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Abstract 

Strigolactones (SLs) are a class of plant hormone that regulate the development of branching in 

plants. In petunia, SL is perceived by its receptor, DAD2, an α/β hydrolase fold protein. This 

receptor also functions as a slow enzyme that hydrolyses SL into two non-active by-products. 

The hydrolytic function of the receptor is essential for SL signalling and enables the receptor to 

interact with the downstream signalling proteins, such as the Skp-Cullin-F-box (SCF) E3 ligase 

complex and target protein(s) to relay the signal. It is known that the receptor undergoes a 

significant conformational change in the presence of SL and SCF components. At present, it is 

unclear how the hydrolytic activity of the receptor enables it to interact with the downstream 

signalling protein to transduce the signal.  

To increase our understanding about the structural contribution of hydrolysis in the receptor 

function and its interaction with downstream signalling proteins, I have used X-ray 

crystallography to examine the structures of two DAD2 mutants, DAD2-N242I and DAD2-

D166A, that show WT-like hydrolytic activity but display altered protein-protein interactions 

with petunia’s F-box protein, PhMAX2A. Based on biochemical characterisations, the DAD2-

N242I mutant was predicted to exist in a conformation similar to that proposed for the WT 

receptor in the presence of SL, whereas the DAD2-D166A mutant was predicted to display an 

altered conformation, specifically in the region where PhMAX2A protein interacts with the 

receptor. Additionally, mass spectrometry was used to confirm that DAD2 covalently binds the 

D-ring of SL, which has been previously shown for rice, Arabidopsis and pea in vitro and in 

vivo. The structural examination of the mutants showed that SL increases the flexibility of the 

receptor without changing the overall conformation of the protein. This flexibility is predicted 

to enable interactions with the downstream signalling partners.  
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1 Introduction 

Plants regulate their growth and development in response to cues from their surrounding 

environment. This regulation of growth is controlled by endogenous signals known as plant 

hormones that function together or independently to control various plant developmental 

processes. An example of regulation of such a plant developmental process by hormones is 

shoot branching.  

In the presence of high light and abundant nutrients, plants promote branching through the 

outgrowth of their axillary buds, which then develop to form secondary branches (Leyser, 

2003). However, in the absence of adequate light and nutrients, plants repress the development 

of their axillary buds and promote the growth of their main stem or roots to scavenge for 

resources. Many plant hormones can alter plant branching, either directly or indirectly, through 

interconnected signalling pathways (Wang et al., 2013; Reddy, Holalu, Casal, & Finlayson, 

2013; Yao & Finlayson, 2015; Rameau et al., 2015). One such class of hormones are the 

strigolactones (SL), which are synthesised by plants in response to nutrient deficiency to 

suppress outgrowth of axillary buds and prevent the formation of secondary branches (Gomez-

Roldan et al., 2008; Umehara et al., 2008).  

Since their discovery, SLs have been the focus of intense research as little is known about their 

regulatory function with respect to shoot branching. Over the past decade, research on various 

branching mutants has led to the identification of the proteins that facilitate the SL-mediated 

inhibition of shoot branching. These discoveries, together with knowledge from other better-

characterised plant hormone signalling pathways, such as those of auxins (AUX), jasmonates 

(JA) and gibberellin (GA), have enabled scientists to decipher the underlying mechanism of SL 

perception and signalling.  

So far, we know that, as for other plant hormones, SL signalling involves hormone facilitated 

interaction between the receptor and a Skp-Cullin-F-box (SCF) E3 ligase complex, proteolytic 

degradation of target protein(s) via the 26S proteasomal pathway and possibly transcriptional 

regulation of SL-responsive genes (Hamiaux et al., 2012; Zhou et al., 2013; Jiang et al., 2013; 

Soundappan et al., 2015; Wang et al., 2015; Marzec, 2016; Yao et al., 2016; Liang, Ward, Li, 

Bennett, & Leyser, 2016; Yao et al., 2018). However, SL perception is unique from how other 

plant hormones are perceived, as the SL receptor hydrolyses SL, and SL causes destabilisation 

of the receptor (Hamiaux et al., 2012; Yao et al., 2016; Marzec, 2016; Yao et al., 2018). This 

mode of hormone-receptor interaction was quite unexpected and hence has been the target of 

much research. Since the discovery of the receptor in 2012 several studies have provided 

valuable insight into this hormone-receptor interaction and how it enables SL signal 
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transduction. However, a number of knowledge gaps still exist, which I intend to explore 

through this study.  

This introductory chapter will review the current literature on SL perception and signalling. It 

will provide a comprehensive description of the roles and functions of each of the key proteins 

involved within the SL signalling pathway. It will begin with a brief background about SLs and 

their discovery as regulators of shoot branching.  

