolysis assays. 

Details of the protein expression and purification methods are described in section 2.19. The 

SDS-PAGE gels for each of the purification steps and the elution profiles of gel-filtration 

chromatography for the mutant proteins are presented in Appendix 7.2. 
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4.4 The DAD2 mutants were thermally less stable than wild-type DAD2 

The use of DSF has been shown to be a useful indicator of ligand binding and changes in 

protein stability (Niesen, Berglund, & Vedadi, 2007). Ligand binding results in changes in 

the structural order and conformational flexibility of a protein, which is quantified by a shift 

in the temperature at which the protein unfolds (melting temperature, Tm) in the presence of 

a ligand relative to that obtained in the absence of ligand (Boivin, Kozak, & Meijers, 2013; 

Cimmperman et al., 2008). A ligand that stabilises a protein (increase in structural order and 

reduction in conformational flexibility) causes an increase in the protein’s melting 

temperature, which shows a positive shift in the calculated melting temperature in the 

presence of that ligand. Destabilisation of protein (changes towards a more disordered 

conformation) induced by a ligand is indicated by a lower melting temperature and a negative 

shift in the calculated melting temperature of the protein in the presence of the ligand relative 

to that obtained without the ligand (Boivin et al., 2013; Cimmperman et al., 2008). 

Differences in the melting temperatures of a protein in the presence and absence of the ligand 

can be suggestive of ligand binding to the protein and changes in the folding/unfolding state 

of the ligand-bound protein with respect to its unbound state (Crowther et al., 2010). The 

thermal stability of a mutant protein compared to the wild-type protein can also be assessed 

through the differences in the melting temperatures between the mutant and the wild-type 

protein as amino acid substitutions can have an impact on the folding properties of a protein 

(Takano, Yamagata, Fujii, & Yutani, 1997). 

The DSF method has recently been used to study changes in the thermal stability of 

DAD2/D14 (and the catalytic mutants), KAI2 and DLK2 in the presence of SL and/or SL 

agonists and antagonists (Abe et al., 2014; de Saint Germain et al., 2016; Hamiaux et al., 

2012; Hamiaux et al., 2018; Végh et al., 2017; Waters et al., 2015; Zhao et al., 2015). In the 

presence of GR24, DAD2 undergoes thermal destabilisation, characterised by a negative shift 

in melting temperature (∆Tm) (Hamiaux et al., 2012). Consistently, similar observations have 

been reported whereby RMS3, AtD14 and OsD14 showed a negative ∆Tm in the presence of 

SL (Abe et al., 2014; de Saint Germain et al., 2016; Waters et al., 2015; Zhao et al., 2015). 

The shift in Tm of DAD2, RMS3, AtD14 and OsD14 observed are inferred as interaction of 

GR24 with the protein and a possible conformational change in terms of alteration in protein 

folding. 

Here, DSF was used to assess the thermal stability of the N242I, S96A/N242I and 

R124S/N242I mutants in comparison to wild-type DAD2. To determine whether GR24 can 
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interact with these mutants and induce destabilisation, the thermal stability of the proteins 

was assessed in the presence and absence of GR24. The melting curves and derivatives of 

the melting curves for the proteins are shown in Figure 4.4, and the melting temperatures are 

listed in Table 4.1. 

Thermal unfolding of wild-type DAD2 (Figure 4.4A), N242I (Figure 4.4B) and S96A/N242I 

(Figure 4.4C) mutants produced distinct two-state transition sigmoidal melting curves, 

illustrating transition from the folded to the unfolded state upon heat-denaturation (Niesen et 

al., 2007). The melting curves of the R124S/N242I mutant (Figure 4.4D) showed a relatively 

small transitional increase in the absence of GR24 compared to wild-type DAD2, which 

suggests that this mutant could be partially unfolded (Crowther et al., 2010).  

In the presence of GR24, the Tm of wild-type DAD2 decreased from 57.2 °C to 48.3 °C 

(∆Tm = -8.9 °C), consistent with the previously reported GR24-mediated conformational 

destabilisation (Figure 4.4A, Table 4.1) (Hamiaux et al., 2012). The N242I, S96A/N242I and 

R124S/N242I mutants, respectively showed a Tm of 51.2, 48.2 and 46.6 °C in the absence of 

GR24, indicating that these mutants were thermally less stable than wild-type DAD2 (Figure 

4.4B – D, Table 4.1). Although the R124S/N242I mutant had a lower Tm than the N242I 

single mutant in the absence of GR24, the addition of GR24 induced a similar negative 

thermal shift for both the N242I and R124S/N242I mutants (-13.6 °C versus -13.7 °C) (Figure 

4.4B and D, Table 4.1). This suggests that both mutants can interact with GR24. The 

S96A/N242I mutant in the absence of GR24 had a Tm that was similar to the Tm of DAD2 in 

the presence of GR24 (48.2 °C versus 48.3 °C) (Figure, 4.4C, Table 4.1). GR24 did not 

induce destabilisation of the S96A/N242I mutant (Figure 4.4C, Table 4.1), suggesting the 

inability of the S96A/N242I mutant to interact with GR24. 

Additionally, the DAD2 mutants were also tested for their thermal stability in the presence 

of a SL antagonist, tolfenamic acid (Hamiaux et al., 2018). Tolfenamic acid binds deep within 

the cavity of DAD2 (Hamiaux et al., 2018) and causes a positive shift in Tm of DAD2 (+6.4 °C; 

Figure 4.4A, Table 4.1), inferring the ability of tolfenamic acid to stabilise DAD2. In contrast 

to the effect of GR24 on the DAD2 mutants, tolfenamic acid induced a positive shift in Tm 

of the N242I (Figure 4.4B) and R124S/N242I (Figure 4.4D) mutants to a similar extent as 

wild-type DAD2 (+7.7 °C and +7.9 °C respectively versus +6.4 °C; Table 4.1), but had only 

a mild effect on the S96A/N242I mutant (Figure 4.4C) compared to wild-type DAD2 

(+2.0 °C versus +6.4 °C; Table 4.1). 
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Figure 4.4 DSF Assay of Wild-Type DAD2, N242I, S96A/N242I and R124S/N242I Mutants.  

Melting curves (top) and derivatives of the melting curves (bottom) for wild-type DAD2 (WT) (A), N242I (B), 

S96A/N242I (C) and R124S/N242I (D) in the presence and absence of 250 µM GR24 or tolfenamic acid. The 

dotted vertical lines correspond to the Tm of the proteins in the presence and absence of the compounds (see 

Table 4.1). Protein unfolding was monitored by detecting changes in fluorescence from the Sypro™ Tangerine 

reporter dye at increasing temperature using differential scanning fluorimetry. The molar ratio of compound to 

protein in the assay was 25:1. All experiments were conducted with three technical replicates. 
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Table 4.1 Melting Temperatures of Wild-Type DAD2, N242I, S96A/N242I and R124S/N242I in the 

Presence and Absence of GR24 or Tolfenamic acid. 

Protein Melting temperature (Tm, °C) Difference (∆Tm, °C) 

DMSO GR24 Tolfenamic acid GR24 Tolfenamic acid 

Wild-type DAD2 57.2 48.3 63.6 −8.9 +6.4 

N242I 51.2 37.6 58.9 −13.6 +7.7 

S96A/N242I 48.2 48.5 50.2 +0.3 +2.0 

R124S/N242I 46.6 32.9 54.5 −13.7 +7.9 

 

4.5 The DAD2 mutants either have similar or reduced hydrolytic activity 

compared to wild-type DAD2 

To determine whether the N242I, S96A/N242I or R124S/N242I mutations have altered the 

enzyme activity of DAD2, the enzyme activity of the DAD2 mutants was characterised in 

in vitro hydrolysis assays using a SL agonist, Yoshimulactone Green (YLG), as the substrate 

(Tsuchiya et al., 2015). YLG is a fluorogenic substrate, consisting of a fluorescein molecule 

connected via an enol ether linkage to a D-ring moiety similar to that of a SL molecule (see 

Chapter 1, Figure 1.6 in section 1.4.1 for the chemical structure and the mechanism of 

hydrolysis of YLG). Linkage of the fluorescein molecule to the D-ring quenches its 

fluorescence. Upon hydrolysis by DAD2, the fluorescein compound is released, thus 

producing a fluorescent product. The increase in fluorescence can be measured with respect 

to time and substrate concentrations to determine the rate of hydrolysis of YLG and the 

kinetic parameters of wild-type DAD2 and the mutants (Tsuchiya et al., 2015).  

Consistent with published kinetic data of RMS3 and AtD14 (de Saint Germain et al., 2016; 

Tsuchiya et al., 2015), the time-course hydrolysis of YLG by wild-type DAD2 displayed a 

sharp increase in fluorescein production within the first 40 min of reaction which 

corresponded to the pre-steady-state phase, followed by a reduction in hydrolysis rate (Figure 

4.5A) (Hamiaux et al., 2018). To ensure that the observed fluorescence produced from the 

hydrolysis of YLG by wild-type DAD2 was completely due to DAD2’s enzyme activity and 

not because of background fluorescence produced in the presence of protein, heat-denatured 

wild-type DAD2 was subjected to a similar time-course hydrolysis assay. As shown in Figure 

4.5B, denatured wild-type DAD2 did not hydrolyse YLG.  

The hydrolysis of YLG over time by the DAD2 mutants was then determined in comparison 

to wild-type DAD2. The S96A mutant was used as a control to determine whether an 
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enzymatically inactive mutant (as assessed by GR24 hydrolysis; Hamiaux et al. (2012)) 

produced any fluorescence when tested with YLG. The N242I mutant exhibited a similar 

progress curve as wild-type DAD2, indicating similar enzyme activity between the N242I 

mutant and the wild-type protein (Figure 4.5A). The R124S/N242I mutant produced a 

pre-steady-state phase within the first 20 min of reaction and reached a plateau phase at a rate 

that was significantly lower than both the wild-type and the N242I mutant (Figure 4.5A). 

Unexpectedly, both the S96A and S96A/N242I mutants slowly hydrolysed YLG, causing a 

slow increase in fluorescein production over the course of the assay, but this was not observed 

when heat-denatured S96A was subjected to the same assay conditions (Figure 4.5B). 

Although DAD2 is able to catalyse the hydrolysis of YLG, DAD2 follows a non-classical 

Michaelis-Menten kinetics similarly observed in AtD14, OsD14 and RMS3 (de Saint 

Germain et al., 2016; Hamiaux et al., 2018; Tsuchiya et al., 2015). To determine the kinetic 

parameters of wild-type DAD2 and the mutants, the enzyme activity of the proteins was 

evaluated over increasing concentrations of YLG and the kinetic parameters were calculated 

using a 15-min time point at the pre-steady-state phase. Given that the kinetics assay of 

DAD2 with YLG did not reflect classical Michaelis-Menten parameters, the kcat value was 

defined as the rate constant of the pre-steady-state phase (the turnover number of YLG 

catalysed by an enzyme site per minute) and the K1/2 as the YLG concentration that gives 

half maximal velocity (Vmax) (de Saint Germain et al., 2016). The pre-steady-state kinetic 

plots for wild-type DAD2 and the mutants are shown in Figure 4.5C and D, and the kinetic 

parameters are listed in Table 4.2. 

Within these limits, the K1/2 for YLG hydrolysis by wild-type DAD2 was 1.36 µM, the Vmax 

was 0.032 µM/min and the kcat was 0.093 per min (Table 4.2), showing that DAD2 has slow 

enzyme activity (Hamiaux et al., 2018). Among all of the mutants tested, only the N242I 

mutant demonstrated K1/2, Vmax and kcat values comparable to wild-type DAD2 (Table 4.2), 

suggesting the N242I mutant was catalytically similar to wild-type DAD2. 

The S96A, S96A/N242I and R124S/N242I mutants exhibited reduced Vmax and kcat values. 

All of the mutants showed K1/2 values that were similar to wild-type DAD2, except the 

R124S/N242I mutant which showed a reduction in the K1/2 value. The R124S/N242I 

mutation had significantly reduced the enzyme activity by three-fold (in terms of kcat) 

compared to wild-type DAD2 (Table 4.2). Surprisingly, the S96A catalytic mutant and the 

S96A/N242I mutant displayed residual hydrolytic activity towards YLG, at an extremely 
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slow rate, compared to either wild-type DAD2 or the N242I single mutant (Figure 4.5B and D; 

Table 4.2). 

 

Figure 4.5 Hydrolysis of Yoshimulactone Green (YLG) by Wild-Type DAD2, S96A, N242I, S96A/N242I 

and R124S/N242I Mutants. 

(A) and (B) represent the progress curves of YLG hydrolysis (1 µM) by wild-type DAD2 (WT DAD2) and 

mutant proteins (0.34 µM) over 90 min. Denatured wild-type DAD2 and S96A were used as negative controls. 

Each data point is the mean ± S.E.M. of three technical replicates. (C) and (D) represent the hydrolysis of YLG 

by DAD2 and mutant proteins (0.34 µM) at various YLG concentrations. Each data point is the average of three 

technical replicates. Kinetic parameters were determined using GraphPad Prism 5.0 software using non-linear 

regression for the Michaelis-Menten equation (see Table 4.2).  

 

Table 4.2 Kinetic Parameters of Wild-Type DAD2, S96A, N242I, S96A/N242I and R124S/N242I Mutants. 

Given that the enzyme activity of DAD2 does not reflect classical Michaelis-Menten steady-state kinetics, all 

kinetic parameters were determined at the pre-steady-state phase. Vmax indicates the maximal velocity, kcat was 

referred to as the rate constant of the pre-steady-state phase, and K1/2 was referred to as the concentration of 

YLG that gives half the maximal velocity.  

Protein K1/2 (µM) Vmax (µM/min) Kcat (min-1) 

Wild-type DAD2 1.36 ± 0.17 0.032 0.093 ± 0.004 

S96A 1.06 ± 0.57 0.003 0.010 ± 0.002 

N242I 1.03 ± 0.11 0.025 0.073 ± 0.003 

S96A/N242I 1.44 ± 0.35 0.004 0.012 ± 0.001 

R124S/N242I 0.52 ± 0.07 0.011 0.032 ± 0.001 
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4.6 Chapter discussion 

4.6.1 Mutations of DAD2 altered interactions with PhMAX2A and PhD53A 

In the yeast two-hybrid results presented in Figure 4.3A (section 4.2.3), it was shown that the 

presence of PhMAX2A reduced the interaction of DAD2 and PhD53A. The observed 

reduction in DAD2-PhD53A interaction may have occurred due to steric hindrance caused 

by the formation of the ternary complex consisting of DAD2, PhMAX2A and PhD53A. 

Formation of the ternary complex might have hindered the interaction between the GAL4 

DNA-binding and activation domains respectively fused to DAD2 and PhD53A, causing a 

reduction in the observed β-galactosidase activity. Alternatively, PhMAX2A could be 

competing with PhD53A to bind to DAD2 in the presence of GR24. The binding of 

PhMAX2A to DAD2 might have displaced PhD53A from binding to DAD2, resulting in the 

observed reduction in DAD2-PhD53A interaction. 

Mutational analysis of DAD2 showed that mutation of the N242 residue located on the 

surface of the core α/β hydrolase fold (Figure 3.5; section 3.3.1) to an isoleucine promoted 

the interaction of DAD2 and PhMAX2A in the absence of GR24 (Figure 4.1A). The ability 

of the N242I mutant to interact with PhMAX2A in the absence of GR24 suggests that 

catalysis can be separated from the interaction of DAD2 with PhMAX2A. This hypothesis is 

supported by the observation that the S96A/N242I mutant, whose enzyme activity has been 

strongly altered (Figure 4.5B and D), still showed an increased interaction with PhMAX2A 

in the absence of GR24 compared to the interaction of either wild-type DAD2 or the S96A 

single mutant with PhMAX2A (Figure 4.1A). 

The N242 residue in DAD2 is neither conserved within the DAD2/D14 clade (Figure 3.6; 

section 3.3.2), nor it is located within the putative interaction surface of DAD2 and 

PhMAX2A (Yao et al., 2016). If the N242 residue was not directly involved in 

DAD2-PhMAX2A interaction but mutation of this residue to an isoleucine promoted a 

GR24-independent interaction between DAD2 and PhMAX2A, then it is possible that the 

N242I mutation might have altered the overall conformation of DAD2, allowing the mutant 

to interact with PhMAX2A in a SL-independent manner.  

The N242 residue is located on the L241-L247 loop on the surface of the core α/β hydrolase 

fold of DAD2 (Figure 4.6A). In the CLIM-bound AtD14-D3-ASK1 complex, the L242-L248 

loop (equivalent to the L241-L247 loop in DAD2) was not in close proximity to the 

interaction surface with D3 (Yao et al., 2016). The L242-L248 loop consists of the H247 
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residue of the catalytic triad that binds the D-ring-derived intermediate (CLIM), allowing 

AtD14 to change into an active conformation for D3-binding (Figure 4.6B) (Yao et al., 2016). 

In the CLIM-AtD14-D3-ASK1 complex, the L242-L248 loop shows slight movement 

compared to apo-AtD14, which is possibly caused by the covalent linkage of CLIM to the 

H247 residue within the loop. The L242-L248 loop is also adjacent to the Q214-A223 loop 

in AtD14 (Q213-A222 in DAD2) (Figure 4.6B). The Q214-A223 loop is disordered in the 

CLIM-bound AtD14 structure, suggesting a possible role for the Q214-A223 loop in 

maintaining the active conformation of AtD14 for the binding of D3 and target proteins (Yao 

et al., 2016). 