1.1 A brief introduction to strigolactones 

Strigolactones are terpenoid lactones that were first discovered in root exudates of cotton (Cook, 

Whichard, Turner, Wall, & Egley, 1966) and were characterised as germination stimulants that 

trigger the germination of the seeds of the parasitic weeds, witchweed (Striga species) and 

broomrape (Orobanche species; (Cook et al., 1966; Cook, 1972; Yokota, Sakai, Okuno, 

Yoneyama, & Takeuchi, 1998; Xie et al., 2008)). The phenomenon of plants secreting 

compounds that promote the growth of parasitic weeds was not understood and for many years 

it was hypothesised that these compounds have other functions that require them to be secreted 

into the soil. This mystery was solved when SLs were found to promote hyphal branching and 

growth of beneficial arbuscular mycorrhizal fungi (AMF) that live in symbiosis with plants 

(Akiyama, Matsuzaki, & Hayashi, 2005; Akiyama & Hayashi, 2006; Besserer, 2006; Besserer, 

Becard, Jauneau, Roux, & Sejalon-Delmas, 2008). Enhanced hyphal branching and growth of 

AMF allows them to colonise the roots of the plant hosts and form an extensive mycelium 

network around the plant root system enabling it to take up nutrients such as nitrates and 

phosphates, in return for carbohydrates (reviewed in Marzec, Muszynska, and Gruszka (2013).  

The involvement of SLs in shoot branching regulation was made evident by a number of 

discoveries from branching mutants from a range of plant species. These mutants included 

ramosus (rms) mutants in pea (Beveridge, Ross, & Murfet, 1996; Foo, Turnbull, & Beveridge, 

2001; Morris, Turnbull, Murfet, & Beveridge, 2001; Foo, 2005), dwarf (d)/high tillering dwarf 

(htd) mutants in rice (Ishikawa et al., 2005; Zou et al., 2006; Arite et al., 2007; Arite et al., 

2009), more axillary growth (max) mutants in Arabidopsis (Stirnberg, van de Sande, & Leyser, 

2002; Sorefan et al., 2003; Booker, 2004; Waters et al., 2012b) and decreased apical dominance 

(dad) mutants in petunia (Napoli, 1996; Snowden & Napoli, 2003; Simons, Napoli, Janssen, 

Plummer, & Snowden, 2007). Initial studies involving grafting of various combinations of 

scions and rootstocks from WT plants and these branching mutants, suggested the existence of 

an unknown graft-transmissible signal that could control bud outgrowth and plant architecture 

((Napoli, 1996; Beveridge, Symons, Murfet, Ross, & Rameau, 1997; Beveridge, Symons, & 

Turnbull, 2000; Foo et al., 2001; Turnbull, Booker, & Leyser, 2002; Simons et al., 2007; 
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Drummond et al., 2009) reviewed in (Dun, Brewer, & Beveridge, 2009; Goulet & Klee, 2010)). 

In 2008, studies conducted with branching mutants from pea, Arabidopsis and rice identified 

SLs as the mobile signals that migrated acropetally from roots to shoots to suppress the 

outgrowth of axillary buds and inhibit the formation of secondary branches (Gomez-Roldan et 

al., 2008; Umehara et al., 2008). 

Mutants that lacked endogenous SLs and whose highly branched phenotype could be reverted 

to the wild-type (WT) phenotype (less branched) on application of GR24 (an active synthetic 

analogue of SL) were classified as SL-sensitive mutants and were proposed to lack genes 

involved in the synthesis of SLs (Napoli, 1996; Foo et al., 2001; Morris et al., 2001; Booker, 

2004; Arite et al., 2007; Hamiaux et al., 2012). Conversely, mutants that produced endogenous 

SLs and whose highly branched phenotype could not be reverted to WT by application of GR24 

were characterised as SL-insensitive mutants and were thought to lack genes involved in 

signalling (Stirnberg et al., 2002; Ishikawa et al., 2005; Arite et al., 2009; Drummond et al., 

2012; Hamiaux et al., 2012). Cloning the genes responsible for these mutations further helped 

to identify those involved in SL biosynthesis and those involved in the signal transduction 

pathway (see Table 1.1 for details of genes).   

Since their discovery as regulators of shoot branching, SLs have also been implicated in the 

regulation of other developmental processes such as leaf senescence, root development, 

secondary growth, internode length, flower development, leaf morphology, seed germination 

and photomorphogenesis (Snowden et al., 2005; Shen, Luong, & Huq, 2007; Ruyter-Spira et 

al., 2011; Agusti et al., 2011; Rasmussen et al., 2012; Toh, McCourt, & Tsuchiya, 2012; Janssen 

& Snowden, 2012; de Saint Germain et al., 2013; Yamada et al., 2014; Janssen, Drummond, & 

Snowden, 2014).  

1.2 Biosynthesis of SLs 

SLs are synthesised mainly in the roots and also in the lower part of the stem of a plant in 

response to low nutrients, mainly nitrates and phosphates (Sato et al., 2003; Yoneyama et al., 

2007a; Yoneyama, Yoneyama, Takeuchi, & Sekimoto, 2007b; Drummond et al., 2015). They 

are synthesised from the carotenoid precursor, all-trans-β-carotene, which is converted into an 

active SL molecule via a series of enzymatic reactions (reviewed in Alder et al. (2012) and Jia, 

Baz, and Al-Babili (2017)). Table 1.1 lists all the genes that are currently associated with the 

SL biosynthesis pathway in all the four model plant species and the enzymes encoded by them. 
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Table 1.1: Genes involved in the strigolactone biosynthesis and signalling pathways and their encoded 

enzymes and proteins in Arabidopsis, pea, petunia and rice 

 

Protein   

identity 

Protein 

function 

Gene names 

Reference 

Arabidopsis Pea Petunia Rice 

 

 

 
 

 

 
 

SL 

biosynthesis 

pathway  

Isomerase 

Converts all 

trans-β-carotene 

into 9-cys–β-
carotene 

AtD27 N.I. N.I. D27 1 and 2 

Carotenoid 

cleavage 
dioxygenase 7 

(CCD7) 

Oxidative 

cleavage of 
double bond of 

9-cis-β-carotene 

MAX3 RMS5 DAD3 HTD1/D7 
3, 4, 5 and 

6 

Carotenoid 
cleavage 

dioxygenase 8 

(CCD8) 

Cleavage and 

cyclization of 
10’-apo-β-

carotenal into 

active form of 
SL precursor 

MAX4 RMS1 DAD1 D10 7, 8 and 9 

Cytochrome 

P450, 

cytochrome 

711 (CYP711) 

Converts SL- 

precursor into 

active SL 

molecule 

MAX1 

(CYP771A1) 
N.I. PhMAX1 

Os900, 
Os1400, 

Os1500, 

Os1900 and 
Os5100 

10, 11 

and 12 

Oxidoreductase
-like enzyme of 

the 2-

oxoglutarate 
and Fe(II)-

dependent 
dioxygenase 

superfamily 

Converts 

carlactonoic acid 
into unidentified 

SL like molecule 

N.I. N.I. N.I. LBO 13 

 
 

 

 
 

 

 
 

 

 
 

 

SL 

signalling 

pathway 

α/β hydrolase 
perception and 

cleavage of SLs 
AtD14 RMS3 DAD2 OsD14 

14, 15, 16 

and 17 

F-box protein 

Recognition and 

degradation of 
downstream 

targets 

 

MAX2 RMS4 
PhMAX2A 

and 

PhMAX2B 

D3 
18, 19, 20 

and 21 

Class I Clp 

ATPase 

Promotes 

branching; 

downstream 
target 

 

SMXL6, SMXL7 

and SMXL8 
N.I 

PhD53A 

and 
PhD53B 

D53 
22, 23, 24 

and 25 

TEOSINTE 

BRANCHED 1 

CYCLOIDEA 
AND 

PROLIFERAT

ING CELL 
FACTORS 

(TCP) 

transcription 
factors 

Probable 

downstream 

targets and 
negative 

regulation of 

branching 
 

BRANCHED 1 

(AtBRC1) and 

BRANCHED2 
(AtBRC2) 

PsBRC1 
PhTCP1, 
PhTCP2, 

PhTCP3 

Fine Culm 1 

(FC1) 

26, 27, 28 

and 29 

SQUAMOSA 

PROMOTOR 
BINDING 

PROTEIN-

LIKE (SPL) 

transcription 

factors 

Negative 

regulator of 

branching; 
regulates 

expression of 

D53 protein 

N.I N.I. N.I. IPA1 30 

 

N.I. not yet identified. 1) Lin et al. (2009), 2) Waters, Brewer, Bussell, Smith, and Beveridge (2012a), 3) Booker 

(2004), 4) Morris et al. (2001), 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 (2005), 11) Drummond et al. (2012), 12) Zhang et al. 

(2014), 13) Brewer et al. (2016), 14) Waters et al. (2012b) , 15) de Saint Germain et al. (2016), 16) Hamiaux et al. 

(2012), 17) Arite et al. (2009), 18) Stirnberg et al. (2002), 19) Beveridge et al. (1996), 20) Drummond et al. (2012), 

21) Woo et al. (2001), 22) Soundappan et al. (2015), 23) Wang et al. (2015), 24) Hamiaux et al. (2018) , 25) Jiang 

et al. (2013), 26) Aguilar-Martínez, Poza-Carrión, and Cubas (2007), 27) Braun et al. (2012), 28) Drummond et 

al. (2015), 29) Minakuchi et al. (2010) and 30) Song et al. (2017). 
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1.3 Diversity of SLs 

The first SLs to be isolated and chemically defined were strigol and orobanchol, isolated from 

the root exudates of cotton and red clover (Cook et al., 1966; Yokota et al., 1998). They consist 

of a tricyclic lactone moiety, comprising A, B and C rings that is connected to a butenolide ring 

(D-ring) via an enol-ether linkage (Figure 1.1; (Zwanenburg & Pospíšil, 2013). Most SLs have 

a similar chemical structure with variations on the A and B rings, while the C-ring, the enol-

ether bridge and the D-ring remain conserved (Figure 1.1). These canonical SLs are broadly 

divided into two groups, strigol-type and orobanchol-type, depending on the orientation of the 

C-ring, that is α-orientated in the case of orobanchol-type and β-oriented in the case of strigol-

type (reviewed in Xie (2016); also see Figure 1.1). Recently, several other SLs have been 

identified from plants that lack the canonical tricyclic lactone moiety but contain the D-ring 

(Figure 1.1). These SLs are referred to as the non-canonical SLs. Examples of this class include 

avenaol, carlactone (CL), carlactonoic acid (CLA) and zealactones ((Kim et al., 2014; Xie, 

2016; Charnikhova et al., 2017); also see Figure 1.1). 