Based on the structure of both the Q214-A223 and L242-L248 loops in the 

CLIM-AtD14-D3-ASK1 complex, the N242I mutation could possibly lead to changes in the 

L241-L247 loop in DAD2 even without SL hydrolysis. The changes in the L241-L247 loop 

due to the N242I mutation may indirectly affect the structure of the adjacent Q213-A222 loop 

by increasing its flexibility, allowing the N242I mutant protein to attain a conformation that 

somewhat mimics the GR24-induced active conformation of DAD2 required for 

PhMAX2A-binding.  

 

Figure 4.6 A Close-Up Ribbon Representation of the L241-L247 and Q213-A222 Loops in DAD2, 

CLIM-Bound AtD14 and Apo-AtD14. 

(A) DAD2, (B) the structure of CLIM-bound AtD14 (yellow) from the CLIM-AtD14-D3-ASK1 complex 

superimposed onto apo-AtD14 (blue). The Q213-A222 loop (dark green) in DAD2 is equivalent to the 

Q214-A223 loop in AtD14, and the L241-L247 loop (magenta) in DAD2 is equivalent to the L242-L248 loop 

in AtD14. The Q214-A223 loop, indicated by light green in apo-AtD14 and red in CLIM-AtD14, is disordered 

in the CLIM-AtD14 structure. The L242-L248 loop is indicated by cyan in apo-AtD14 and orange in 

CLIM-AtD14. The N242 residue of DAD2 is equivalent to the K243 residue of AtD14. The CLIM molecule 

and D3-ASK1 are not shown in this figure (Source: Hamiaux et al. (2012), Yao et al. (2016) and Zhao et al. 

(2013); DAD2 PDB ID code 4DNP; apo-AtD14 PDB ID code 4IH4; CLIM-AtD14-D3-ASK1 PDB ID code 

5HZG).  
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Although the N242I mutant can interact with PhMAX2A in a GR24-independent manner, 

the active conformation possibly attained by the N242I mutant is insufficient to facilitate an 

interaction with PhD53A in the absence of GR24 (Figure 4.2A). The requirement of GR24 

in promoting the interaction of N242I mutant with PhD53A in a manner similar to wild-type 

DAD2 suggests that a further conformational change of the N242I mutant induced by GR24 

is necessary for this mutant to interact with PhD53A. GR24 may induce a conformational 

change that exposes two different interaction surfaces for PhMAX2A- and PhD53A-binding. 

In the R124S/N242I mutant, a serine mutation of the R124 residue located within the hairpin 

that connects the lid domain to the core α/β hydrolase fold diminished GR24-induced 

interactions with both PhMAX2A (Figure 4.1A) and PhD53A (Figure 4.2A). But the strength 

of interaction of the R124S/N242I mutant with PhMAX2A in the absence of GR24 was 

considerably higher than wild-type DAD2 (Figure 4.1A). The role of the hairpin domain of 

DAD2/D14 in interactions with the signalling partners is still unclear, however it is currently 

known that the hairpin domain is not directly involved in AtD14-D3 interaction (Figure 1.9; 

section 1.4.2) (Yao et al., 2016). The hairpin domain may function in maintaining the overall 

conformation of the protein as the R124S/N242I mutant was thermally less stable than either 

wild-type DAD2 or the N242I mutant (results described in section 4.4).  

Mutational analysis of DAD2 in this study also identified the F135A mutant which showed 

increased interaction with PhD53A in the absence of GR24. The F135 residue was initially 

hypothesized to play an important role in SL-binding together with the F194 residue, 

according to the side chain conformations of these residues and their positions in the active 

site cavity of DAD2/D14 (Hamiaux et al., 2012; Kagiyama et al., 2013; Nakamura et al., 

2013; Zhao et al., 2015). In this study, the F135A mutant responded normally to GR24 

compared to wild-type DAD2 when assessed by its interaction with PhMAX2A and PhD53A, 

suggesting that the F135A residue played only a small role in SL-binding. In OsD14, the 

equivalent F136V mutation only partially reduced GR24-binding and OsD14-D3 interaction, 

further suggesting a minor role played by the F135/F136 residue in SL-binding (Zhao et al., 

2015). Given that the F135 residue is located at the junction between the hairpin and the αT1 

helix of the lid domain of DAD2 (Figure 3.7C; section 3.3.2), it is possible that the F135 

residue functioned to convey the structural changes (for example, changing the flexibility of 

the hairpin to allow movement of the lid domain) induced by SL hydrolysis. Further 

mutagenesis, in vitro biochemistry, X-ray crystallography and in vivo experiments, especially 

on the F135A mutant (and also a R124S mutant), will reveal the role of the hairpin structure 

of DAD2 in SL hydrolysis and conformational change. 
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The findings in this thesis also support the αT3 helix of the lid domain as being essential for 

DAD2-PhMAX2A interaction (Yao et al., 2016). Mutation of the E173 residue on the αT3 

helix of the lid domain of DAD2 to an alanine abolished DAD2-PhMAX2A interaction 

(Figure 4.1B), but did not significantly affect the interaction with PhD53A (Figure 4.2B) 

when tested in yeast two-hybrid assays. The E173 residue of DAD2 could be one of the 

critical residues within the lid domain that forms hydrogen bonding with the charged residues 

in PhMAX2A. In AtD14, the E174 and R177 residues (equivalent to the E173 and R176 

residues in DAD2) located on the αT3 helix of the lid domain are crucial in forming hydrogen 

bonds with the T599 and D606 residues of loop 16 in D3 (Yao et al., 2016). The E173 and 

R176 residues in DAD2 could be similarly important in DAD2-PhMAX2A interaction. 

It was difficult to deduce whether the R176A mutation in DAD2 can indeed disrupt 

DAD2-PhMAX2A interaction due to the auto-activation observed in the yeast two-hybrid 

system used in this thesis. If this experiment is repeated to test the involvement of the R176 

residue in DAD2-PhMAX2A interaction, changing the configuration of the GAL4 

DNA-binding and activation domains for the bait and prey proteins (for example, fusing the 

GAL4 DNA-binding domain to PhMAX2A and the GAL4 activation domain to DAD2) 

could be carried out to overcome the problem of auto-activation. Nonetheless, the yeast 

two-hybrid results in this thesis are consistent with findings reported by Yao et al. (2016) and 

Zhao et al. (2015), in which the lid domain of DAD2 is involved in DAD2-PhMAX2A 

interaction. 

4.6.2 The DAD2 mutants have thermal stability distinct from wild-type DAD2 

The DSF results in Figure 4.4 and Table 4.1 indicate that the N242I, S96A/N242I and 

R124S/N242I mutants are destabilised as these mutants have melting temperatures distinct 

from wild-type DAD2 in the absence of GR24. These observations suggest that the 

conformation of the mutants might be slightly different from wild-type DAD2. GR24 was 

able to induce destabilisation in the N242I and R124S/N242I mutants, suggesting that these 

mutants can interact with GR24. But, GR24-induced destabilisation was not observed in the 

S96A/N242I mutant, indicating that the S96A mutation likely diminished GR24-binding or 

hydrolysis in the S96A/N242I mutant. 

Taking the yeast two-hybrid results (Figure 4.1A) into consideration, the reason N242I did 

not depend on GR24 to interact with PhMAX2A could be due to a change in stability or 

conformation of the N242I protein compared to wild-type DAD2. But the change in stability 

of the N242I mutant was insufficient to further enhance the interaction with PhD53A. GR24 
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induced a larger shift in melting temperature in the N242I mutant compared to wild-type 

DAD2 (Table 4.1), suggesting that overall the N242I mutant may be more flexible or 

destabilised than wild-type DAD2. 

In recent work reported by Yao et al. (2016), covalent binding of CLIM inside the cavity of 

AtD14 in complex with D3-ASK1 caused a small observable movement to the hairpin of 

AtD14 compared to apo-AtD14 (Figure 4.7A). Whether the movement of the hairpin domain 

in CLIM-bound AtD14 was due to GR24-hydrolysis or D3-binding is unknown. In the DSF 

assay, the R124S/N242I double mutant, which carries a mutation of the R124 residue residing 

within the hairpin domain, showed a lower Tm compared to wild-type DAD2 and the N242I 

single mutant in the absence of GR24 (Figure 4.4D; Table 4.1), suggesting that the 

R124S/N242I double mutant is less stable than either wild-type DAD2 or the N242I single 

mutant. Despite having different melting temperatures, the GR24-induced thermal 

destabilisation was similar in both the N242I and R124S/N242I mutants (Table 4.1), 

indicating similar ability in binding GR24 for both mutants. Additionally, the relatively small 

two-state sigmoidal transitional increase observed in the melting curve of the R124S/N242I 

mutant (Figure 4.4D) in the absence of GR24 may suggest that this mutant could be poorly 

folded. 

 

Figure 4.7 A Close-Up Ribbon Representation of the Hairpin Structure of DAD2, CLIM-Bound AtD14 

and Apo-AtD14. 

(A) the hairpin structure of CLIM-bound AtD14 (yellow) from the CLIM AtD14-D3-ASK1 complex 

superimposed onto apo-AtD14 (blue), (B) the hairpin structure of DAD2. The R124 and D197 residues in DAD2 

are equivalent to the R125 and D198 residues in AtD14. The CLIM molecule and D3-ASK1 are not shown in 

this figure (Source: Hamiaux et al. (2012), Yao et al. (2016) and Zhao et al. (2013); DAD2 PDB ID code 4DNP; 

apo-AtD14 PDB ID code 4IH4; CLIM-AtD14-D3-ASK1 PDB ID code 5HZG). 
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The R124 residue might be one of the amino acids that maintains the integrity of the hairpin 

domain by interacting with the D197 residue situated on the core hydrolase fold (Figure 4.7B). 

Mutating the R124 residue to a serine possibly affected the charged interaction between these 

residues and in turn destabilised the hairpin domain and/or the overall conformation of the 

protein. If this is true, the R124S/N242I mutant may indeed be structurally different from 

wild-type DAD2.  

Recent work from this laboratory (Hamiaux et al., 2018) showed that tolfenamic acid 

functions as a SL antagonist that binds deep within the cavity of DAD2 to inhibit the protein. 

Tolfenamic acid induced an increase in the Tm of DAD2 in a DSF assay (Figure 4.4A; Table 

4.1), inferring that tolfenamic acid stabilises the conformation of DAD2. Structural analyses 

of DAD2 with a tolfenamic acid molecule occupied within the cavity showed that the binding 

of tolfenamic acid involved charged interactions with the S96 and the H246 residues of the 

catalytic triad (Hamiaux et al., 2018). Tolfenamic acid also formed charged interaction with 

the S219 residue residing on the Q213-A222 loop of DAD2. Given that the equivalent 

Q214-A223 loop is disordered in the CLIM-bound AtD14-D3-ASK1 complex (Yao et al., 

2016), it is hypothesized that tolfenamic acid stabilises the Q213-A222 loop in DAD2 and 

prevents DAD2 from undergoing conformational change (Hamiaux et al., 2018).  

The DSF result in this work showed that tolfenamic acid had little effect on the thermal 

stability of the S96A/N242I mutant (Figure 4.4C) possibly due to disruption of tolfenamic 

acid-binding by the S96A mutation. Tolfenamic acid induced a positive shift in the Tm of the 

N242I (Figure 4.4B) and R124S/N242I (Figure 4.4D) mutants, inferring that tolfenamic acid 

could stabilise both mutants. Based on the reported structural finding of tolfenamic acid 

interacting with the S219 residue in wild-type DAD2 (Hamiaux et al., 2018), it was 

hypothesized that binding of tolfenamic acid to the S219 residue within the cavity of the 

N242I and the R124S/N242I mutants restricts the movement of the Q213-A222 loop, thus 

stabilising the mutant proteins. A similar Tm observed in the N242I mutant in the presence of 

tolfenamic acid and wild-type DAD2 without a hormone ligand, suggests that tolfenamic acid 

possibly altered the conformation of the N242I mutant to something more closely 

approximating that of wild-type DAD2 by stabilising the Q213-A222 loop.  

The DSF results presented in Figure 4.4 and Table 4.1 thus demonstrate that the N242I, 

S96A/N242I and R124S/N242I mutants are less stable than wild-type DAD2. The thermal 

stability of both the N242I and R124S/N242I mutants was affected by GR24- and tolfenamic 

acid-binding. Obtaining the crystal structures of these proteins will show how these mutants 
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differ structurally from wild-type DAD2. Given that tolfenamic acid inhibited the 

interactions of DAD2 with PhMAX2A and PhD53A (Hamiaux et al., 2018), and the 

Q214-A223 loop is disordered in the CLIM-bound AtD14-D3-ASK1 complex (Yao et al., 

2016), further crystallisation experiments of the N242I mutant in the presence of tolfenamic 

acid (together with yeast two-hybrid and YLG hydrolysis assays in the presence of tolfenamic 

acid) will show whether or not the Q213-A222 loop of DAD2 is the key to conformational 

change required for SL signalling.  

4.6.3 The N242I mutant retained its enzyme activity 

The SL receptor, DAD2/D14/RMS3 functions as an enzyme-receptor (de Saint Germain et 

al., 2016; Hamiaux et al., 2012; Hamiaux et al., 2018; Nakamura et al., 2013; Tsuchiya et al., 

2015; Végh et al., 2017; Waters et al., 2015; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 

2013; Zhao et al., 2015). Using the YLG substrate, DAD2 showed similar non-classical 

Michaelis-Menten kinetics as reported for AtD14, OsD14 and RMS3, which was 

characterised by a rapid increase in hydrolysis followed by a reduction in the rate of 

hydrolysis (Figure 4.5 and Appendix 7.3) (de Saint Germain et al., 2016; Hamiaux et al., 

2018; Tsuchiya et al., 2015).  

In the time-course hydrolysis and kinetic assays, the N242I mutant was shown to have 

enzyme activity towards YLG that was similar to wild-type DAD2, revealing that this 

mutation on the surface of the core α/β hydrolase fold did not alter the enzyme activity of 

DAD2. The R124S/N242I double mutation resulted in diminished GR24 hydrolysis and 

accelerated saturation of the active site of DAD2 (as judged by reaching a plateau phase in 

the time-course hydrolysis experiment; Figure 4.5A). The kinetic data of the R124S/N242I 

mutant (Figure 4.5C and Table 4.2), together with the low thermal stability of this mutant 

observed in the DSF assay (Figure 4.4D; Table 4.1) confirm that the mutations might have 

disrupted the overall integrity of the protein. 

Both the S96A and S96A/N242I mutants displayed a small amount of residual activity 

towards YLG (Figure 4.5B and D; Table 4.2). The kinetic data and results from the DSF 

assay (Figure 4.4C; Table 4.1) collectively suggest that the S96A and S96A/N242I mutants 

might weakly bind YLG (and probably GR24) and slowly hydrolyse it, but the weak binding 

was insufficient to cause destabilisation of the mutant proteins (Figure 4.4C). The catalytic 

mutants of other D14 orthologues, such as the H297A mutant of OsD14, as well as the S96A 

and H247A mutants of RMS3 have also been shown to bind GR24 at very low affinity, 
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without altering the thermal stability of these proteins (de Saint Germain et al., 2016; 

Nakamura et al., 2013).  

The catalytic mutants of DAD2 (S96A and H246A) were previously shown to be inactive 

towards (rac)-GR24 when examined using thin layer chromatography (Hamiaux et al., 2012). 

However, this method was not sensitive enough to detect extremely small changes in the 

hydrolytic activity of S96A and H246A mutants. By contrast, using the YLG hydrolysis assay, 

a weak hydrolytic activity towards the YLG substrate (kcat = 0.010 ± 0.002 min-1) was 

detected in the S96A mutant. The weak hydrolysis of YLG by DAD2S96A mutant 

contradicts the findings from other reports whereby the catalytic mutants of AtD14, OsD14 

and RMS3 do not hydrolyse GR24 when examined using high-performance liquid 

chromatography and mass-spectrometry approaches (de Saint Germain et al., 2016; 

Nakamura et al., 2013; Waters et al., 2015; Yao et al., 2016; Yao et al., 2018b).  

The catalytic mutants (S96A and H247A) of RMS3 were shown to be completely inactive 

when tested using the (±)-GC242 profluorescent probe. However, the RMS3S96A mutant, 

presumably catalytically inactive, showed a very low level of hydrolytic activity towards a 

generic esterase reporter p-nitrophenyl acetate (de Saint Germain et al., 2016). It should be 

noted that YLG, (±)-GC242 and p-nitrophenyl acetate are non-natural substrates of SL 

receptor. The overall structure of these compounds are different from SLs (Figure 1.6; section 

1.4.1) (de Saint Germain et al., 2016; Tsuchiya et al., 2015). While YLG does work as an SL 

agonist and can be hydrolysed by the receptor, some details of its mode of action, such as the 

mechanism of binding of this compound to the receptor and the residues in the protein cavity 

that interact with this compound, are unknown and may be different from SLs. In addition, 

the inability of DAD2S96A mutant to complement the petunia SL-insensitive dad2 mutant 

demonstrates that the S96A mutation abolished SL signal transduction in planta (Hamiaux 

et al., 2012). Hence, it is possible that the residual activity in the S96A and S96A/N242I 

mutants observed in vitro using YLG might not correlate with the hydrolysis of SL. 