O
O

O
O

O

OH
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O
O

O
O

O
OH

Strigol

O
O

O
O

O
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O
O

O
O

O
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O
O
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O

O
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O
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G R 24
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2'
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O

COOH

O

O

C arlactonoic acid

O
O
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O O

O
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H

O

HO

O
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O

O

O
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O

O

O O

O
O
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Figure 1.1: Chemical structures of naturally occurring strigolactones and a synthetic analogue of 

strigolactone, GR24 

Chemical structures of naturally occurring SLs and the synthetic SL, GR24. The canonical SLs are labelled in 

black and non-canonical SLs are labelled in blue. All structures were drawn using ChemDraw Ultra (version 8.0.3). 
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It is not completely understood why plants synthesise so many different types of SLs and how 

they are perceived in plants. Several structure-activity relationship (SAR) studies have tried to 

link the diversity observed in SLs to the physiological effects they show in planta (reviewed in 

Janssen and Snowden (2012)). For example, the enol-ether bridge and the D-ring are proposed 

to be essential for bio-activity with respect to shoot branching (reviewed in Janssen and 

Snowden (2012); also see (Umehara et al., 2015)).  

1.4 SL perception and signalling 

1.4.1 Components of the SL signalling pathway 

Extensive research on the SL-insensitive mutants in different plant species has helped to 

identify the key proteins involved within the SL signalling pathway (Table 1.1). These include 

proteins such as those belonging to the alpha/beta (α/β) hydrolase fold superfamily, F-box 

protein family and Class 1 Clp ATPase family. Some studies have also implicated some 

transcription factors such as those belonging to the TEOSINTE BRANCHED 1 CYCLOIDEA 

AND PROLIFERATING CELL FACTORS (TCP) family of transcription factors and 

SQUAMOSA PROMOTOR BINDING PROTEIN-LIKE (SPL) family of transcription factors 

as being involved in SL signalling. The following sections describe the proposed roles of these 

proteins within the SL signalling pathway.  

1.4.2 α/β hydrolases (DAD2, AtD14, OsD14 and RMS3) 

The genes encoding the α/β hydrolase, DAD2 in petunia, AtD14 in Arabidopsis, OsD14 in rice 

and RMS3 in pea were discovered through screening of highly branched, SL-insensitive 

mutants, dad2 (in petunia), d14 (in Arabidopsis/rice) and rms3 (in pea; (Beveridge et al., 1996; 

Simons et al., 2007; Arite et al., 2009; Waters et al., 2012b)). Of all the identified α/β 

hydrolases, DAD2 was the first to be shown to function as a receptor that could interact with 

an active SL analogue, GR24 and hydrolyse it into two non-active by-products, the formyl 

tricyclic lactone of GR24 (ABC-rings) and the D-ring (Hamiaux et al., 2012). The rice, 

Arabidopsis and pea orthologues of DAD2, OsD14, AtD14 and RMS3, have also been shown 

to hydrolyse GR24 (Nakamura et al., 2013; Zhao et al., 2013; Chevalier et al., 2014; de Saint 

Germain et al., 2016; Yao et al., 2016). The hydrolytic activity of these receptors were observed 

to be slow and essential for SL-mediated interactions between the receptor and subsequent 

signal transduction partners (Hamiaux et al., 2012; Kagiyama et al., 2013; Jiang et al., 2013; 

Zhao et al., 2015; de Saint Germain et al., 2016).  

Proteins from the α/β hydrolase fold protein superfamily carry out a diverse range of catalytic 

functions through a conserved catalytic triad that is situated within the α/β hydrolase fold in 

conserved loop regions (Lenfant, Hotelier, Bourne, Marchot, & Chatonnet, 2013). The triad 
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consists of a nucleophilic serine (Ser), located in the nucleophilic elbow made by the 5th β strand 

and the following α helix; an acidic aspartic acid (Asp)/glutamic acid (Glu) residue, located 

within the loop after β7; and a histidine (His) residue, located in the loop region connected to 

the last β strand (Ollis et al., 1992; Nardini & Dijkstra, 1999; Holmquist, 2000; Lenfant et al., 

2013). Another α/β hydrolase fold protein known to function as a receptor in the signalling 

pathway of a plant hormone is the GA receptor, GIBBERELLIN INSENSITIVE DWARF 1 

(GID1), which shares the some structural similarity with the SL receptor. However, unlike 

DAD2, the GID1 receptor does not hydrolyse its ligand as it harbours a valine residue in place 

of the catalytic histidine residue and therefore lacks a functional catalytic triad (Ueguchi-

Tanaka et al., 2005; Shimada et al., 2008). 

Solving of the crystal structure of DAD2 confirmed that it had the characteristic α/β hydrolase 

fold with conserved catalytic residues, Ser-Asp-His (Hamiaux et al., 2012). It depicted the 

classical α/β hydrolase core domain, comprising seven stranded β sheets (β1-β7), flanked by 

eight α helices (α1-α8; Figure 1.2). The α/β hydrolase fold core domain is connected to an open, 

V-shaped lid domain, comprising four α helices (αL1- αL4), via a short β hairpin (Figure 1.2). 

The L-shaped, hydrophobic catalytic cavity is situated between the core and the lid domain with 

the conserved catalytic triad, Ser96-Asp217-His246, situated at the base of the cavity (Hamiaux 

et al., 2012; Figure 1.2C). The interior of the cavity is highly hydrophobic with several 

phenylalanine residues also located at the base of the hydrophobic cavity (Hamiaux et al., 

2012). The structures of AtD14 and OsD14 were also solved and are highly similar to DAD2 

(root mean square deviation (RMSD) of 0.6 Å (DAD2 vs AtD14) and 0.5 Å (DAD2 vs OsD14); 

Figure 1.3; (Kagiyama et al., 2013; Zhao et al., 2013)). Apart from rice, Arabidopsis and pea, 

an SL receptor has also been identified in the parasitic weed, Striga hermonthica (Tsuchiya et 

al., 2015; Toh et al., 2015; Xu et al., 2018), which also shows similar structures to 

DAD2/AtD14/OsD14. DAD2 and its orthologues also share structural similarities with the 

Karrikin receptor, KARRIKIN-INSENSITIVE2 (KAI2; (Janssen & Snowden, 2012; Zhao et 

al., 2013; Bythell-Douglas et al., 2013)), which perceives the smoke-derived signal molecule, 

karrikin and mediates its signalling through the SCFMAX2 complex involved in SL signalling 

(Jiaren et al.; Janssen & Snowden, 2012; Waters et al., 2012b; Zhao et al., 2013; Bythell-

Douglas et al., 2013). However, this review will only focus on DAD2 and its orthologues.  
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Figure 1.2: Crystal structure of the DAD2 receptor 

A) The DAD2 receptor depicting the classical α/β hydrolase fold core domain (shown in blue) that is connected to 

the open lid domain (shown in yellow) via a short β hairpin. A) Side-view of the DAD2 receptor, B) Top-view of 

the DAD2 receptor showing the location of the catalytic triad, Ser96-Asp217-His246 (shown in stick 

representation in green colour) within the cavity of the receptor, C) L-shaped catalytic cavity of the receptor 

(shown by brown translucent surface), D) opening of the catalytic cavity located at the top of the receptor (shown 

in surface representation) and E) topology of the DAD2 receptor (β sheets shown as green arrows, helices as blue 

cylinders and loops as black lines). The structure of DAD2 was resolved at a resolution of 2.15 Å. The structure 

was obtained from PDB (PDB ID: 4DNP; (Hamiaux et al., 2012)). 
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Figure 1.3: Crystal structure of rice (OsD14) and Arabidopsis (AtD14) SL receptors superimposed onto 

the crystal structure of petunia (DAD2) SL receptor 

A) Crystal structure of OsD14 resolved at a resolution of 1.58 Å (the α/β hydrolase core domain and hairpin shown 

in green and the open lid domain shown in blue) superimposed onto the crystal structure of DAD2 (the α/β 

hydrolase core domain and hairpin shown in orange and the open lid domain shown in cyan). B) Crystal structure 

of AtD14 resolved at a resolution of 3.5 Å (the α/β hydrolase core domain and hairpin shown in magenta and the 

open lid domain shown in blue) superimposed onto the crystal structure of DAD2 (the α/β hydrolase core domain 

and hairpin shown in orange and the open lid domain shown in cyan). The structures were sourced from PDB 

(PDB ID: 3W05 (Kagiyama et al., 2013), 4IH4 (Zhao et al., 2013) and 4DNP (Hamiaux et al., 2012) and are shown 

in ribbon representation.  

1.4.3 F-box proteins (PhMAX2A, MAX2, D3 and RMS4) and the SCF complex  

The involvement of F-box proteins within the SL signalling pathway was made evident by 

discovery of branching mutants, max2 in Arabidopsis, rms4 in pea and d3 in rice and 

identification of their causal mutations (Stirnberg et al., 2002; Ishikawa et al., 2005; Johnson et 

al., 2006). Orthologous genes were also identified in petunia, PhMAX2A and PhMAX2B 

(Drummond et al., 2012). The F-box proteins are part of a larger protein family that contains a 

conserved 50 amino acid long F-box motif and are involved in protein-protein interactions 

(Kipreos & Pagano, 2000). They are usually a member of the Skp1-Cullin-F-box (SCF) E3 

ubiquitin complex that consists of three other proteins, Skp1 (Suppressor of Kinetochore 

Protein 1), Cullin1 and a Roc1/Rbx1/Hrt1 RING finger. However, the F-box proteins are also 

known to function independently of the SCF complex (Kipreos & Pagano, 2000; Stefanowicz, 

Lannoo, & Van Damme, 2015).  

So far, the F-box proteins found to be involved in signalling pathways of other plant hormones, 

such as TRANSPORT INHIBITION RESPONSE1 (TIR1) involved in AUX signalling, 

CORONATINE INSENSITIVE1 (COI1) involved in JA signalling, and GID2/SLEEPY1 

(SLY1)/SNEEZY2 (SLY2) involved in GA signalling, are known to function as members of 

the SCF E3 ubiquitin ligase complex and are involved in the recruitment and ubiquitin-mediated 

degradation of target proteins via the 26S proteasomal pathway (Gomi et al., 2004; Dharmasiri, 

Dharmasiri, & Estelle, 2005; Tan et al., 2007; Dos Santos Maraschin, Memelink, & Offringa, 



10 

 

2009; Yan et al., 2009; Sheard et al., 2010; Ariizumi, Lawrence, & Steber, 2011). In these 

hormone signalling pathways, these F-box proteins are usually responsible for recruitment of 

the target proteins to their respective SCF complexes (Gomi et al., 2004; Dharmasiri et al., 

2005; Tan et al., 2007; Dos Santos Maraschin et al., 2009; Yan et al., 2009; Sheard et al., 2010). 