Many studies concerning catalytic mutants of esterases have shown that these mutants 

completely lose hydrolytic activity towards their substrates (Chu, He, Guo, & Sun, 2008; Dua 

& Gupta, 2017; Lee et al., 2017; Shafferman et al., 1992). One exception is a study on the 

catalytic serine mutant (S10A mutant) of E. coli thioesterase I/protease I/phospholipase I 

(TAP) reported by Lee, Lee, Leu, and Shaw (2006). The S10A mutant of E. coli TAP showed 

differing residual activity towards each of the substrates tested in the enzyme assays but with 

different kcat and kcat/Km values. The residual activity of S10A mutant was 100-fold lower 



 

107 

 

than the wild-type protein, but was still considerably higher than the almost negligible 

enzyme activity of the H157A mutant (histidine residue of the catalytic triad). The authors 

suggested that a water molecule in the active centre of the S10A mutant could replace the 

hydroxyl group of the S10 residue to perform nucleophilic attack on the substrate through a 

much slower catalytic mechanism and the water molecule could be activated through 

hydrogen bonding with the H157 residue which served as a proton acceptor. Accordingly, it 

is possible that in the active site of the S96A or S96A/N242I mutants of DAD2, the presence 

of a water molecule (activated through hydrogen bonding with the H246 residue) replaced 

the catalytic serine to perform a nucleophilic reaction on the YLG substrate and slowly 

hydrolysed the substrate. In this case, the S96A and S96A/N242I mutants might function as 

a very weak enzyme towards the YLG substrate.  

4.6.4 Summary 

The results in this chapter collectively show that the interaction of N242I mutant with 

PhMAX2A does not require GR24-binding or hydrolysis, however protein-protein 

interaction can be enhanced by GR24. Conformational changes of DAD2 caused by the 

N242I mutation are likely to be a promoting factor for the interaction of N242I mutant and 

PhMAX2A, but are insufficient to facilitate the interaction between the N242I mutant and 

PhD53A. The conformation of N242I mutant possibly somewhat mimics the GR24-induced 

conformation of DAD2, and a full conformational change induced by GR24 is likely required 

for the N242I mutant to interact with PhD53A. 

The enzyme activity of DAD2 can be separated from the interaction with PhMAX2A in the 

S96A/N242I mutant, but enzyme activity is crucial for the interaction with PhD53A. 

Experiments with the R124S/N242I mutant imply that the hairpin domain of DAD2 likely 

functions in maintaining the overall conformation/stability of the DAD2 protein and/or 

interaction with downstream signalling target proteins. The biological relevance of SL 

hydrolysis, conformational changes or interaction of DAD2 with PhMAX2A and PhD53A 

in SL signal transduction will require further clarification through characterisation of the 

N242I, S96A/N242I and R124S/N242I mutants using in planta studies, which will be 

discussed in Chapter 5. 
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5 In planta Analysis of DAD2 Mutants 

5.1 Introduction 

The main focus of this chapter is to study the in planta biological activity of DAD2 mutants 

that were biochemically characterised in Chapter 4. Bimolecular fluorescence 

complementation (BiFC) methodology was used to examine the interactions of DAD2/DAD2 

mutants with PhMAX2A in vivo. Considerable effort was made to optimise this method, 

however the attempt was unsuccessful (Appendix 7.8). The second method was to generate 

transgenic plants expressing selected DAD2 mutants identified in Chapter 4. Rather than 

examining only the interaction of DAD2 with PhMAX2A in vivo, which was the function of 

the BiFC experiments, the in planta complementation experiments link the biochemical 

characteristics of the DAD2 mutants, such as altered catalysis, conformation and/or 

DAD2-PhMAX2A interactions, to changes in phenotype, if any, due to altered SL signalling,  

In this thesis, Arabidopsis, instead of petunia, was used as a model for studying the function 

of DAD2 and DAD2 mutants in plants due to the simplicity and speed of transformation. 

Ideally, transgenic petunia would be the most suitable model to test the biological activity of 

the DAD2 mutants, given that DAD2 is a petunia SL receptor. Petunia transformation 

requires a longer time to reach the T2 generation generally used for phenotypic analysis than 

using Arabidopsis. Due to time constraints, the major focus of this work was to introduce 

wild-type DAD2 and DAD2 mutant coding sequences into Arabidopsis d14 mutants in order 

to develop a quicker in vivo method for dissecting the function of DAD2 receptor. Some 

petunia transformations to test constructs described in this chapter are underway by Dr Bart 

Janssen of this laboratory, however they were not the main focus of the work described here. 

The DAD2 receptor exhibits conserved function and structure with the other D14 orthologues 

(de Saint Germain et al., 2016; Hamiaux et al., 2012; Kagiyama et al., 2013; Nakamura et al., 

2013; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 2013; Zhao et al., 2015). Previous work 

showed that DAD2 driven by the Cauliflower Mosaic Virus (CaMV) 35S promoter fully 

complements the petunia dad2 mutant (Hamiaux et al., 2012). Therefore, it was hypothesized 

that DAD2 would complement the orthologous d14 mutants of Arabidopsis using the 35S 

promoter as well. 

Wild-type DAD2 and DAD2 mutant constructs carried in binary vectors were transformed 

into Arabidopsis wild-type and d14 mutant plants (section 5.2). The effect of wild-type 

DAD2 in d14 mutant plants was investigated first. Unfortunately, observations from the 
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phenotypic analysis of transgenic plants indicated that wild-type DAD2 did not complement 

Arabidopsis d14-seto mutant plants (section 5.3). Therefore, the remainder of this chapter is 

focused on identifying the factors that prevented wild-type DAD2 from complementing the 

Arabidopsis SL-insensitive mutants. This chapter describes the experiments to test the 

complementation of various Arabidopsis SL-insensitive and SL-deficient mutants by 

wild-type DAD2 expressed from different promoters.  

The biological activity of wild-type DAD2 (and the mutants) was tested first using CaMV 

35S promoter-driven expression in Arabidopsis Col-0 wild-type (section 5.3), SL-insensitive 

d14-seto (section 5.3) and d14-crispr mutant alleles (section 5.4). The DAD2 construct was 

also tested in the SL-insensitive and -deficient d14-crispr max4 background to determine 

whether the absence of SL affects the expression of wild-type DAD2 construct (section 5.5). 

Later, wild-type DAD2 under the control of the Arabidopsis D14 promoter was introduced 

into the d14-crispr background to identify whether the promoter used affected the ability of 

the constructs to complement the d14-crispr mutant phenotype (section 5.6). Transgenic 

petunia expressing the N-terminal 10×Myc-tagged DAD2 wild-type and mutant constructs 

were also examined to determine whether these constructs were expressed in petunia (section 

5.7).  

5.2 The cloning of wild-type DAD2 and DAD2 mutant constructs into 

binary vectors and transformation into Arabidopsis 

To test the biological activity of wild-type DAD2 (and the N242I, S96A/N242I and 

R124S/N242I mutants) in plants, the coding sequences of DAD2 wild-type and mutants were 

generated as an N-terminal 10×Myc-tagged construct within the pDONR221 entry vector. 

The 10×Myc tag was added to allow the detection of DAD2 proteins by western blotting. 

Wild-type and mutated 10×Myc-DAD2 constructs were Gateway-cloned into pHEX2 and 

pXCB1-D14p binary vectors (Figure 5.1) to respectively generate expression clones under 

the control of CaMV 35S and Arabidopsis D14 promoters for Arabidopsis transformation 

(Table 5.1).  

The expression clones were checked by colony PCR, restriction enzyme digestion and 

sequenced to identify the correct final binary vectors. The resulting vectors were transformed 

into Agrobacterium tumefaciens GV3101(pMP90) (section 2.9.2) and subsequently 

transformed into various Arabidopsis wild-type and d14 mutant backgrounds via the floral 

dip method (section 2.23). Plants were screened using kanamycin selection and 

genotyping-PCR to identify transgenic lines (section 2.23.3). 
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Figure 5.1 Representative Figure of the Expression Cassette of pHEX2 and pXCB1-D14p Binary Vectors. 

The expression cassettes of pHEX2 and pXCB1-D14p binary vectors used for the expression of 10×Myc-DAD2 

wild-type or mutant constructs are shown in (A) and (B), respectively. Abbreviations: LB, left border; 

NOS-term, nopaline synthase terminator; nptII gene, neomycin phosphotransferase II gene 

(kanamycin-resistance gene); OCS-term, octopine synthase terminator; RB, right border. 

Table 5.1 Wild-Type DAD2 and DAD2 Mutant Constructs for Expression in Plants. 

Coding Sequence Promoter Protein Tag Expression Construct Nomenclature 

Wild-type DAD2 35S 10×Myc tag 35Spro:10×Myc-DAD2 

 D14 10×Myc tag D14pro:10×Myc-DAD2 

 D14 − D14pro:DAD2 

DAD2S96A mutant 35S 10×Myc tag 35Spro:10×Myc-DAD2S96A 

 D14 10×Myc tag D14pro:10×Myc-DAD2S96A 

DAD2N242I mutant 35S 10×Myc tag 35Spro:10×Myc-DAD2N242I 

DAD2S96A/N242I mutant 35S 10×Myc tag 35Spro:10×Myc-DAD2S96A/N242I 

DAD2R124S/N242I mutant 35S 10×Myc tag 35Spro:10×Myc-DAD2R124S/N242I 

Arabidopsis D14 D14 − D14pro:AtD14 

Abbreviations: 35S, Cauliflower Mosaic Virus 35S promoter; D14, Arabidopsis D14 promoter. 

5.3 Cauliflower Mosaic Virus 35S promoter-driven expression of 

10×Myc-tagged DAD2 wild-type did not complement the Arabidopsis 

d14-seto mutant 

As the first approach to test the biological activity of the DAD2 mutants in plants, the 

35Spro:10×Myc-DAD2, 35Spro:10×Myc-DAD2S96A, 35Spro:10×Myc-DAD2N242I, 

35Spro:10×Myc-DAD2S96A/N242I, 35Spro:10×Myc-DAD2R124S/N242I constructs were 

introduced into Arabidopsis Col-0 wild-type and SL-insensitive d14-seto mutant 

backgrounds (Chevalier et al., 2014). The d14-seto mutant is a loss-of-function allele of 

AtD14 that carries a P169L mutation within the lid domain of AtD14, resulting in increased 

axillary branching and reduced plant height in the mutant plant (Chevalier et al., 2014). 

A T-DNA insertion line (d14-1) characterised to show that no functional transcript was 

produced was also available but this plant line is kanamycin-resistant (Waters et al., 2012b). 
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As a kanamycin marker selection was used in this study to screen for the transgenic plants, 

the d14-seto mutant was used instead of the d14-1 mutant.  

Three independent T3 homozygous lines for each of the wild type and mutant constructs were 

obtained, however only the Col-0 and d14-seto lines transformed with 35Spro:10×Myc-DAD2 

were analysed for height and branching phenotypes to determine whether 10×Myc-DAD2 

can complement the d14-seto mutant (Figure 5.2). Plant height and branching phenotypes 

(the number of primary rosette branches, the number of primary cauline branches, the number 

of higher order branches and the total number of branches) were scored at 42 days 

post-planting. The phenotypic data for plant height, the number of primary rosette branches 

and the total number of branches were sufficient to indicate the differences between the 

transgenic and non-transgenic lines studied, and are presented in Figure 5.2 (see Appendix 

7.4 for additional phenotypic data). 

The d14-seto mutant was compared with the d14-crispr mutant, which is a d14 knockout 

allele developed (by Dr Revel Drummond) using CRISPR/Cas9 gene editing causing a frame 

shift mutation that resulted in a premature stop codon in the coding sequence of AtD14 (see 

section 5.4). The d14-seto mutant had fewer primary rosette branches than d14-cripsr (Figure 

5.2C) although the number of higher order branches and the total number of branches were 

not significantly different between these d14 mutants (Figure 5.2D; Appendix 7.4).  

In the transgenic lines, 35Spro:10×Myc-DAD2 was unable to rescue the highly-branched 

phenotype of the d14-seto mutant compared to non-transgenic d14-seto and did not cause 

any observable differences in the branching phenotype of transgenic Col-0 plants compared 

to non-transgenic Col-0 (Figure 5.2C and D). There was no significant difference in plant 

height observed between the non-transgenic controls and the transgenic lines of Col-0 and 

d14-seto transformed with 35Spro:10×Myc-DAD2 (Figure 5.2B). Due to the lack of 

complementation, each of the transgenic lines was subjected to western blotting and 

reverse-transcription PCR (RT-PCR) analysis to determine whether there were problems 

with the expression of 35Spro:10×Myc-DAD2 construct. The mRNA transcripts from the 

35Spro:10×Myc-DAD2 construct were detected in all of the Arabidopsis T3 lines (Figure 

5.3A). However, no protein could be detected using an antibody against the 10×Myc tag, 

even though this protein was readily detected in transgenic petunia dad2 plants expressing   
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Figure 5.2 Phenotypic Analysis of Three 

Independent T3 Homozygous Lines of 

Arabidopsis Col-0 and d14-seto 

Transformed with 35Spro:10×Myc-DAD2. 

(A) Representative branching phenotype 

and (B – D) quantitative phenotypic 

analysis of three independent T3 

homozygous lines of Arabidopsis Col-0 

and d14-seto transformed with 

35Spro:10×Myc-DAD2. The images in (A) 

are representative of 11 − 12 plants for each 

genotype at 42 days post-planting. 

Quantitative phenotypic data for each 

genotype are represented in each figure as 

follows: (B) height of plants; (C) the 

number of primary rosette branches; and (D) 

the total number of branches. L1 − L3 

indicate three independent T3 homozygous 

lines for the indicated genotypes. 

Non-transgenic Col-0, d14-crispr and 

d14-seto were used as controls. Phenotypes 

were scored at 42 days post-planting. Data 

shown in (B − D) are means ± SEM; 

n = 11 – 12. Statistical significance was 

determined using general ANOVA and 

Tukey’s least significant difference test, 

where different letters show significant 

differences at p<0.05.   
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the 35Spro:10×Myc-DAD2 construct (Figure 5.3B). These results suggest that the 35S 

promoter was able to drive the expression of the 10×Myc-DAD2 construct in the Arabidopsis 

T3 lines. 

 

Figure 5.3 Expression Analysis of Three Independent T3 Homozygous Lines of Transgenic Arabidopsis 

Col-0 and d14 seto Transformed with 35Spro:10×Myc-DAD2. 

(A) RT-PCR analysis showed the presence of 10×Myc-DAD2 mRNA transcripts in the transgenic d14-seto T3 

lines. (B) Western blot (top) showing the absence of detectable 10×Myc-DAD2 protein in the homozygous T3 

lines, and the respective coomassie-stained gel (bottom) from the same blot. The 10×Myc-DAD2 protein was 

detected by immunoblotting with a c-Myc monoclonal antibody. Abbreviations: C, non-transgenic Col-0 

control; d, non-transgenic d14-seto control; L1 – L3, three independent T3 lines expressing 35Spro:10×Myc-

DAD2 in Col-0 or d14-seto background; M, marker; P, transgenic petunia dad2 mutant expressing 

35Spro:10×Myc-DAD2 (positive control). Sizes shown in (A) and (B) correspond to the 1kb Plus DNA standard 

and the SeeBlue® Plus2 pre-stained protein standard, respectively. 

5.4 The 10×Myc-tagged DAD2 wild-type and mutant proteins were not 

detected in the transgenic Arabidopsis d14-crispr lines 

As complementation did not occur using the d14-seto mutant (section 5.3), a d14-crispr 

mutant was next tested for complementation. It was possible that the d14-seto mutant might 

not be a true knockout allele. A double mutant of d14-seto and the max4 SL-deficient mutant 

showed a significantly higher number of primary rosette branches when compared to the 

d14-seto single mutant (Appendix 7.5), suggesting that SL signalling may not be completely 

abolished in the d14-seto mutant. Moreover, the d14-seto mutant has not been biochemically 

characterised to determine its properties in terms of catalysis, conformation, or interactions 
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with MAX2 and SMXLs. It is also unknown whether the D14-seto protein is produced in the 

mutant plants or whether it is properly folded or stable, given that there was only a slight 

reduction in the transcript levels of AtD14 in the d14-seto plants (Chevalier et al., 2014). 

Based on calculations of free energy of unfolding, it was predicted that the D14-seto protein 

has structural stability similar to wild-type AtD14 protein (Chevalier et al., 2014). It is 

possible that the D14-seto mutant protein, if present in the plants, may interfere with the 

function of DAD2 in SL signalling, such as the depletion of SL signal through catalysis by 

D14-seto and this prevents DAD2 from perceiving the hormone ligand to activate signal 

transduction. 

The d14-crispr mutant was preferable for testing the complementation by DAD2/DAD2 

mutants in Arabidopsis as this mutant is more likely to be a complete knockout allele. There 

was no accumulation of AtD14 transcript detected in the d14-crispr mutant (see Figure 5.9A, 

section 5.6), suggesting that d14-crispr may mimic the petunia dad2-3 null allele (Hamiaux 

et al., 2012). The d14-crispr mutant also does not carry the common transgenic kanamycin 

selection marker, unlike the available d14-1 T-DNA insertion line (Waters et al., 2012b). 

Hence, the 35Spro:10×Myc-DAD2, 35Spro:10×Myc-DAD2S96A, 35Spro:10×Myc-

DAD2N242I, 35Spro:10×Myc-DAD2S96A/N242I, 35Spro:10×Myc-DAD2R124S/N242I 

constructs were introduced into the Arabidopsis d14-crispr mutant line.  

As previous experiment did not show complementation (section 5.3), it was decided to 

analyse these plants in a T1 generation screen. The transgenic T1 lines of each construct were 

scored for height and primary rosette branches at 14 weeks post-planting. All of the T1 lines 

that were transgenic for wild-type DAD2, S96A, N242I, S96A/N242I and R124S/N242I 

constructs showed similar height and a high number of primary rosette branches (more than 

10 branches), except for the S96A mutant (Figure 5.4). However, only two lines were 

generated for the S96A construct, so a conclusion for this construct should be interpreted 

with caution. The mRNA transcripts (Figure 5.5A) for wild-type DAD2 and N242I constructs 

were detected in the T1 lines, but no proteins were detected in western blots (Figure 5.5B) 

using an antibody to the 10×Myc-tag. These results demonstrate that the lack of detectable 

10×Myc-DAD2 protein in the transgenic d14-crispr T1 lines was not affected by the genotype 

of the Arabidopsis d14 mutant used in the complementation study. 
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Figure 5.4 Phenotypic Analysis of Transgenic Arabidopsis d14 crispr T1 Lines Transformed with 

35Spro:10×Myc-DAD2, 35Spro:10×Myc-DAD2S96A, 35Spro:10×Myc-DAD2N242I, 35Spro:10×Myc-

DAD2S96A/N242I and 35Spro:10×Myc-DAD2R124S/N242I. 