The recruitment of target proteins could either be done directly as seen in the case of AUX and 

JA signalling where the TIR and COI1 F-box proteins act as receptors that bind their respective 

hormones to then recruit their respective target proteins, or it could be done indirectly, as seen 

in the case of GA signalling, where the F-box protein, GID2/SLY1/SLY2 recruits the GA 

receptor, GID1, which is bound to both the hormone and the target protein. In either case, after 

recruitment of the target protein, the E3 ligase protein of the SCF complex polyubiquitinates 

the target protein and this ubiquitinated target protein is then degraded by the proteasomal 

pathway (Gomi et al., 2004; Ueguchi-Tanaka et al., 2005; Dharmasiri et al., 2005; Tan et al., 

2007; Shimada et al., 2008; Dos Santos Maraschin et al., 2009; Yan et al., 2009; Sheard et al., 

2010). Other proteins of the SCF complex such as Skp1 act as a connector between the F-box 

and Cullin1 proteins, while Cullin1 functions as a scaffold protein that ensures that the target 

protein is exposed to the catalytic part of the Rbx1-E3-ubiquitin complex, which attaches 

ubiquitin molecules to the target protein and marks it for degradation via the 26S proteasome 

(Stefanowicz et al., 2015). 

In the SL signalling pathway, the F-box proteins, PhMAX2A*/D3/MAX2, are also proposed to 

function as part of SCF E3 ubiquitin ligase complexes as they interact with their respective 

Skp1-like proteins, petunia Skp 3 (PSK3), Oryza sativa Skp1 like (OSKs) and Arabidopsis 

serine/threonine kinase 1 (ASK1; (Woo et al., 2001; Stirnberg, Furner, & Leyser, 2007; 

Hamiaux et al., 2012; Zhao et al., 2014)). Furthermore, the Arabidopsis and rice F-box proteins 

have also been shown to interact with their respective Cullin1 proteins, AtCullin1 and 

OsCullin1 (Stirnberg et al., 2007; Zhao et al., 2014). Moreover, studies have shown that these 

F-box proteins can interact with their respective SL receptors (DAD2/AtD14/OsD14) in a 

hormone-dependent manner (Hamiaux et al., 2012; Zhao et al., 2014; Yao et al., 2016), 

suggesting that the F-box proteins involved in SL signalling probably recruit the target protein 

via an indirect mechanism, likely to be mediated by the receptor, as observed in the case of GA 

signalling, and assist in their degradation. However, the exact sequence of events linking SL 

perception to downstream signalling still remains to be firmly established.  

* 
Petunia encodes two F-box proteins PhMAX2A and PhMAX2B. Of these two proteins, PhMAX2A has been 

reported to show strong interactions with petunia’s SL receptor, DAD2, in the presence of GR24 using yeast two-

hybrid assays, suggesting that in petunia the SL signalling probably involves the SCFPhMAX2A complex (Hamiaux 

et al., 2012).  
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1.4.3.1 The structure of the F-box protein, D3 

The F-box protein consist of a conserved F-box motif present at the N-terminal end of the 

protein and a variable domain present at the C-terminal end of the protein (Stefanowicz et al., 

2015). The F-box motif interacts with the Skp1 protein within a functional SCF complex, while 

the C-terminal part of the protein consists of variable motifs such as leucine-rich repeats (LRR), 

proline-rich repeats or specific domains such as WD-40, Kelch, zinc finger, etc. (Stefanowicz 

et al., 2015), which interact with target proteins that are selected for polyubiquitination and 

further degradation by the proteasomal pathway (Skaar, Pagan, & Pagano, 2013; Stefanowicz 

et al., 2015).  

The C-terminal domains of the F-box proteins involved in SL signalling 

(D3/MAX2/PhMAX2A/RMS4) are comprised of 20 LRRs which, in the recently reported 

crystal structure of the D3-ASK1 complex (the rice F-box protein in complex with the 

Arabidopsis Skp1 protein, ASK1), are packed and arranged such that the structure resembles 

an open solenoid ((Yao et al., 2016); see Figure 1.4). Each LRR is made up of a β sheet-loop-α 

helix motif, with the β sheets forming the interior of the solenoid, while the α helices form the 

exterior of the solenoid structure (Figures 1.5 and 1.6A). The N-terminal end of the D3 protein 

forms the three helical F-box motif that interacts with ASK1 protein, which itself is comprised 

of six α helices ((Figure 1.4; (Yao et al., 2016)). The loops of LRR8, 14, 16, 17, 18 and 20 of 

D3 are disordered in the reported structure (Figure 1.4). 