(A) Plant height and (B) primary rosette branches of transgenic Arabidopsis d14 crispr T1 lines transformed 

with 35Spro:10×Myc-DAD2 (WT, wild-type DAD2) (n = 10), 35Spro:10×Myc-DAD2S96A (S96A) (n = 2), 

35Spro:10×Myc-DAD2N242I (N242I) (n = 4), 35Spro:10×Myc-DAD2S96A/N242I (S96A/N242I) (n = 10) and 

35Spro:10×Myc-DAD2R124S/N242I (R124S/N242I) (n = 10). Characters were quantified during seed collection 

at 14 weeks post-planting. Data shown are means ± SEM. No control lines were included in this analysis. 

Statistical significance was determined using general ANOVA and Tukey’s least significant difference test, 

where different letters show significant differences at p<0.05. 

 

 

Figure 5.5 Expression Analysis of 

Transgenic Arabidopsis d14-crispr T1 

Lines Transformed with 

35Spro:10×Myc-DAD2 and 35Spro:10×Myc-

DAD2N242I. 

(A) RT-PCR analysis showed the presence 

of 10×Myc-DAD2 and 10×Myc-

DAD2N242I mRNA transcripts in the 

transgenic d14-crispr T1 lines. (B) Western 

blot (top) showing the absence of detectable 

10×Myc-DAD2 protein in the Arabidopsis 

T1 lines, and the coomassie-stained gel 

(bottom) from the western blot. The 

10×Myc-DAD2 protein was detected by 

immunoblotting with a c-Myc monoclonal 

antibody. Abbreviations: d, non-transgenic 

d14-crispr control; L1 – L4, T1 lines 

expressing the indicated constructs in d14-

crispr background; M, marker; 

P1, non-transgenic petunia dad2 

control;.P2, transgenic dad2 mutant 

expressing 35Spro:10×Myc-DAD2 (positive 

control). Sizes shown in (A) and (B) 

correspond to the 1kb Plus DNA standard 

and the SeeBlue® Plus2 pre-stained protein 

standard, respectively. 
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5.5 The 10×Myc-tagged DAD2 protein was not detected in the Arabidopsis 

strigolactone-insensitive and -deficient d14-crispr max4 mutant 

Since there was expression of the 35Spro:10×Myc-DAD2 construct but there were no 

detectable proteins, the next question was whether DAD2 was degraded in the presence of 

SL in the transgenic d14-seto and d14-crispr lines. Other studies have shown that AtD14, 

OsD14 and Populus trichocarpa D14a (PtD14a) undergo SL-dependent degradation 

(Chevalier et al., 2014; Hu et al., 2017; Zheng et al., 2016). Therefore, the 

35Spro:10×Myc-DAD2 construct was introduced into the Arabidopsis SL-insensitive and 

SL-deficient d14-crispr max4 double mutant with the aim of examining whether the 

10×Myc-tagged DAD2 protein can be detected in a strigolactone-deficient background. As 

this was a T1 screen for the d14-crispr max4 lines transgenic for 10×Myc-DAD2, 

kanamycin-resistant controls were used so that the growth conditions for both the controls 

and the T1 lines were the same. The Col-0 wild-type control used was a kanamycin-resistant 

line carrying a 35Spro:GUS construct, whereas the Arabidopsis d14 control used was the 

well-characterised d14-1 T-DNA insertion line (Waters et al., 2012b). 

Western blot analysis of the d14-crispr max4 T1 lines that were transformed with 

35Spro:10×Myc-DAD2 showed no detectable 10×Myc-DAD2 protein in these lines (Figure 

5.6) (also see Appendix 7.6 for genotyping-PCR screen of the same T1 lines used in the 

western blot analysis). These results suggest that the absence of detectable 10×Myc-DAD2 

protein in the transgenic d14-crispr max4 T1 lines might not be due to SL-dependent 

degradation.  

Phenotypic analysis showed that 35Spro:10×Myc-DAD2 did not complement the 

d14-crispr max4 T1 lines in terms of plant height and the number of primary rosette branches 

at 42 days post-planting compared to the Col-0 and d14-1 controls (Figure 5.7). Given that 

the d14-crispr max4 double mutant is SL-deficient, complementation of the highly-branched 

phenotype should not occur because a functional DAD2, if present in the plants, requires SL 

to initiate the signal transduction pathway for branching inhibition (Hamiaux et al., 2012; 

Sorefan et al., 2003). 
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Figure 5.6 Western Blot Analysis of 

Transgenic Arabidopsis d14-crispr 

max4 T1 Lines Transformed with 

35Spro:10×Myc DAD2. 

Western blot (top) showing the 

absence of detectable 10×Myc-

DAD2 protein in the T1 lines, and the 

respective Ponceau staining (bottom) 

of the same blot. The 10×Myc-DAD2 

protein was detected by 

immunoblotting with a c-Myc 

monoclonal antibody.  

Abbreviations: C, transgenic Col-0 homozygous line expressing 35Spro:GUS (negative control); d, d14-1 

T-DNA line (negative control); L1 – L6, six T1 lines transgenic for 35Spro:10×Myc-DAD2 in d14-crispr max4 

background; M, marker; P, petunia dad2 mutant expressing 35Spro:10×Myc-DAD2 (positive control). Sizes 

shown correspond to the SeeBlue® Plus2 pre-stained protein standard.  

 

 

Figure 5.7 Phenotypic Analysis of 

Transgenic Arabidopsis d14-crispr 

max4 T1 Lines Transformed with 

35Spro:10×Myc-DAD2. 

(A) Representative branching phenotype 

and (B and C) quantitative phenotypic 

analysis of transgenic Arabidopsis 

d14-crispr max4 T1 lines transformed 

with 35Spro:10×Myc-DAD2. The images 

in (A) are representative of 12 plants for 

each genotype at 42 days post-planting. 

Plant height (B) and primary rosette 

branches (C) were scored at 42 days post-

planting. Transgenic Col-0 homozygous 

line expressing 35Spro:GUS and d14-1 

T-DNA line were used as controls. Data 

are means ± SEM; n = 12. Statistical 

significance was determined using 

general ANOVA and Tukey’s least 

significant difference test, where 

different letters show significant 

differences at p<0.05. 
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5.6 Arabidopsis D14 promoter-driven expression of 10×Myc-tagged DAD2 

wild-type did not complement the Arabidopsis d14-crispr mutant 

The DAD2 protein was not detected in the transgenic d14-seto, d14-crispr and d14-crispr 

max4 lines under the control of 35S promoter and no complementation of the mutant plants 

was observed. The next question was whether the 35S promoter provided expression of the 

10×Myc-DAD2 construct in the appropriate organs (e.g. the axillary meristems) to allow a 

branching inhibition effect. The 35S promoter is a constitutive promoter that shows high 

levels of expression in most parts of the plant, but expression from the 35S promoter is 

weaker in the apical meristem (Benfey & Chua, 1990; Benfey, Ren, & Chua, 1989; Holtorf, 

Apel, & Bohlmann, 1995). There are some instances showing successful complementation 

of Arabidopsis d14 mutants by AtD14, OsD14, PtD14a and Dendranthema grandiflorum 

D14 (DgD14) using the 35S promoter (Wen et al., 2015; Yao et al., 2016; Yao et al., 2018b; 

Zheng et al., 2016). For OsD14, however, a greater proportion of transgenic d14 mutant lines 

were complemented using the Arabidopsis D14 promoter compared to the 35S promoter 

(Yao et al., 2018b). Other complementation studies of the Arabidopsis d14 mutant reported 

so far have used the Arabidopsis D14 promoter to drive the expression of the construct of 

interest (Chevalier et al., 2014; de Saint Germain et al., 2016; Waters et al., 2015).  

To rule out the possibility of differential expression of the 10×Myc-DAD2 construct in the 

appropriate tissues, a pXCB1-D14p binary vector (constructed by Dr Revel Drummond) 

containing the Arabidopsis D14 promoter and a kanamycin selection marker was used to 

express 10×Myc-DAD2 wild-type (D14pro:10×Myc-DAD2), 10×Myc-DAD2S96A 

(D14pro:10×Myc-DAD2S96A), untagged DAD2 (D14pro:DAD2) and the coding sequence of 

Arabidopsis D14 (D14pro:AtD14) in the d14-crispr mutant background. The untagged DAD2 

was used as a control to determine whether the inability of 10×Myc-DAD2 to complement 

the d14 mutant was due to the addition of an N-terminal 10×Myc tag. Plant height and the 

number of primary rosette branches of the transgenic T1 lines were measured at 49 days 

post-planting (Figure 5.8). Comparison between the untransformed d14-crispr and the d14-1 

controls showed that the d14-crispr mutant was similar to the d14-1 mutant line in plant 

height and the number of primary rosette branches (Figure 5.8B and C).  

There was no complementation observed for plant height and primary rosette branches for 

the d14-crispr T1 lines transformed with D14pro:10×Myc-DAD2, 

D14pro:10×Myc-DAD2S96A and D14pro:DAD2 (Figure 5.8B and C). The number of primary 

rosette branches of these lines were not significantly different from the untransformed 
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d14-crispr and d14-1 controls. However, D14pro:AtD14 fully complemented the d14-crispr 

mutant and reverted the branching phenotype to wild-type, compared to the Col-0 control 

(Figure 5.8C), demonstrating that the D14 promoter was able to drive the expression of the 

constructs introduced. An independent replication of the phenotypic analysis presented in 

Figure 5.8 also showed similar observations (Appendix 7.7). 

 

 

Figure 5.8 Phenotypic Analysis of Transgenic Arabidopsis d14-crispr T1 Lines Transformed with 

D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, D14pro:DAD2 and D14pro:AtD14. 

(A) Representative branching phenotype and (B and C) quantitative phenotypic analysis of transgenic 

Arabidopsis d14-crispr T1 lines transformed with D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, 

D14pro:DAD2 and D14pro:AtD14 constructs. The images in (A) are representative of 9 – 12 plants for each 

genotype at 49 days post-planting. Plant height (B) and primary rosette branches (C) were scored at 49 days 

post-planting. Transgenic Col-0 homozygous line expressing 35Spro:GUS, non-transgenic d14-crispr and d14-1 

were used as controls. Data are means ± SEM; n = 9 – 12. Statistical significance was determined using general 

ANOVA and Tukey’s least significant difference test, where different letters show significant differences at 

p<0.05. 
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RT-PCR analysis (Figure 5.9A) showed that mRNA transcripts were detected in all of the 

T1 lines transformed with D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, 

D14pro:DAD2 and D14pro:AtD14 using primers specific for DAD2 and AtD14, respectively.  

 

Figure 5.9 Expression Analysis of Transgenic Arabidopsis d14-crispr T1 Lines Transformed with 

D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, D14pro:DAD2 and D14pro:AtD14. 

(A) RT-PCR analysis showed the presence of 10×Myc-DAD2, 10×Myc-DAD2S96A, untagged DAD2 and 

untagged AtD14 mRNA transcripts in the transgenic d14-crispr T1 lines. Genomic DNA extracted from a 

transgenic d14-crispr T1 line expressing D14pro:AtD14 (indicated by “G”) was used as a positive control for the 

AtD14 mRNA transcript analysis. A control PCR (not shown) was carried out to confirm that there were no 

contaminating genomic DNA in the RNA samples for all of the transgenic lines tested in (A). (B) Western blot 

(top) showing the absence of detectable 10×Myc-DAD2 protein in the Arabidopsis T1 lines, and the respective 

Ponceau staining (bottom) of the same blot. The 10×Myc-DAD2 protein was detected by immunoblotting with 

a c-Myc monoclonal antibody. Abbreviations: C, transgenic Col-0 homozygous line expressing 35Spro:GUS 

(negative control); d, non-transgenic d14-crispr (negative control); L1 – L3, independent lines expressing the 

indicated constructs using the D14 promoter in d14-crispr background; M, marker; P1 and P2, two independent 

lines of transgenic petunia dad2 expressing 35Spro:10×Myc-DAD2 (positive control). Sizes shown in (A) and 

(B) correspond to the 1kb Plus DNA standard and the SeeBlue® Plus2 pre-stained protein standard, respectively.  
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The endogenous AtD14 transcript did not accumulate in the d14-crispr mutant, as observed 

by the negligible amount of AtD14 transcript detected in the RT-PCR analysis. However, 

there was no detectable protein for 10×Myc-DAD2 and 10×Myc-DAD2S96A in the 

d14-cripsr T1 lines tested using western blot (Figure 5.9B). The untagged DAD2 and AtD14 

were not detected using western blot because these constructs were not fused to a protein tag 

and there was no antibody available to detect these proteins. 

Both independent experiments presented in Figure 5.8 and Appendix 7.7 showed the number 

of primary rosette branches of the transgenic d14-crispr T1 lines expressing DAD2, either 

10×Myc-tagged or untagged was not significantly different compared to the non-transgenic 

d14-crispr control. These results suggest that the lack of complementation of the d14-crispr 

T1 lines by DAD2 was not due to the effect of the 10×Myc tag on the expression of DAD2. 

5.7 Detection of the 10×Myc-tagged DAD2 wild-type and DAD2 mutant 

proteins in transgenic petunia 

Petunia is the ideal model to test the functions of the DAD2 receptor. Efforts had been made 

to transform the 35Spro:10×Myc-DAD2, 35Spro:10×Myc-DAD2N242I, 35Spro:10×Myc-

DAD2S96A/N242I and 35Spro:10×Myc-DAD2R124S/N242I constructs into petunia (both 

wild-type and the dad2 mutant), however the attempts were unsuccessful. Due to time 

constraints, all of the in planta work in this thesis was focused on Arabidopsis 

transformations as discussed earlier in this chapter. All subsequent petunia transformation 

work, including genotyping and screening for positive transformants, was later performed by 

Dr Bart Janssen, while I performed the western blot analysis to check for the expression of 

DAD2 proteins in the transgenic petunia lines. 

Previous work in this laboratory (Hamiaux et al., 2012) demonstrated that 35Spro:DAD2 

reverted the highly-branched phenotype of petunia dad2 mutant to wild-type. A preliminary 

observation of the T1 lines of transgenic petunia dad2 mutants in the current work indicated 

that 35Spro:10×Myc-DAD2 is also able to complement the highly-branched phenotype of the 

dad2 mutants (personal communication, Dr Bart Janssen). Due to a low transformation rate, 

there were a limited number of positive petunia lines transgenic for constructs expressing 

wild-type DAD2 and each of the DAD2 mutants (N242I, S96A/N242I and R124S/N242I). 

At the time when this thesis was written, the T1 lines obtained have only been qualitatively 

observed for the initial branching phenotype as shown in Table 5.2. Further work is required 

to thoroughly phenotype these plants in later generations, as it remains possible that more 

subtle phenotypic changes (such as branching distribution in distinct zones along the 
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monopodial axis or the extent of branching) may be present but were not detected in the 

preliminary observation (Snowden & Napoli, 2003). 

The 10×Myc-DAD2 wild-type and mutant proteins were detected in transgenic petunia 

wild-type and dad2 mutant lines in western blotting using an antibody to the 10×Myc tag, 

demonstrating successful expression of these proteins using the 35S promoter in petunia 

(Figure 5.10). 

5.8 Discussion 

To examine the biological activity of DAD2 mutants in vivo, one approach was to study the 

interactions of DAD2/DAD2 mutants and PhMAX2A in vivo using BiFC. The goal of the 

BiFC experiment was to relate the interaction of the DAD2 mutants and PhMAX2A observed 

in the yeast two-hybrid assays in Chapter 4 with protein-protein interactions occurring in an 

in vivo situation. Substantial effort has been made to optimise the BiFC system generated by 

Gookin and Assmann (2014) for determination of the interaction of DAD2 and PhMAX2A 

in vivo through transient expression in Nicotiana benthamiana leaves. However, it was not 

possible to differentiate the real interaction between DAD2 and PhMAX2A from the 

non-specific background fluorescence (false positive) of the negative controls (Appendix 7.8). 

Considerable efforts have also been made by other members of this laboratory to optimise 

alternative methods, such as FRET (Förster resonance energy transfer) and 

co-immunoprecipitation, for in vivo detection of DAD2-PhMAX2A interaction. 

Unfortunately, these methodologies were also unsuitable. The co-immunoprecipitation 

method produced false positive results, while there was high variability in FRET observed 

between individual nuclei which would cause difficulties in detecting subtle differences 

between the DAD2 mutants in interaction with PhMAX2A (personal communication, 

Dr Kimberley Snowden and Dr Revel Drummond).  

The BiFC method allows visualisation of DAD2-PhMAX2A interaction in vivo, but this 

method does not directly reflect the biological changes (such as shoot branching) that could 

occur due to altered SL signalling. To elucidate whether changes in the biochemical 

properties of DAD2, such as altered catalysis, conformation and/or interaction between 

DAD2 and PhMAX2A, could affect SL signalling in plants, the decision was made to focus 

on transgenic overexpression of DAD2 and selected mutants using Arabidopsis d14 mutants. 
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Table 5.2 The Initial Branching Phenotype of Transgenic Petunia Wild-Type and dad2 T1 Lines 

Transformed with the 35Spro:10×Myc-DAD2, 35Spro:10×Myc-DAD2N242I and 

35Spro:10×Myc-DAD2S96A/N242I Constructs. 