 
 

Figure 1.4: Crystal structure of the rice F-box protein, D3, in complex with Arabidopsis Skp1-like protein, 

ASK1 from Yao et al. (2016) 

Crystal structure of rice F-box protein D3 in complex with Arabidopsis ASK1 protein, resolved at a resolution of 

3 Å. The N-terminal end of D3 consists of the F-box motif (shown in blue) that interacts with the ASK1 protein 

(shown in yellow). The C-terminal end of D3 is comprised of 20 LRRs that are packed and arranged to resemble 

a solenoid. Each LRR contains a β sheet (purple), loop (salmon) and an α helix (cyan). The LRR8, 14, 16, 17, 18 

and 20 have disordered loop regions. The structure was sourced from PDB (PDB ID: 5HYW, (Yao et al., 2016)). 
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Recently, the D3-ASK1 complex has also been solved by Shabek et al. (2018) from three 

different non-isomorphous crystals (referred hereafter as structure 1, 2 and 3; see Figures 1.5 

and 1.6). The crystal structures from this group are similar to that reported previously by Yao 

et al. (2016), having RMSD of 0.361 Å. However, the structures from Shabek et al. (2018) 

differ slightly in the arrangement of LRR20 from that observed in the Yao et al. (2016) crystal 

structure, specifically in the C-terminal helix of this LRR. 

In the crystal structure solved by Yao et al. (2016), the 20th LRR is comprised of a β sheet-loop-

α helix, where the C-terminal end exists as a helix (see Figure 1.4 and 1.5). However, in the 1st 

crystal structure (PDB ID: 6BRQ) solved by Shabek et al. (2018) the α helix of the 20th LRR is 

disordered in one of the solved molecules of the asymmetric unit (ASU; molecule A), while in 

the other, it relaxes to form a coil (Figure 1.6A). By contrast, in the 2nd crystal structure (PDB 

ID: 6BRO; Shabek et al. (2018)), the helix of the LRR20 is completely missing in both 

molecules of the ASU (Figure 1.6B). In, the 3rd crystal structure (PDB ID: 6BRP; Shabek et al. 

(2018)), LRR20 looks exactly like that shown previously (Figure 1.6D and E; Yao et al. (2016)). 

In all these structures, even though they are resolved to different resolutions (2.99 Å (structure 

1), 2.5 Å (structure 2) and 2.39 Å (structure 3)), the electron density around the LRR20 is either 

poor or completely absent, suggesting that this part of the protein might be disordered to some 

degree. Based on the observed conformations of the α helix of the LRR20, it appears that this 

part of the D3 protein is quite flexible and may adopt different conformations. It has been 

proposed by Shabek et al., (2018) that conformational flexibility of this C-terminal helix may 

play a role in how the D3 protein interacts with the receptor and the D53/SMXL6/7/8 proteins 

(discussed later in Section 1.5.2.1).  

 

Figure 1.5: Comparison of all the crystal structures of D3-ASK1 complex 

A) All the aligned crystal structures of the D3-ASK1 complex. The D3-ASK1 complex structure (PDB ID:5HYW)  

by Yao et al. (2016) shown in blue (D3) and yellow (ASK1), respectively, The first structure of D3-ASK1 complex 

(structure 1, PDB ID:6BRQ) by Shabek et al. (2018) shown in green (D3) and yellow (ASK1), second structure 

of D3-ASK1 complex (structure 2; PBD ID: 6BRO) by Shabek et al. (2018) shown in orange (D3) and yellow 

(ASK1) and third structure of D3-ASK1 complex (structure 3; PDB ID: 6BRP) by Shabek et al. (2018) shown in 

cyan (D3) and yellow (ASK1). B) Different conformation of the α helix of LRR20 in the different crystal structures 

of the D3-ASK1 complex. All the structures were obtained from PDB.  
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Figure 1.6: Crystal structure of D3-ASK1 complex by Shabek et al. (2018) 

A) 1st crystal structure of the D3-ASK1 complex showing the two molecules, A and B, of the solved ASU (structure 

1; PDB ID: 6BRQ; resolution of 2.99 Å). The C-terminus of D3 is shown in green, the α helix of LRR20 shown 

in red, F-box motif in blue and ASK1 protein in yellow. The α helix of LRR20 is missing in molecule A, while in 

molecule B it relaxes to form a coil (shown in red). B) 2nd crystal structure of the D3-ASK1 complex showing the 

two molecules, A and B, of the solved ASU (structure 2; PDB ID: 6BRO; resolution of 2.5 Å). The C-terminus of 

D3 is shown in orange, F-box motif in blue and ASK1 protein in yellow. The α helix of LRR20 is missing in both 

molecules. C) 3rd crystal structure of the D3-ASK1 complex showing the two molecules, A and B, of the solved 

ASU (structure 3; PDB ID: 6BRP; resolution of 2.39 Å). The C-terminus of D3 is shown in cyan, F-box motif in 

blue, ASK1 protein in yellow and the α helix of LRR20 is shown in red. All structures were obtained from PDB.
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1.4.4 SL repressor, D53 and its orthologues 

D53 was discovered in 2013, after the characterisation of another SL-insensitive branching 

mutant of rice, d53 (Zhou et al., 2013; Jiang et al., 2013). The d53 mutant, unlike the other 

mutants identified previously, was a gain-of-function mutant that showed a highly branched 

phenotype and was insensitive to the endogenous application of GR24 as observed for the d14 

and d3 mutants (Zhou et al., 2013; Jiang et al., 2013). Based on these observations the d53 gene 

was proposed to be involved in the perception and signalling of SL (Zhou et al., 2013; Jiang et 

al., 2013). D53 was further shown to act downstream of the D14 and D3 proteins as reduction 

of d53 expression in d14 and D3 mutants reverted their highly branched phenotype to that of 

WT (Zhou et al., 2013; Jiang et al., 2013). Similar effects were also observed when d53 gene 

expression was reduced in d53 knockdown mutant plants, which resulted in a reduced branched 

phenotype (Zhou et al., 2013; Jiang et al., 2013). Taken together, these results suggested that 

D53 acts downstream of D14 and D3 and functions as a negative regulator of SL signalling, 

which promotes branching by repressing the SL signalling pathway.  