The overall branching phenotype of the T1 lines was only qualitatively observed for whether the plants looked 

wild-type (tall and lesser number of branches), dad2 mutant (dwarf and highly-branched), or intermediate 

between wild-type and the dad2 mutant. The actual number of branches for each line were not counted.  

Construct Background Independent T1 lines Phenotype 

35Spro:10×Myc-DAD2 Wild-type L1 Wild-type 

  L2 Wild-type 

 dad2 L1 Wild-type 

  L2 Wild-type 

  L3 Intermediate 

  L4 Intermediate 

35Spro:10×Myc-DAD2N242I Wild-type L1 Wild-type 

  L2 Wild-type 

  L3 Wild-type 

  L4 Wild-type 

 dad2 L1 Intermediate 

  L2 dad2 

  L3 dad2 

35Spro:10×Myc-DAD2S96A/N242I Wild-type L1 Wild-type 

 

 

 

 

 

 

Figure 5.10 Western Blot Analysis of Transgenic 

Petunia Expressing the 35Spro:10×Myc-DAD2, 

35Spro:10×Myc-DAD2N242I and 35Spro:10×Myc 

DAD2S96A/N242I Constructs. 

Western blot (top) showing the presence of 

detectable 10×Myc-DAD2 protein in the transgenic 

petunia T1 lines, and the respective Ponceau staining 

(bottom) of the same blot. The 10×Myc-tagged 

DAD2 or DAD2 mutant proteins were detected by 

immunoblotting with a c-Myc monoclonal antibody. 

Abbreviations: L1 and L2, independent lines 

expressing the 35Spro:10×Myc-DAD2 construct in 

dad2 background; M, marker. Sizes shown 

correspond to the Novex® Sharp pre-stained protein 

standard.  
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According to the results presented in this chapter, the failure to detect 10×Myc-DAD2 or 

DAD2 mutant proteins in the Arabidopsis wild-type Col-0 and d14 mutants was not due to 

the different d14 mutant backgrounds, the promoters used to express the 10×Myc-DAD2 

constructs, or SL-dependent proteasome-mediated degradation of the 10×Myc-DAD2 

protein in transgenic Arabidopsis. It is also possible the addition of an N-terminal 10×Myc 

tag to DAD2 might not be the reason that the protein was not detectable in the transgenic 

plants, but this does not entirely rule out the possibility that the tag might be affecting the 

biological function of the protein as a receptor rather than affecting its expression. Since 

DAD2 mRNA transcripts were detected but not the proteins, the inability of DAD2 to 

complement Arabidopsis d14 mutants, could be due to possible defects in mRNA processing 

or translation, or folding and stability of DAD2 proteins in Arabidopsis. 

One of the possibilities leading to defective protein production is error in mRNA processing 

due to the presence of cryptic splice sites. Cryptic splice site causes mis-splicing of mRNA, 

altering the open reading frame that can lead to pre-mature stop codons. 

Prematurely-terminated mRNA may or may not trigger nonsense-mediated mRNA decay to 

prevent the accumulation of aberrant transcripts in the cells (Danckwardt et al., 2002). Even 

if the prematurely-terminated mRNA is not degraded, the resulting proteins produced from 

these mRNAs will be degraded via the chaperone/ubiquitin system to prevent these aberrant 

proteins from accumulating in the cells (Kriegenburg, Ellgaard, & Hartmann‐Petersen, 2012; 

Su, Liu, Xia, Hong, & Li, 2011). 

Additional experiments carried out by Dr Revel Drummond of this laboratory on the 

Arabidopsis transgenic plants produced from this work has subsequently identified a cryptic 

splice site at the original 3' position of the intron in the DAD2 construct (personal 

communication, Dr Revel Drummond). This suggests that the cryptic splice site in the DAD2 

mRNA was possibly recognised by the Arabidopsis spliceosome machinery as an authentic 

splice site and resulted in mis-splicing of the DAD2 mRNA transcript. Mis-splicing of the 

DAD2 mRNA caused a shift in the open reading frame of the DAD2 coding sequence, which 

resulted in a premature stop codon a few residues after the cryptic splice site and removing 

most of the protein. This mis-splicing event might have led to the degradation of DAD2 

mRNA and/or protein in Arabidopsis, suggesting a reason why the 10×Myc-DAD2 protein 

was not detected in the plants.  

RT-PCR analyses using primers complementary to the 5' and 3' ends of the DAD2 coding 

sequence showed that there were mixtures of full-length and mis-spliced DAD2 transcripts 
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in the transgenic Arabidopsis lines transformed with 10×Myc-DAD2 and untagged DAD2 

(personal communication, Dr Revel Drummond). During the course of troubleshooting the 

problems with the expression of DAD2 in Arabidopsis presented in this chapter, it was 

unexpected that a cryptic splice site was present in the middle of the DAD2 coding region. 

The RT-PCR analyses (Figure 5.3A, 5.5A and 5.9A) of the DAD2 transcript in this work 

were carried out using primers targeting sequences after the cryptic splice site in the coding 

region of DAD2. Therefore, the RT-PCR analyses shown in Figure 5.3A, 5.5A and 5.9A 

possibly detected only the full-length transcript, but not the mis-spliced transcript of DAD2.  

Apart from a cryptic splice site, other possibilities that hindered the production of DAD2 

protein in Arabidopsis such as codon usage bias and protein instability should not be excluded, 

since some amount of full-length DAD2 transcripts were detected in the transgenic d14 

mutants. The usage of rare codons could hamper the effective translation of mRNA transcript 

and co-translational protein folding (Buhr et al., 2016; Yu et al., 2015). Rare codons 

(non-optimal codons) are often low in abundance in a cell and thus the lack of availability of 

these specific codons stalls the translation process by impacting ribosome translocation and 

protein synthesis (Presnyak et al., 2015). Codon usage also determines the translation 

elongation rate and indirectly affects co-translational folding. Structured regions/domains of 

a protein are usually encoded by optimal codons to enhance translation elongation rate for 

high translational fidelity, while unstructured regions are encoded by non-optimal codons so 

that elongation rate is reduced to allow proper co-translational folding of protein domains 

(Buhr et al., 2016; Yu et al., 2015). There are instances in which a petunia gene has been used 

to complement an orthologous Arabidopsis mutant. For example, the full-length cDNA copy 

of petunia MAX1 (PhMAX1) and MAX2A (PhMAX2A) genes, driven by the 35S promoter, 

complemented the equivalent max1 and max2 mutants in Arabidopsis and reverted the 

branching phenotype of these mutants to wild-type (Drummond et al., 2012). Codon 

optimisation of DAD2 for expression in Arabidopsis was not carried out because it was 

anticipated that DAD2 would be able to complement an Arabidopsis mutant, given the high 

amino acid sequence identity between DAD2 and AtD14 (Hamiaux et al., 2012; Yao et al., 

2016; Yao et al., 2018b; Zhao et al., 2013). 

An approach to potentially overcome the problem of cryptic splice site and codon usage bias 

is to codon-optimise the sequence of DAD2 for expression in Arabidopsis. Codon 

optimisation may remove the cryptic splice site in DAD2 to avoid mis-splicing of the DAD2 

transcript in Arabidopsis.  
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Protein folding and stability could also be a limiting factor in the effective expression of 

DAD2 in Arabidopsis. Sequence alignment of DAD2/D14 from a few different species 

showed that a few regions in the amino acid sequences of petunia and tomato are different 

from the other species (Figure 5.11). One example is the H239-W-L-N-I243 amino acid 

sequence in petunia and tomato. Most of the other species in the multiple sequence alignment 

have the E240-X-L-X-T244 sequence with conserved E240, L242 and T244 residues at 

corresponding positions (Figure 5.11). It is also noteworthy that the N242I mutant 

characterised in Chapter 4 has a N242 to I242 mutation within this region of the DAD2 

protein that possibly altered the overall folding structure of DAD2. Misfolded proteins can 

be subjected to degradation via the chaperone/ubiquitin system (Kriegenburg et al., 2012; Su 

et al., 2011). Currently, it is unknown whether these differences in amino acid sequence 

between DAD2 and AtD14 pose a limitation to proper folding of DAD2 in Arabidopsis. If 

DAD2 was misfolded in Arabidopsis, then the DAD2 protein could have been subjected to 

degradation, explaining why the 10×Myc-DAD2 mRNA transcript was detectable but not the 

protein. The approach to test this hypothesis is to modify the five amino acid sequence of 

H239-W-L-N-I243 in DAD2 to the E240-T-L-K-T244 amino acid sequence in AtD14 and 

elucidate whether the resulting modified DAD2 protein can be produced in Arabidopsis. 

Expressing AtD14 under the control of 35S promoter in petunia may investigate whether 

AtD14 can in turn complement the petunia dad2 mutant. Although this approach may not 

explain why the reciprocal expression of DAD2 in Arabidopsis did not work, it will at least 

show whether the inability of DAD2 to complement the Arabidopsis d14 mutant is 

species-specific. 

A recent study using kai2 mutant alleles showed that certain mutations on the KAI2 protein, 

particularly mutations involving amino acids located internally within the core α/β hydrolase 

fold may impair protein folding and stability. As a result, there were no accumulations of 

KAI2 mutant proteins in the kai2 mutant plants (Yao et al., 2018a). Although wild-type 

DAD2 protein was also undetected in the transgenic Arabidopsis lines over-expressing 

10×Myc-DAD2 construct (Figure 5.3B, 5.5B, 5.6 and 5.9B), it remains a possibility that 

mutations on the DAD2 protein may render the mutant proteins unstable and prone to 

proteolysis. 
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Figure 5.11 Comparison Between DAD2 and D14 Orthologues. 

(A) Multiple sequence alignment of DAD2/D14 orthologues. The N-terminal residues of SbD14 (residues 

1 – 46), ZmD14 (residues 1 – 24) and OsD14 (residues 1 – 50) are not shown in this figure. The regions of 

amino acid sequences in petunia and tomato that are different from the other species are highlighted in boxes. 

The H239-W-L-N-I243/ E240-X-L-X-T244 region is highlighted in a red box. (B) Overall cavity entrance view 

and (C) a close-up side view of the ribbon representation of DAD2 (cyan) superimposed onto AtD14 (yellow) 

showing the H239-W-L-N-I243 region (highlighted in blue) in DAD2 and the equivalent E240-T-L-K-T244 

region (highlighted in red) in AtD14. Species naming is as follows: Sb for Sorghum bicolor; Zm for Zea mays; 

Os for Oryza sativa; At for Arabidopsis thaliana; Pt for Populus trichocarpa; Ps for Pisum sativum; Ph for 

Petunia hybrida; Sl for Solanum lycopersicum; Dg for Dendranthema grandiflorum. Accession numbers for 

the proteins are as follows: C5WTS6 for SbD14; K7VKR9 for ZmD14; Q10QA5 for OsD14; Q9SQR3 for 

AtD14; B9GNP9 for PtD14a; A0A109QYD3 for PsRMS3; J9U5U9 for PhDAD2; K4BUM3 for SlDAD2; 

A0A0B5ABT1 for DgD14. Sequences were aligned with ClustalW alignment using the Geneious R10 software 

package. Structure of DAD2 and AtD14 are sourced from Hamiaux et al. (2012) and Zhao et al. (2013); DAD2 

PDB ID code 4DNP; AtD14 PDB ID code 4IH4. 
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6 Concluding Discussion 

Shoot branching is considered an important agronomic trait that governs plant architecture, 

which in turn determines crop yield. Since the identification of SL as a hormone that regulates 

plant developmental processes, especially shoot branching (Gomez-Roldan et al., 2008; 

Umehara et al., 2008), extensive studies have been conducted worldwide to unravel the 

mechanisms involved in perceiving the SL molecule in plants.  

The SL receptor DAD2 (and its D14 orthologues) is an enzyme-receptor, which perceives 

and hydrolyses its hormone ligand, changes in conformation, and interacts with its signalling 

partner PhMAX2A and target protein PhD53A, to trigger the SL signal transduction pathway 

(de Saint Germain et al., 2016; Hamiaux et al., 2012; Hamiaux et al., 2018; Jiang et al., 2013; 

Kagiyama et al., 2013; Liang et al., 2016; Nakamura et al., 2013; Wang et al., 2015; Yao et 

al., 2016; Yao et al., 2018b; Zhao et al., 2014; Zhao et al., 2013; Zhao et al., 2015; Zhou et 

al., 2013). Disrupting either SL hydrolysis or interaction with PhMAX2A causes defective 

SL signalling, resulting in increased axillary branching in plants (de Saint Germain et al., 

2016; Hamiaux et al., 2012; Yao et al., 2016). However, there are questions relating to SL 

perception by DAD2 that remain to be addressed. First, how SL hydrolysis/binding and 

conformational changes in DAD2 correlate with interactions with PhMAX2A and PhD53A? 

Second, is SL hydrolysis, conformational change or interaction with PhMAX2A and 

PhD53A the crucial process that initiates the SL signal transduction pathway to regulate 

branching in plants? 

To address the above stated questions and to understand the role of SL hydrolysis, 

conformational change and interaction with PhMAX2A and PhD53A in SL signal reception 

by DAD2, the goals of this thesis were, (1) to investigate the function of catalysis and 

conformational changes of DAD2 and their contributions towards interaction with 

PhMAX2A and PhD53A, and (2) to examine whether either catalysis, conformational change 

or interaction with PhMAX2A/PhD53A is sufficient to trigger the SL signalling mechanism. 

To achieve these goals, a mutagenesis approach was used to alter the DAD2 protein in an 

attempt to separate the catalytic activity of DAD2 from DAD2-PhMAX2A interaction. The 

mutagenesis experiments also aim to generate SL-independent mutants that can potentially 

interact with PhMAX2A, which might also have altered conformation. 

The general implications and contribution of the results obtained in the research conducted 

to address these goals are discussed below. The significance of understanding the SL 

signalling pathway in agriculture is also discussed in this chapter, together with some 
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consideration of possible future experiments that might further clarify the mechanisms 

involved in SL signalling. 

6.1 A proposed model for the perception of strigolactone and signal 

transduction 

A postulated model (Figure 6.1) for SL perception by its receptor DAD2/D14/RMS3 has 

been suggested through the work of this laboratory (Hamiaux et al., 2012; Hamiaux et al., 

2018) and also those of others (de Saint Germain et al., 2016; Kagiyama et al., 2013; 

Nakamura et al., 2013; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 2013; Zhao et al., 

2015). As reviewed in Chapter 1 (section 1.4), three main processes (hydrolysis, 

conformational changes, and interactions with the SCF complex and target proteins) are 

involved in the perception and transmission of the SL signal via DAD2. Each of these 

processes depicted in Figure 6.1 are discussed below.  

6.1.1 DAD2 slowly hydrolyses strigolactone 

The first step (step 1 in Figure 6.1) in SL signalling is the perception and hydrolysis of SL 

by its receptor DAD2. DAD2 binds to and hydrolyses SL to produce the ABC-moiety and 

the butenolide D-ring through a mechanism catalysed by the S96-H246-D217 catalytic triad 

residing within the cavity of the enzyme (Figure 6.1) (de Saint Germain et al., 2016; Hamiaux 

et al., 2012; Hamiaux et al., 2018; Nakamura et al., 2013; Yao et al., 2016; Yao et al., 2018b; 

Zhao et al., 2013; Zhao et al., 2015). The catalytic activity of DAD2 is very slow (0.093 

molecules of YLG per min) as determined using an in vitro YLG kinetic assay (section 4.5; 

Figure 4.5 and Table 4.2) (Hamiaux et al., 2012; Hamiaux et al., 2018). Similar slow catalysis 

was also observed for AtD14, OsD14 and RMS3 (de Saint Germain et al., 2016; Hamiaux et 

al., 2018; Tsuchiya et al., 2015). One might think that DAD2 hydrolyses the SL molecule to 

produce active signals that in turn activate the receptor for transmission of the hormonal 

signal, however the ABC- and D-ring hydrolysis products of SL are biologically inactive 

with respect to shoot branching (Boyer et al., 2012; Hamiaux et al., 2012; Nakamura et al., 

2013; Umehara et al., 2015). Given that catalysis is very slow, it is plausible that DAD2 does 

not function as an enzyme to produce bioactive products, but instead the catalytic mechanism 

itself is the initial step that activates SL signal transduction.  

While yet to be shown for DAD2 in petunia, the hydrolysis of SL by D14/RMS3 in 

Arabidopsis, rice and pea triggers the formation of a covalent linkage between the butenolide  
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Figure 6.1 The Current Model of 

SL Signalling Mechanism. 

(1) In the open conformation, SL 

binds in the cavity of the DAD2 

receptor. SL is hydrolysed by DAD2, 

the ABC-ring is released and the 

D-ring remains bound within the 

cavity of DAD2. (2) DAD2 

conformational changes induced by 

SL hydrolysis facilitate interaction 

with PhMAX2A (an F-box protein, 

part of the SCF (Skp1-Cullin1-F-box 

protein) complex) and the target 

protein, PhD53A. (3) Formation of 

the ternary complex leads to 

polyubiquitination of PhD53A and 

proteasome-mediated degradation of 

PhD53A. The degradation of 

PhD53A ultimately results in changes 

to developmental processes such as 

the inhibition of shoot branching, and 

changes in root architecture and leaf 

morphology. After signalling, DAD2, 

either with the D-ring released (4A) 

or remaining bound within the active 

site cavity (4B), may be 

polyubiquitinated by the SCF 

complex for degradation via the 26S 

proteasome. 
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D-ring of SL with the catalytic histidine (H247 in AtD14/RMS3 and H297 in rice) within the 

cavity of the receptor (de Saint Germain et al., 2016; Yao et al., 2016; Yao et al., 2018b). As 

reviewed in section 1.4.1, compounds that can neither be hydrolysed by D14/RMS3 

(carba-GR24) nor generate a D-ring covalent linkage to the histidine residue of the catalytic 

triad upon hydrolysis by D14/RMS3 ((±)-GC486)) are biologically inactive (de Saint 

Germain et al., 2016; Yao et al., 2016). These findings support the hypothesis that both 

catalysis and D-ring binding must occur in order to initiate SL signal transduction.  

It is debatable whether DAD2 acts as a single turnover enzyme where the D-ring remains 

bound inside the active site cavity and inhibits further catalytic reactions, or whether DAD2 

acts as a catalyst that hydrolyses SL, forms a covalent linkage with the D-ring to transmit the 

signal and then releases the D-ring to catalyse the hydrolysis of a fresh SL molecule. RMS3 

has been suggested to catalyse the hydrolysis of only one molecule of (±)-GC242 (a bioactive 

SL analogue), in which the formation of a covalent linkage between the D-ring and the H247 

residue of RMS3 inhibits further hydrolysis reactions (de Saint Germain et al., 2016). The 

(±)-GC242 probe kinetic assay used to study the enzyme activity of RMS3 was conducted 

within a short period of time (30 min). It remains to be seen whether this time-point is 

sufficient to conclude that RMS3 catalyses the hydrolysis of only one molecule of SL as there 

could be further slow hydrolysis if the reaction was carried out for a longer period of time. 

The kinetic assay used in this work indicates that DAD2 is capable of catalysing more than 

one reaction, at least in vitro, as observed from the time course YLG hydrolysis curve (Figure 

4.5 in section 4.5; Figure 7.8 in Appendix 7.3) and also calculated from the kcat parameter 

(Table 4.2 in section 4.5). DAD2 probably hydrolyses SL, the D-ring forms a covalent 

linkage with the H246 residue, then a second step occurs to hydrolyse the D-ring and releases 

it (Yao et al., 2016), allowing DAD2 to hydrolyse another SL molecule in vitro. It is also 

possible that in the presence of PhMAX2A or other protein partners (probably PhD53A), the 

enzyme activity of DAD2 could be inhibited by the signalling partners after a single 

hydrolysis reaction. In AtD14, the release of the D-OH ring from AtD14 is significantly 

reduced in the presence of D3-ASK1, suggesting that D3 inhibits the enzyme activity of 

AtD14 when AtD14 interacts with D3 upon SL hydrolysis (Yao et al., 2016). Given the 

current contrasting evidence on the catalytic activity of DAD2/D14 and RMS3, it should be 

noted that these findings have been obtained in vitro and may not be indicative of what 

happens in vivo. 



 

132 

 

6.1.2 Conformational changes of DAD2 facilitate interaction with PhMAX2A 

Given that DAD2 is also a receptor, such a slow hydrolysis and covalent linkage of the D-ring 

within the cavity of DAD2 might function in priming the receptor into a conformation 

required for interaction with the signalling partner and target protein(s) (step 2 in Figure 6.1). 

Indeed, the DAD2 receptor does change in conformation to interact with its signalling partner 

PhMAX2A. The N242I mutant of DAD2 generated in this research, whose mutation affects 

a residue residing on the surface of the core α/β hydrolase fold of the protein, displayed 

increased interaction with PhMAX2A in a SL-independent manner (Figure 4.1A; section 

4.2.1), suggesting that catalysis can be uncoupled from the interaction of DAD2 and 

PhMAX2A. The N242I mutant may well have a conformation that reflects the SL-activated 

conformation of DAD2 with similar melting temperatures observed between the N242I 

mutant and wild-type DAD2 with GR24 (Figure 4.4B and Table 4.1; section 4.4). A mutant 

that can interact with PhMAX2A without requiring SL hydrolysis and possibly possesses a 

conformation that mimics the SL-induced conformation of DAD2 could suggest that 

conformational change of DAD2 is the crucial mechanism that transduces the SL signal 

downstream through the interaction with PhMAX2A. In this case, catalysis may merely be a 

process that induces DAD2 conformational change. 

Currently, there is still insufficient information connecting SL hydrolysis to the 

conformational change of DAD2, especially the active conformation of DAD2 after SL 

hydrolysis and before PhMAX2A binds. As reviewed in Chapter 1, a few studies have 

attempted to crystallise the OsD14 protein with an intact GR24 (Zhao et al., 2015), a GR24 

hydrolysis intermediate (TMB) (Zhao et al., 2013), or the D-OH ring (Nakamura et al., 2013) 

bound within the cavity of the protein (Figure 1.8; section 1.4.2) to determine how GR24 

binds to D14 and also to examine the extent of conformational change in DAD2 upon 

GR24-binding and/or hydrolysis. However, none of these structures is substantially different 

from apo-D14. The proposed ligands bound within the cavity of OsD14 all lack electron 

density in the ligand-binding cavity that connects those molecules to the peptide backbone 

of OsD14, suggesting low occupancy of these molecules in the cavity of OsD14 (Carlsson et 

al., 2018). Whether these crystal structures of OsD14 really contain the proposed GR24, 

TMB or D-OH ligand bound within the cavity warrants further investigation. It is possible 

that the conformational transition induced by SL is transient and unstable, and may not be 

supported by the crystal lattice packing of OsD14 during crystallisation, therefore apo-D14 

was instead crystallised without a ligand.  
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The hypothesis that conformational change of DAD2 is the crucial mechanism that facilitates 

interaction with PhMAX2A to activate SL signal transduction is further supported by the 

structural characterisation of AtD14 in complex with D3 and ASK1 (Yao et al., 2016). As 

reviewed in section 1.4.2 (Figure 1.9), GR24 hydrolysis and interaction with D3-ASK1 

resulted in a drastic conformational change in AtD14 that led to the collapse of the lid domain 

of AtD14 from four helices to three helices which then closed the cavity entrance and trapped 

the putative GR24 hydrolysis intermediate CLIM within the cavity of AtD14 (Yao et al., 

2016).  

Based on the structure of the AtD14-D3-ASK1 complex (Figure 1.9; section 1.4.2), it is 

convincing that the conformational change of AtD14 allows the lid domain and part of the 

core α/β hydrolase fold to be in direct interaction with D3 (Yao et al., 2016). Other regions 

of the core α/β hydrolase fold of AtD14 such as the Q214-A222 loop (Figure 4.6; section 

4.6.1) located at the cavity entrance of AtD14 might play an indirect role in aiding the overall 

conformational change of AtD14 to interact with D3 (Yao et al., 2016). Although there is 

lack of supportive structural evidence on the occupancy of the CLIM molecule within the 

cavity of AtD14 in complex with D3-ASK1 (reviewed in Chapter 1; section 1.4.2) (Carlsson 

et al., 2018), mass spectrometry experiments have shown covalent linkage of the D-ring to 

the H247 residue of AtD14 upon SL hydrolysis. (Yao et al., 2016; Yao et al., 2018b). It 

remains to be elucidated how the D-ring interacts with residues within the cavity of AtD14 

to trigger the conformational change required for AtD14 to interact with D3-ASK1 if the 

CLIM molecule was not crystallised together with AtD14 in the AtD14-D3-ASK1 complex. 

Nonetheless, the structural findings indeed suggest that a conformational change in AtD14 

induced by SL has to occur for interaction with D3. 

Our current understanding regarding the correlation of SL hydrolysis and D-ring binding with 

conformational change and PhMAX2A interaction remains incomplete. It is unknown 

whether SL hydrolysis triggers a conformational change involving the lid domain to trap the 

D-ring in the cavity so that PhMAX2A can bind to the active conformation of DAD2. 

Alternatively, SL hydrolysis may destabilise DAD2 to allow a conformational change in 

DAD2 that is ultimately driven by the interaction with PhMAX2A, thus trapping the D-ring 

within the cavity of DAD2.  

6.1.3 DAD2 has different interaction surfaces for PhMAX2A and PhD53A 

The next step in the process that occurs in concomitance, if not sequentially, with 

DAD2-PhMAX2A binding is the recruitment of the target protein(s) to the SCF complex 
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(step 3 in Figure 6.1). D53 in rice and SMXL6,7,8 in Arabidopsis (orthologues of PhD53A 

in petunia) have been identified as target proteins specific for the SL signalling pathway. 

PhD53A/D53/SMXL6,7,8 functions as transcriptional regulators that suppress SL signalling 

(reviewed in section 1.3.3.1; Chapter 1) (Hamiaux et al., 2018; Jiang et al., 2013; Liang et 

al., 2016; Ma et al., 2017; Song et al., 2017; Soundappan et al., 2015; Wang et al., 2015; 

Zhou et al., 2013). 

To activate the SL signal transduction pathway, SL induces the polyubiquitination and 

degradation of D53/SMXL6,7,8 through a mechanism mediated by both D14 and the SCF 

E3 ubiquitin ligase complex (Hu et al., 2017; Jiang et al., 2013; Soundappan et al., 2015; 

Zhou et al., 2013). The SL-induced interaction between DAD2/D14 and 

PhD53A/D53/SMXL6,7,8 requires the enzymatic activity of DAD2/D14 (Figure 4.2; section 

4.2.2) (Jiang et al., 2013), but how DAD2/D14 induced by SL presents 

PhD53A/D53/SMXL6,7,8 to the SCF complex is still unknown.  

The observation that SL induces DAD2-PhMAX2A interaction without PhD53A (Figure 

4.1A; section 4.2.1) and DAD2-PhD53A interaction without PhMAX2A (Figure 4.2A; 

section 4.2.2) raised the question of whether DAD2 has different interaction surfaces for 

PhD53A and PhMAX2A (Hamiaux et al., 2018; Jiang et al., 2013; Liang et al., 2016; 

Umehara et al., 2015; Wang et al., 2015; Yao et al., 2016; Yao et al., 2018b; Zhou et al., 

2013). Mutational analysis of DAD2 in this thesis has identified the F135A mutant (mutation 

affecting a residue within the hairpin with side chain facing the active site cavity) which 

interacts with PhD53A (but not with PhMAX2A) in a SL-independent manner in yeast 

two-hybrid assays. Another mutant of DAD2, the E173A mutant (mutation on the αT3 helix 

of the lid domain) displayed diminished interaction with PhMAX2A but retained its 

interaction with PhD53A in the presence of SL. The identification of the F135 and E173 

residues, together with the N242 residue whose mutation led to SL-independent interaction 

of DAD2 with PhMAX2A but not with PhD53A, in this work suggests that DAD2 has 

different interaction surfaces for PhMAX2A and PhD53A (Figure 6.2).  

The hairpin domain of DAD2 could be involved in the interaction of DAD2 and PhD53A 

interaction, though it remains to be elucidated whether the hairpin domain directly interacts 

with PhD53A. Alternatively, the hairpin domain could function in facilitating a SL-induced 

conformational change in which an increase in the flexibility of the hairpin domain facilitates 

movement of the lid domain that exposes or changes some other part of the receptor protein 

to allow the binding of PhD53A. 
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Figure 6.2 Cavity Entrance View Ribbon Representation of DAD2 with the F135, E173 and N242 

Residues. 

The F135, E173 and N242 residues are highlighted in yellow. The catalytic triad is highlighted in green (Source: 

Hamiaux et al. (2012); DAD2 PDB ID code 4DNP). 

In Arabidopsis, the G158E branching mutant of AtD14 (Atd14-5) was presumably unable to 

form the closed-state conformation to interact with MAX2/D3 but retained its enzyme 

activity and SL-induced interaction with SMXL6 (Yao et al., 2016). These results further 

support the hypotheses that DAD2 interacts with PhMAX2A and PhD53A through different 

interaction surfaces, and catalysis and interaction of DAD2 with PhD53A alone cannot 

activate SL signalling. Although the interaction of DAD2 with either PhD53A or PhMAX2A 

can occur independently, it is still unknown whether DAD2, PhMAX2A and PhD53A 

interact simultaneously or sequentially to form a ternary complex when activated by SL. 

Protein-protein interactions were not carried out in this study to examine 

PhMAX2A-PhD53A interactions in the absence of DAD2, however other studies using in 

vitro pull-down and in vivo co-immunoprecipitation experiments provided some indications 

that D3/MAX2 weakly binds to D53/SMXL6,7,8 with or without GR24 and D14 (Jiang et 

al., 2013; Wang et al., 2015). One contrasting piece of evidence showed that MAX2 did not 

interact with SMXL7 when examined using FRET-FLIM through transient expression in 

N. benthamiana epidermal cells (Liang et al., 2016). This seemingly contradictory evidence 

may arise from the problem of weak interaction between MAX2 and SMXL7 that is 

insufficient to cause FRET (Dye, Schell, Miller, & Ahlquist, 2005). Alternatively, there is a 

possibility that the CFP and YFP proteins respectively fused to MAX2 and SMXL7 were not 
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properly oriented to produce FRET, whereby the fluorescent proteins were on the opposite 

sides of the MAX2-SMXL7 complex (Dye et al., 2005; Miyawaki & Tsien, 2000; Piston & 

Kremers, 2007). If the fluorescent proteins were not properly aligned, there might not be a 

FRET signal even though MAX2 was bound to SMXL7, hence producing a false negative 

result. 

Despite the observation that D3/MAX2 weakly interacts with D53/SMXLs in the absence of 

D14, D53/SMXLs are only polyubiquitinated and degraded in the presence of SL, D14 and 

D3/MAX2 (Jiang et al., 2013; Wang et al., 2015; Zhou et al., 2013). If PhMAX2A does 

directly bind to PhD53A, then DAD2 in its SL-induced active conformation may acts as a 

“turn-on switch” to activate the SCFPhMAX2A E3 ubiquitin ligase complex through binding to 

the PhD53A-bound PhMAX2A. Activation of the SCFPhMAX2A E3 ubiquitin ligase complex 

causes polyubiquitination of PhD53A and subsequent degradation via the 26S proteasome. 

Recent structural findings showed that drastic conformational changes of D3 were not 

observed in the AtD14-bound D3-ASK1 complex compared to the AtD14-unbound 

D3-ASK1 structure. However, four of the disordered loops (loop 15, loop 16, loop 17 and 

loop 19) in D3 were stabilised by AtD14 (Yao et al., 2016). It should be noted that the 

conformation of PhMAX2A and DAD2 when these proteins are bound to PhD53A is 

currently unknown. It is possible that binding of DAD2 may or may not induce drastic 

conformational changes in PhMAX2A or PhD53A.  

Alternatively, if D3/MAX2 indeed does not interact with D53/SMXLs as suggested by Liang 

et al. (2016), then this may suggest that DAD2 in its active conformation (upon hydrolysing 

the SL molecule) acts as a bridge between PhD53A and PhMAX2A to present PhD53A to 

the SCFPhMAX2A E3 ubiquitin ligase complex for polyubiquitination. 

6.1.4 The fate of DAD2 after strigolactone signalling 

There is still limited knowledge regarding the fate of DAD2 after the SL signal transduction 

pathway is activated. A study by Yao et al. (2016) showed that the D-OH ring can be released 

from AtD14 within 1 h of hydrolytic reaction, and the release of D-OH ring is inhibited in 

the presence of D3-ASK1, suggesting that the enzyme activity of AtD14 is inhibited by 

D3-ASK1. 

AtD14 and OsD14 are also polyubiquitinated and degraded in a SL- and 

MAX2/D3-dependent manner via the 26S proteasome (Chevalier et al., 2014; Hu et al., 2017). 

The degradation of AtD14 and OsD14 occurs within 1 – 2 h after SL treatment (Chevalier et 
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al., 2014; Hu et al., 2017), compared to SMXL6,7,8 and D53 whose degradation is detected 

within 30 min of SL treatment (Jiang et al., 2013; Wang et al., 2015; Zhou et al., 2013), 

suggesting that degradation of the receptor occurs after the degradation of D53/SMXL6,7,8. 

Given that the degradation of OsD14 is impaired in the dominant negative d53 mutant that is 

resistant to SL-induced degradation (Hu et al., 2017), it is possible that D53 may prevent 

OsD14 from polyubiquitination and degradation. 

These findings collectively suggest that there could be two hypotheses regarding the 

mechanism in which PhD53A and DAD2 are polyubiquitinated: 

1. Sequential polyubiquitination of the target protein and the receptor: The formation of 

DAD2-SCFPhMAX2A-PhD53A ternary complex induced by SL leads to polyubiquitination 

of PhD53A, which is rapidly degraded via the 26S proteasome. Upon the removal of 

PhD53A from the complex, the SCFPhMAX2A E3 ubiquitin ligase complex then 

polyubiquitinates DAD2 (with a bound D-ring). 

2. Simultaneous polyubiquitination of both the receptor and the target protein: Upon 

formation of the ternary complex, both PhD53A and DAD2 (with a bound D-ring) are 

simultaneously polyubiquitinated by the SCFPhMAX2A E3 ubiquitin ligase complex. But, 

PhD53A and DAD2 are sequentially degraded, whereby the degradation of DAD2 occurs 

after PhD53A.   

It is not entirely known what exactly occurs to DAD2 after polyubiquitination, especially in 

an in vivo situation. The D-ring may be released from DAD2 and the polyubiquitinated 

DAD2 then undergoes proteasome-mediated degradation (step 4A in Figure 6.1). 

Alternatively, the D-ring could remain bound in the active site cavity of DAD2 never to be 

released from the protein (step 4B in Figure 6.1), though this remains to be examined using 

a time-point hydrolysis assay in the presence of PhMAX2A and PhD53A. 

According to our current knowledge, the feedback regulation process that resets the pathway 

is still unknown. It is possible that the D-ring is released from DAD2 to reset DAD2 to 

perceive a fresh SL signal since DAD2/D14 can catalyse more than one reaction per hour in 

vitro (section 4.5 and Appendix 7.3.1) (Yao et al., 2016). However, this hypothesis remains 

to be elucidated in vivo. Alternatively, the degradation of DAD2/D14 that occurs in vivo may 

also be a feedback regulation mechanism that resets the signalling cascade. Judging by the 

time-point when D14 is degraded (1 – 2 h after GR24 treatment) (Chevalier et al., 2014; Hu 

et al., 2017), DAD2/D14 possibly catalyses a few hydrolysis reactions before it is degraded. 

Collectively, it is possible that the recycling of DAD2 after releasing the D-ring in a second 
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hydrolysis reaction and the degradation of DAD2 both occur in equilibrium to reset the 

signalling cascade. If this is the case, the plant may have a yet unknown molecular sensing 

system that decides when to degrade the receptor. 

6.2 Future work for the study of the SL signalling mechanism 

The work presented in this thesis has contributed to our knowledge of the role of catalysis, 

conformational change of DAD2 and interaction with PhMAX2A and PhD53A in SL signal 

transduction. However, there remains much to discover about the assembly of the SL-induced 

DAD2-SCFPhMAX2A-PhD53A ternary complex, the downstream mechanisms leading to 

physiological changes observed in plants and also the feedback regulation process that resets 

the SL signalling mechanism.  

One aspect of this work that can be further expanded to support the hypothesis of 

conformational change of DAD2 being the crucial mechanism that activates the SL signalling 

pathway is crystallisation of the DAD2N242I mutant. The crystallisation of this mutant, 

which is currently being undertaken in this laboratory by a fellow PhD student, Prachi 

Sharma, may provide insights on the SL-induced conformation of DAD2. The crystallisation 

experiment can be carried out in the presence of SL or the SL antagonist, tolfenamic acid. 

Tolfenamic acid seemingly stabilises the Q213-A222 loop of DAD2 to lock DAD2 in its 

“ground” conformation (Hamiaux et al., 2018). Comparing the structural changes of N242I 

mutant in the presence and absence of SL and tolfenamic acid will provide information on 

the conformational changes of DAD2 induced by SL and before PhMAX2A binds.  

Determining the conformation of DAD2 in complex with both PhMAX2A and PhD53A may 

reveal how DAD2 interacts with PhMAX2A and the target protein(s). Based on the results 

presented in Chapter 4 (Figure 4.1 in section 4.2.1; Figure 4.2 in section 4.2.2) and also from 

the work of others (Hamiaux et al., 2012; Hamiaux et al., 2018; Jiang et al., 2013; Liang et 

al., 2016; Wang et al., 2015; Yao et al., 2016; Yao et al., 2018b; Zhao et al., 2015; Zhou et 

al., 2013), DAD2 can interact with PhMAX2A and PhD53A independently of one another. 

The commonality in DAD2-PhMAX2A and DAD2-PhD53A interactions is DAD2, 

suggesting a role for DAD2 in recruiting the target protein(s) to the SCF complex. 

Alternatively, if PhD53A can interact with PhMAX2A without being polyubiquitinated, then 

DAD2 may possibly be the key that activates the SCFPhMAX2A complex to polyubiquitinate 

PhD53A through binding to the SCFPhMAX2A-PhD53A complex. Mutational analysis of 

DAD2 in this thesis supports the notion that DAD2 has distinct interaction surfaces for 

PhMAX2A and PhD53A. However, it is unknown what the conformation of DAD2 is in 
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complex with both PhMAX2A and PhD53A. Structural characterisation of DAD2 in 

complex with both PhMAX2A and PhD53A will provide a deeper understanding of the 

signalling mechanism. The SL-induced formation of the ternary complex consisting of 

DAD2, PhMAX2A and PhD53A might not be sufficiently stable for crystal packing. 

Characterisation of a mutant that can interact with both PhMAX2A and PhD53A in a 

SL-independent manner could be an alternative approach to investigate the conformation of 

DAD2 when it is bound to both the signalling partner and target protein.  

Utilising the knowledge obtained from mutational analysis of DAD2 in this work, in which 

the N242I and F135A mutants respectively interact with PhMAX2A and PhD53A in the 

absence of SL, we have currently generated the F135A/N242I double mutant and tested it in 

a yeast two-hybrid assay to show that this double mutant can interact with both PhMAX2A 

and PhD53A in the absence of SL (personal communication, Dr Revel Drummond). Future 

functional and structural characterisation of the F135A/N242I double mutant may provide 

insights into how DAD2 interacts with both PhMAX2A and PhD53A.  

Additionally, the importance of interaction of DAD2 with PhD53A in SL signalling has not 

been addressed. The inhibition of D53 degradation inhibits the SL signalling pathway, such 

as that seen in the dominant negative d53 mutant in rice (Jiang et al., 2013; Zhou et al., 2013). 

A D14 mutant (G158E) that does not interact with MAX2/D3 but can interact with SMXL6 

showed defective SL signalling as characterised by increased branching (Atd14-5 mutant) 

(Yao et al., 2016). Using a mutagenesis approach to generate a DAD2/D14 mutant that retains 

catalysis and interaction with PhMAX2A/MAX2/D3 but not PhD53A/D53/SMXL6,7,8 will 

test the requirement of DAD2/D14’s interaction with PhD53A/D53/SMXL6,7,8 in the 

activation of SL signalling.  

Current evidence suggests that D14 is degraded in rice and Arabidopsis in the presence of 

SL and impairing the degradation of D14 does not affect the degradation of D53 (Chevalier 

et al., 2014; Hu et al., 2017). However, the role of DAD2/D14 degradation in SL signalling 

is unknown. It is speculated that the degradation of DAD2/D14 receptor may be a feedback 

regulation mechanism to reset SL signalling. To test this hypothesis, the effect of a 

DAD2/D14 mutant that is resistant to polyubiquitination and degradation on SL signalling 

can be investigated through transgenic over-expression in a wild-type background. If 

DAD2/D14 degradation does function as a feedback regulation mechanism, inhibiting the 

degradation of DAD2/D14 may possibly cause hypersensitivity to SL and suppress branching 

in a wild-type plant.  
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To date, only a limited number of downstream targets of D53 in SL signal transduction have 

been identified. Those that have been identified in Arabidopsis and rice include the TCP and 

SPL families of transcription factors that might be involved in the regulation of genes 

governing shoot branching (Aguilar-Martínez et al., 2007; Braun et al., 2012; Drummond et 

al., 2015; Minakuchi et al., 2010; Song et al., 2017). Further work is required to identify other 

downstream transcription factors regulated by SL that control various SL-dependent 

developmental processes in plants. One approach to identify the downstream targets of SL 

signalling could be through screening a wider range of plants (for example, in rice or 

Arabidopsis) that carry phenotypes resembling the dwarf and highly branched phenotypes of 

the SL signalling mutants and then map the mutations to genes that correlate with the SL 

signalling genes. Another approach is to use D53 as a bait in yeast two-hybrid screens of 

whole plant and transcription factor cDNA libraries to identify potential targets that can 

interact with D53 and are likely to be repressed by D53. This approach will allow the 

identification of a wider range of potential targets, especially the ones that might not have 

the branching phenotypes. The potential targets can then be characterised using knockout or 

over-expression plant lines to identify their functions in relation to SL signalling.  

Our knowledge of the mechanism of SL signal reception and transmission in plants may be 

extended to the characterisation of SL receptor in arbuscular mycorrhizal (AM) fungi. 

DAD2/D14 and ShHTL7 (a SL receptor in Striga) are paralogues that have been shown to 

perceive SL hormones in a similar manner, suggesting that the SL receptors may have 

undergone convergent evolution in the plant kingdom to perceive SLs (Conn et al., 2015; 

Toh et al., 2014; Tsuchiya et al., 2015; Yao et al., 2017). Identifying the SL receptor and the 

signalling mechanism in AM fungi may provide insights that allow the design of approaches 

to enhance plant-AM fungi symbiotic interaction and improve host plant nutrient uptake and 

growth under nutrient-deprivation conditions.  

6.3 Conclusions and significance of this work 

The findings presented in this PhD thesis provide a contribution to our understanding of the 

role of catalysis and conformational changes of DAD2 in the protein’s interaction with its 

signalling partners to activate the SL signal transduction pathway. SLs regulate various plant 

developmental processes, particularly shoot branching which is an agronomic trait that 

strongly influences productivity and yield for many crop species. In the rhizosphere, SLs are 

also important signals that promote symbiosis with AM fungi to help improve plant nutrient 

uptake. SLs exuded into the soil can also function as germination stimulants for parasitic 
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weeds (e.g. Striga and Orobanche), which are major crop pests worldwide. Many studies 

have been conducted worldwide within the last decade to unravel the mechanisms involved 

in SL signal reception and transduction, but a complete understanding of the SL signalling 

pathway is still lacking. 

Using mutational analysis and functional characterisations of various DAD2 mutants, this 

work revealed that conformational change of DAD2 is the crucial mechanism that promotes 

the interaction with PhMAX2A to activate the SL signalling pathway. Catalysis is merely a 

process that initiates the conformational changes of DAD2 or increases the flexibility of 

DAD2 so that interaction with the signalling partners can occur. This knowledge contributes 

further to our current understanding of the mechanism of SL signal reception.  

The knowledge gained from this work provides the potential to manipulate the key 

mechanisms in the SL signalling pathway, particularly the function of SL receptor, so that 

plant architecture can be specifically modified to suit the needs of generating crops with 

better growth, increased productivity and yield. For example, it may be possible to design SL 

analogues that bind to and constitutively activate the receptor (Boyer et al., 2014; Jamil et al., 

2018; Lombardi et al., 2017), or SL antagonists that inhibit the receptor and block the 

signalling pathway in order to modulate the SL signalling cascade to obtain desirable 

architectures in plants (Hamiaux et al., 2018; Mashita, Koishihara, Fukui, Nakamura, & 

Asami, 2016; Takeuchi et al., 2018; Xiang et al., 2017). It is also possible to mutate the SL 

receptor through the use of genome-editing technologies so that SL signalling is 

constitutively activated in a SL biosynthetic mutant background. This approach could 

produce a plant that does not produce SLs without affecting the SL signalling mechanism. 

As a result, the problem of increased branching in the SL biosynthetic mutant could be 

overcome, while at the same time combating the problem of parasitic weed seed germination 

induced by SLs produced by the host plants. 

Although the SL receptors in angiosperms and parasitic weeds are different, these receptors 

perceive SLs through a similar mechanism. Understanding the SL signalling mechanism in 

both groups may aid the design of SL agonists/antagonists that specifically target the SL 

receptor of parasitic weeds but not the SL receptor of host plants (Cohen et al., 2013; 

Holbrook-Smith, Toh, Tsuchiya, & McCourt, 2016; Lumba, Holbrook-Smith, & McCourt, 

2017). Such SL agonists/antagonists could provide the advantage of stimulating/inhibiting 

seed germination of parasitic weeds without affecting SL signalling and regular development 
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in the host plant. In the future, the knowledge and new insights gained from studying the SL 

signalling pathway will allow the development of new crop enhancement applications.  
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7 Appendices 

7.1 Western blot analysis of diploid yeast transformants expressing DAD2, 

PhMAX2A and PhD53A 

To confirm that the diploid yeast transformants in the yeast two-hybrid assays presented in 

Chapter 4 (Figure 4.1, 4.2 and 4.3; section 4.2) were expressing the GAL4 DNA-binding and 

activation domains respectively as fusion proteins with DAD2 and PhMAX2A/PhD53A, 

proteins were extracted from the yeast transformants and subjected to western blotting 

according to the methods described in Chapter 2 (section 2.18.5). 

The western blot showing the expression of DAD2 and PhMAX2A in diploid yeast 

transformants used in the yeast two-hybrid experiments presented in Figure 4.1 is shown in 

Figure 7.1. Western blots showing the expression of DAD2 and PhD53A in diploid yeast 

transformants used in the yeast two-hybrid experiments presented in Figure 4.2 and 4.3 are 

respectively shown in Figures 7.2 and 7.3.  
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Figure 7.1 Western Blot Analysis of Diploid Yeast Transformants Expressing DAD2 Mutants and 

PhMAX2A. 

Both (A) and (C) show the presence of the GAL4 DNA-binding (GAL4-BD) domain either alone or as a fusion 

protein with DAD2, detected by immunoblotting with the GAL4-DBD monoclonal antibody. Both (B) and (D) 

show the presence of the GAL4 transcriptional activation (GAL4-AD) domain either alone or as a fusion protein 

with PhMAX2A, detected using the GAL4-TA monoclonal antibody. Both the GAL4 DNA-binding and 

activation domains either alone (represented by (−)), or respectively fused to DAD2 or PhMAX2A are present 

in all samples. PhMAX2A and wild-type DAD2 are respectively indicated by (+) and WT. Sizes shown (first 

lane) correspond to the Novex® Sharp pre-stained protein standard. 
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Figure 7.2 Western Blot Analysis of Diploid Yeast Transformants Expressing DAD2 Mutants and 

PhD53A. 

Both (A) and (C) show the detection of GAL4 DNA-binding (GAL4-BD) domain either alone or as a fusion 

protein with DAD2, using the GAL4-DBD monoclonal antibody. Both (B) and (D) show the detection of GAL4 

transcriptional activation (GAL4-AD) domain either alone or as a fusion protein with PhD53A, using the 

GAL4-TA monoclonal antibody. All samples contained both the GAL4 DNA-binding and activation domain 

either alone (represented by (−)), or respectively fused to DAD2 or PhD53A. PhD53A and wild-type DAD2 are 

respectively indicated by (+) and WT.  Sizes shown (first lane) correspond to the SeeBlue® Plus2 pre-stained 

protein standard. 
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Figure 7.3 Western Blot Analysis Showing the Presence of DAD2 Mutants and PhD53A in Diploid Yeast 

Transformants Containing the Predicted Untagged PhMAX2A Protein. 

The GAL4 DNA-binding (GAL4-BD) domain either alone or as a fusion protein with DAD2 in both (A) and 

(C) were detected using the GAL4-DBD monoclonal antibody, whereas the GAL4 activation (GAL4-AD) 

domain either alone or as a fusion protein with PhD53A in both (B) and (D) were detected using the GAL4-TA 

monoclonal antibody. All samples contained both the GAL4 DNA-binding and activation domain either alone 

(represented by (−)), or respectively fused to DAD2 or PhD53A. PhD53A and wild-type DAD2 are indicated 

by (+) and WT, respectively. The predicted untagged PhMAX2A protein (not detected in western blot) was 

expressed from the pURA3-GW plasmid. Sizes shown (first lane) correspond to the SeeBlue® Plus2 pre-stained 

protein standard. 
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7.2 Additional Information on Protein Purification 

The wild-type DAD2 and DAD2 mutant proteins were purified using His6-MBP tag 

purification by nickel affinity chromatography, anion-exchange chromatography and 

His6-MBP tag removal by nickel affinity chromatography, followed by gel-filtration 

chromatography according to the methods described in Chapter 2 (section 2.19). The 

SDS-PAGE gel images for the purification of N242I, S96A/N242I and R124S/N242I 

mutants at each purification step (except gel-filtration chromatography) are respectively 

shown in Figure 7.4, 7.5 and 7.6. The gel-filtration chromatography elution profiles of 

wild-type DAD2 and the mutants (N242I, S96A/N242I and R124S/N242I) are shown in 

Figure 7.7.   

 

 

Figure 7.4 SDS-PAGE Gel Images for the Purification of DAD2N242I. 

(A) His6-MBP tag purification by nickel affinity chromatography; (B) anion-exchange chromatography; and 

(C) His6-MBP tag removal by nickel affinity chromatography. Elution 1 – 7 indicate the number of eluted 

fractions at each purification step. Sizes shown (first lane) correspond to the Novex® Sharp pre-stained protein 

standard. 
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Figure 7.5 SDS-PAGE Gel Images for the Purification of DAD2S96A/N242I. 

(A) His6-MBP tag purification by nickel affinity chromatography; (B) anion-exchange chromatography; and 

(C) His6-MBP tag removal by nickel affinity chromatography. Elution 1 – 8 indicate the number of eluted 

fractions at each purification step. Sizes shown (first lane) correspond to the Novex® Sharp pre-stained protein 

standard. 
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Figure 7.6 SDS-PAGE Gel Images for the Purification of DAD2R124S/N242I. 

(A) His6-MBP tag purification by nickel affinity chromatography; (B) anion-exchange chromatography; and 

(C) His6-MBP tag removal by nickel affinity chromatography. Elution 1 – 8 indicate the number of eluted 

fractions at each purification step. Sizes shown (first lane) correspond to the Novex® Sharp pre-stained protein 

standard. 
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Figure 7.7 Gel-Filtration Chromatography Elution Profiles of Wild-Type DAD2, DAD2N242I, 

DAD2S96A/N242I and DAD2R124S/N242I. 

(A) Wild-type DAD2, (B) DAD2N242I, (C) DAD2S96A/N242I, and (D) DAD2R124S/N242I. The elution 

peak of each of the respective proteins is indicated by an arrow.  
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7.3 Additional Information on Kinetics Analysis 

7.3.1 Time-course hydrolysis of wild-type DAD2 at different YLG concentration 

To determine whether the enzyme activity of DAD2 was affected by different concentrations 

of YLG, a time-course hydrolysis of YLG by wild-type DAD2 (0.34 µM) was performed 

using 1 µM and 5 µM of YLG for 4 h according to the method described in Chapter 2.20.1. 

The time-progress curve demonstrated that at 1 µM YLG, the rate of hydrolysis was reduced 

after 40 min of reaction but still increasing at a slow rate until the end of the assay at 4 h. 

Within the duration of the assay, a plateau was not reached. However, when the concentration 

of YLG was increased to 5 µM, the pre-steady-state occurred within the first 120 min of 

reaction and produced a higher level of fluorescein compared to 1 µM of YLG, before 

reaching a plateau phase at ~180 min of reaction (Figure 7.8). It is possible that at 1 µM YLG, 

DAD2 reaches a plateau at a later time-point that was not measured in this assay. Given the 

differences in the height of the curves at different YLG concentrations, DAD2 probably 

catalysed more than one reaction at a very slow rate until the protein becomes saturated by 

the hydrolysis product. 

 

 

Figure 7.8 Time-Course Hydrolysis of 1 µM and 5 µM of Yoshimulactone Green (YLG) by Wild-Type 

DAD2. 

The concentration of wild-type DAD2 used in the assay was 0.34 µM and the assay was carried out over 4 h. 

Each data point is the mean ± S.E.M. of three technical replicates. 
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7.3.2 Time-course hydrolysis of AtD14 and OsD14 

To examine the enzyme activity of DAD2 compared to AtD14 and OsD14 using the YLG 

hydrolysis assay, a time-course hydrolysis of AtD14 and OsD14 (each at 0.34 µM) was 

performed using 1 µM of YLG for 4 h according to the method described in Chapter 2.20.1. 

The AtD14 and OsD14 proteins used in this assay were purified by Prachi Sharma, a fellow 

PhD student in this laboratory. The result for this experiment is part of a recent publication 

from this laboratory (Hamiaux et al., 2018).  

Indeed, the progress curve of DAD2 (Figure 7.8) was similar to the ones obtained with AtD14 

and OsD14 (Figure 7.9). However, a plateau phase was observed for AtD14 and OsD14 after 

3 h and 2 h of hydrolysis reaction, respectively, indicating inhibition of enzyme activity of 

the receptor proteins by the hydrolysis product.  

 

 

Figure 7.9 Time-Course Hydrolysis of Yoshimulactone Green (YLG) by AtD14 and OsD14. 

(A) AtD14 and (B) OsD14. The assays were conducted using 0.34 µM of protein and 1 µM of YLG over 4 h. 

Each data point is the mean ± S.E.M. of three technical replicates. 
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7.4 Additional data on phenotypic analysis of three independent 

Arabidopsis Col-0 and d14-seto T3 homozygous lines transformed with 

the 35Spro:10×Myc-DAD2 construct 

In section 5.3, plant height and branching phenotypes of three independent transgenic 

Arabidopsis Col-0 and d14-seto T3 homozygous lines transformed with 

35Spro:10×Myc-DAD2 were characterised to determine the ability of 10×Myc-DAD2 to 

complement the Arabidopsis d14-seto mutant. The data that were informative with regards 

to differences between the transgenic lines and the non-transgenic controls are presented in 

section 5.3, but additional data for the number of cauline branches and higher order branches 

are presented here (Figure 7.10). There were no significant differences observed in the 

number of cauline and higher order branches for all of the transgenic lines tested compared 

to the respective non-transgenic controls, indicating no complementation of the d14-seto 

mutant by 35Spro:10×Myc-DAD2 (Figure 7.10). The non-transgenic d14-crispr and d14-seto 

controls were not significantly different from each other in the context of the number of 

higher order branches. 

 

Figure 7.10 Branching Phenotype of Three Independent T3 Homozygous Lines Transformed with 

35Spro:10×Myc DAD2 in Arabidopsis Col-0 and d14-seto Background. 

Quantitative phenotypic data for each genotype are represented in each figure as follows; (A) the number of 

cauline branches; and (B) the number of higher order branches. Phenotypes were scored at 42 days post-planting. 

L1 − L3 indicate three independent T3 homozygous lines for the indicated genotypes. Non-transgenic Col-0, 

d14-crispr and d14-seto were used as controls. Data shown are means ± SEM; n = 11 – 12. Statistical 

significance was determined using general ANOVA and Tukey’s least significant difference test, where 

different letters show significant differences at p<0.05. 

  



 

154 

 

7.5 Phenotypic analysis of the Arabidopsis d14-seto max4 double mutant 

The initial purpose of generating the d14-seto max4 double mutant was to develop a 

SL-insensitive and -deficient mutant in Arabidopsis to test the biological activity of the 

DAD2 mutants generated in this thesis. I crossed the d14-seto mutant (Chevalier et al., 2014) 

with the max4 mutant (Sorefan et al., 2003) and identified a homozygous d14-seto max4 

double mutant in the F2 generation. The F3 generation was sown on soil and the number of 

primary rosette branches were counted at 35 days post-planting. The branching phenotype of 

the d14-seto max4 double mutant was compared to wild-type Col-0, d14-seto and max4 plants. 

The d14-seto max4 double mutant showed a significantly higher number of primary rosette 

branches than the d14-seto single mutant (Figure 7.11). By contrast, a double mutant of the 

d14-seto mutant and the d14-1 T-DNA insertion line whose full-length transcript is 

undetectable, was shown to be phenotypically similar to each of the single mutants in terms 

of branching (Chevalier et al., 2014), suggesting that the d14-seto mutant is a strong 

loss-of-function mutant. However, the results from phenotypic analysis of d14-seto max4 

double mutant in this work (Figure 7.11) suggest that the d14-seto might not be a true 

knockout and it was speculated that the d14-seto protein might still be able to weakly activate 

SL signal transduction to inhibit axillary branching in the presence of SL. Therefore, the 

absence of SL in the d14-seto max4 double mutant might completely abolish SL signalling, 

resulting in increased branching compared to d14-seto. 

Comparison of d14-seto max4 with d14-crispr max4 double mutant (a strong SL-deficient 

and -insensitive mutant that is phenotypically similar to either of the d14-crispr or max4 

single mutant in terms of branching) showed that the d14-seto max4 double mutant has higher 

number of branches than the d14-crispr max4 double mutant (personal communication, 

Dr Revel Drummond). This finding further suggests that the d14-seto mutant might not be a 

complete knockout mutant. 

 

 

Figure 7.11 The Number of Primary Rosette Branches of Arabidopsis 

d14-seto max4 Double Mutant Plants. 

Wild-type Col-0, d14-seto and max4 were used as controls. Phenotype was 

scored at 35 days post-planting Data shown are means ± SEM; n = 11 – 12. 

Statistical significance was determined using general ANOVA and Tukey’s 

least significant difference test, where different letters show significant 

differences at p<0.05. 
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7.6 Genotyping-PCR screen of Arabidopsis d14-crispr max4 mutants 

transformed with 35Spro:10×Myc-DAD2 

All of the Arabidopsis d14-crispr max4 T1 lines studied for western blot and phenotypic 

analysis in section 5.5 were confirmed by kanamycin selection and PCR (using primers 

specific to the 35S promoter and OCS terminator) to carry the T-DNA containing the 

35Spro:10×Myc-DAD2 construct (Figure 7.12). 

 

Figure 7.12 Genotyping-PCR Analysis of Arabidopsis d14-crispr max4 T1 Lines Transformed with 

35Spro:10×Myc-DAD2. 

The presence of T-DNA carrying the 35Spro:10×Myc-DAD2 construct was detected in the transgenic 

Arabidopsis d14-crispr max4 T1 lines. MAX2 was used as an internal reference gene. Non-transgenic d14-crispr 

max4 (indicated by “d”) was used a negative control. L1 – L6 indicates six T1 lines transgenic for 

35Spro:10×Myc-DAD2 in d14-crispr max4 background. Sizes shown (marker indicated by “M”) correspond to 

the 1kb Plus DNA standard. 

7.7 Independent replication of the phenotypic analysis of Arabidopsis 

d14-crispr T1 lines transformed with the D14pro:10×Myc-DAD2, 

D14pro:10×Myc-DAD2S96A, D14pro:DAD2 and D14pro:AtD14 

constructs 

In section 5.6, the plant height and branching phenotypes of the Arabidopsis d14-crispr T1 

lines transformed with D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, D14pro:DAD2 

and D14pro:AtD14 were characterised to determine whether the indicated constructs driven 

by the D14 promoter can complement the d14-crispr mutant phenotype. An independent 

replication of the phenotypic analysis presented in section 5.6 was carried out and showed 

similar data. The 10×Myc-DAD2 wild-type, 10×Myc-DAD2S96A and untagged DAD2 

constructs were unable to complement the d14-crispr mutant (Figure 7.13). There were no 

differences observed in plant height and the number of primary rosette branches of these 
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transgenic lines compared to the d14-1 control. The AtD14 construct fully complemented the 

d14-crispr mutant and reverted the height and branching phenotype to wild-type, confirming 

that the D14 promoter was able to drive the expression of the constructs introduced.  

 

 

Figure 7.13 Replication of Phenotypic Analysis of Transgenic Arabidopsis d14-crispr T1 Lines 

Transformed with D14pro:10×Myc-DAD2, D14pro:10×Myc-DAD2S96A, D14pro:DAD2 and D14pro:AtD14. 

(A) Representative plants of those used in the experiment. Plant height (B) and primary rosette branches (C) 

were scored at 42 days post-planting. Transgenic Col-0 homozygous line expressing 35Spro:GUS and d14-1 

were used as controls. Data are means ± SEM; n = 11 – 12. Statistical significance was determined using general 

ANOVA and Tukey’s least significant difference test, where different letters show significant differences at 

p<0.05. 
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7.8 Optimising bimolecular fluorescence complementation (BiFC) for 

testing DAD2-PhMAX2A interactions in vivo 

To put the interactions between DAD2/DAD2 mutants and PhMAX2A observed from the 

in vitro yeast two-hybrid assays into context with what can occur in an in vivo situation, 

substantial efforts were made to develop an in vivo method as part of this thesis to test the 

interactions between DAD2/DAD2 mutants and PhMAX2A using bimolecular fluorescence 

complementation (BiFC). A binary vector (pDOE-8 vector) for transient expression of DAD2 

and PhMAX2A in Nicotiana benthamiana was gifted by Gookin and Assmann (2014). In 

this BiFC system, a split Venus yellow fluorescence protein (YFP) was expressed as the 

N-terminal fragment of Venus (N-Venus) and the C-terminal fragment of Venus (C-Venus). 

The pDOE-8 vector also expressed the Golgi-localised monomeric Turquoise (mTq2, cyan 

fluorescence protein) marker as a transformation control. Using this vector, DAD2 and 

PhMAX2A were co-expressed using the 35S promoter as fusion proteins with the split halves 

of Venus (Figure 7.14). Interaction between DAD2 and PhMAX2A will bring the two halves 

of Venus into proximity resulting in YFP fluorescence. 

 

 

Figure 7.14 Representative Diagram of the Expression Cassette of pDOE-8 Containing the Coding 

Sequences of DAD2 and PhMAX2A. 

35Spro::Ω, 35S promoter fused to an Omega viral translation enhancer; MAS promoter, mannopine synthase 

promoter; N-Venus, N-terminal fragment of Venus; C-Venus, C-terminal fragment of Venus; XT-Golgi-mTq2, 

Golgi-localised monomeric Turquoise; MAS-term, mannopine synthase terminator; NOS-term, nopaline 

synthase terminator; OCS-term, octopine synthase terminator; LB, left border; RB, right border. 

All cloning, transformation of plasmids into A. tumefaciens GV3101(pMP90) and infiltration 

of N. benthamiana leaves were conducted according to the methods of Gookin and Assmann 

(2014) with some modifications. Prior to infiltration, the Agrobacterium from a fresh 

overnight plate culture was grown in YN media (pH 5.6) containing 10 µM of asetosyringone 

for 1 h. The Agrobacterium was infiltrated into N. benthamiana leaves (the 3rd and 4th leaf of 

each plant at 3 weeks old) at an exact OD600 of 0.05. At 2 days post-infiltration, the leaves 

infected with Agrobacterium were infiltrated with 1 ml of 5 µM GR24 in 0.05% DMSO or 

1 ml of 0.05% DMSO (no GR24 control). Leaves were collected 5 h after GR24 treatment to 

prepare single pavement cell layer leaf peels for visualisation using an Olympus Vanox 

AHBT3 fluorescence microscope (Olympus, Tokyo, Japan) or an Andor Revolution spinning 
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disk confocal microscope (Andor, Belfast, UK). For fluorescence microscopy, bandpass filter 

emission and excitation wavelengths for mTq2 were 435 ± 15 nm and 482 ± 20 nm, and for 

Venus they were 495 ± 15 nm and 543 ± 19 nm, respectively. Chlorophyll autofluorescence 

was detected with a fluorescence microscope using a bandpass filter with 490 ± 10 nm 

excitation wavelength and 580 ± 70 nm emission wavelength. For confocal microscopy, laser 

line excitation wavelength and emission bandpass filter wavelengths for mTq2 were 405 nm 

and 464 ± 23 nm, and for Venus they were 488 nm and 547 ± 31 nm, respectively. 

Chlorophyll autofluorescence was detected, in parallel with mTq2 acquisition, using a 

685 ± 40 nm bandpass filter.  

From experiences with yeast two-hybrid experiments for DAD2 and PhMAX2A in this 

laboratory, it was found that an N-terminal tag has the least interference on the function of 

DAD2 and PhMAX2A. Therefore, N-terminal fusions of N-Venus or C-Venus with DAD2 

and PhMAX2A were developed. To obtain the best fusion configuration of N-Venus and 

C-Venus with DAD2 and PhMAX2A for BiFC, different pairwise fusion configurations of 

DAD2 and PhMAX2A with the Venus halves, as well as controls were developed (Table 7.1).  

 

Table 7.1 Different Pairwise Fusion Combinations of DAD2 and PhMAX2A with the N-terminal 

Fragment of Venus (N-Venus) and the C-terminal Fragment of Venus (C-Venus) and a Summary of the 

Results Obtained for Each Combination. 

The presence or absence of the observed YFP fluorescence for each combination is indicated by either yes or 

no, respectively. The N-Venus or C-Venus fragment without a fusion protein is indicated by N-Venus::X or 

C-Venus::X.  

Descriptions N-Venus fusion C-Venus fusion YFP fluorescence 

      GR24 DMSO 

No fusion control N-Venus::X C-Venus::X Yes Yes 

DAD2 control N-Venus::DAD2 C-Venus::X No No 

  N-Venus::DAD2S96A C-Venus::X No No 

  N-Venus::X C-Venus::DAD2 Yes Yes 

PhMAX2A control N-Venus::X C-Venus::PhMAX2A Yes Yes 

  N-Venus::PhMAX2A C-Venus::X Yes Yes 

DAD2-PhMAX2A N-Venus::DAD2 C-Venus::PhMAX2A Yes Yes 

  N-Venus::DAD2S96A C-Venus::PhMAX2A Yes Yes 

  N-Venus::PhMAX2A C-Venus::DAD2 No No 

 

To obtain an optimal condition for the interaction of DAD2 and PhMAX2A, various 

experimental conditions have been tested. These conditions include the number of days 

required for optimal expression of both constructs after infiltration, the methods of GR24 
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treatment (via infiltration into the leaves infected with Agrobacterium carrying the plasmid 

constructs or direct treatment of the single cell layer leaf peels with GR24 prior to 

fluorescence observation), as well as the duration of GR24 treatment to allow the interaction 

of the DAD2 and PhMAX2A proteins.  

In this BiFC experiment, the unfused Venus split fragments tend to interact with each other, 

generating background fluorescence (Table 7.1). When the single protein control was tested, 

the C-Venus::PhMAX2A fusion tends to produce background fluorescence with the unfused 

N-Venus fragment. Therefore, I changed the configuration of the fusion proteins by fusing 

N-Venus to PhMAX2A (N-Venus::PhMAX2A) and C-Venus to DAD2 (C-Venus::DAD2). 

Both the N-Venus::PhMAX2A and the C-Venus::DAD2 single protein controls respectively 

interacted with the other unfused Venus half fragment, causing background fluorescence. 

This problem is not uncommon with BiFC, in which non-specific interactions between the 

split halves of the fluorescence protein tend to affect the reliability of this technique to 

measure protein-protein interactions (Gookin & Assmann, 2014; Horstman, Nougalli Tonaco, 

Boutilier, & Immink, 2014; Kudla & Bock, 2016). 

To obtain a more suitable negative control, I generated the N-Venus::DAD2S96A and 

C-Venus::PhMAX2A configuration pair. The DAD2S96A catalytic mutant does not interact 

with PhMAX2A (see yeast two-hybrid assay results in Figure 4.1A; section 4.2.1) (Hamiaux 

et al., 2012) and should function as a negative control for DAD2-PhMAX2A interaction 

(Kudla & Bock, 2016). Unfortunately, the N-Venus::DAD2S96A and C-Venus::PhMAX2A 

configuration pair also produced background fluorescence. The YFP fluorescence for the 

N-Venus::DAD2S96A and C-Venus::PhMAX2A in the presence and absence of GR24 was 

similar to the YFP fluorescence observed for the N-Venus::DAD2 and C-Venus::PhMAX2A 

(Figure 7.15). The lack of a negative control prevented the ability to detect real interaction 

between DAD2 and PhMAX2A in this BiFC system.  
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Figure 7.15 Representative Images Showing Interaction of DAD2/DAD2S96A and PhMAX2A in the 

Presence and Absence of GR24 in BiFC Experiments. 

(A) Fluorescence and (B) confocal microscopy images. The N-terminal fragment of Venus (N-Venus) was 

fused to the N-terminus of DAD2 and the C-terminal fragment of Venus (C-Venus) was fused to the N-terminus 

of PhMAX2A. N-Venus::DAD2S96A and C-Venus::PhMAX2A configuration pair was used as a control. 

Abbreviations: BF, bright field; CHL, chlorophyll autofluorescence; IB, broad spectrum; mTq2, mTurquoise 

fluorescence; Venus, Venus fluorescence.  
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