Since the discovery of d53 in rice, other orthologues of this gene have also been identified in 

Arabidopsis and petunia using sequence similarities and phylogenetic analysis. In Arabidopsis, 

D53 shares sequence similarities with SUPPRESSOR OF MORE AXILLARY GROWTH 2 1-

LIKE (SMAX1 like or SMXLs) family members, which includes eight genes, SMAX1, SMXL2, 

SMXL3, SMXL4, SMXL5, SMXL6, SMXL7 AND SMXL8 (Soundappan et al., 2015; Wang et al., 

2015; Liang et al., 2016; Moturu et al., 2018). Of these, smxl6, 7 and 8 are involved in the 

regulation of shoot branching (Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016). 

In petunia two D53 orthologues have been identified, PhD53A and PhD53B (Hamiaux et al., 

2018).   

The D53 gene encodes a large protein, 1131 amino acids long, which is predicted to share 

structural similarities with the Class I Clp ATPase protein family. The D53 protein is predicted 

to contain multiple domains, an N domain, two ATPase domains (D1 and D2) and M domain 

(Zhou et al., 2013; Jiang et al., 2013). The D2 domain of the protein has been found to contain 

three EAR motifs (ethylene-responsive element binding factor associated amphiphilic 

repression motif), EAR-1, EAR-2 and EAR-3 (Zhou et al., 2013; Jiang et al., 2013).  

The link between D53 and SL signalling was corroborated when D53 was shown to 

independently interact with D14 in a GR24-dependent manner using in vitro pull-down assays, 

yeast two-hybrid assays and a Bimolecular Fluorescence Complementation (BiFC) assays 

(Zhou et al., 2013; Jiang et al., 2013). Similar GR24-dependent interactions were also reported 

for the Arabidopsis orthologues, SMXL6, SMXL7 and SMXL8 with AtD14 and for the petunia 
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orthologue, PhD53A, with DAD2 using co-immunoprecipitation (CoIP; both in vitro and in 

vivo) and yeast two-hybrid assays, respectively (Soundappan et al., 2015; Wang et al., 2015; 

Liang et al., 2016; Hamiaux et al., 2018). D53 and its Arabidopsis orthologues were also shown 

to be degraded in an SL-mediated, D14 and D3/MAX2 dependent manner via the 26S 

proteasomal pathway (discussed in more detail in Section 1.5.3; (Zhou et al., 2013; Jiang et al., 

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

established D53 as a target of SL signalling. It was further shown that Arabidopsis SMXL7, 

AtD14 and MAX2 interacted in a GR24-dependent manner in the nucleus of Nicotiana 

benthamiana (N. benthamiana) leaf epidermal cells using Forster Resonance Energy Transfer 

(FRET) and Fluorescence-Lifetime Imaging Microscopy ((FILM); (Liang et al., 2016)). This 

evidence further confirmed that D53 was a nuclear-localised target, like the other signalling 

components, and that it was likely degraded after recruitment into the SCF complex.  

D53 was further shown to act in association with co-repressors from the TOPLESS (TPL) and 

TPL-related proteins (TPRs) family that are known to be involved in transcriptional repression 

in other plant hormone signalling pathways (Jiang et al., 2013; Zhou et al., 2013; Soundappan 

et al., 2015; Wang et al., 2015; Liang et al., 2016). Using mammalian two-hybrid and pull-

down assays, D53 was shown to interact with one of the rice TPR proteins, TPR2, which is 

reported to be involved in tiller and spikelet development in rice (Jiang et al., 2013). Similar 

interactions were reported for the SMXL6/7/8 and Arabidopsis TPR2 protein using yeast two-

hybrid, Co-IP and BiFC assays (Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016). 

These results suggest that D53/SMXL6/7/8 acts at least in part by association with TPL/TPR 

co-repressors. The interaction between D53/SMXL6/7/8 and TPR2 is proposed to occur via the 

tetramerisation domain of TPR based on a crystal structure in which only the EAR-2 peptide of 

D53 can be seen interacting with the tetramerisation domain of TPR2 (Ma et al., 2017).  

The interaction between SMXL6/7/8 and TPR2 was shown to be dependent on the EAR motif 

as deletion of this motif abolished this interaction (Soundappan et al., 2015; Wang et al., 2015; 

Liang et al., 2016). Transient expression assays in Arabidopsis protoplasts and yeast two-hybrid 

assays have shown that TPR2 can interact with SMXL6/7/8 but not with SMXL6/7/8 that carry 

a mutation in their EAR motif, indicating that EAR motifs are essential for the interaction 

between TRP2 and SMXL6/7/8 (Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016). 

Likewise, overexpression of mutated d53 genes (carrying mutations in the different EAR 

motifs) in a WT background resulted in an increase in tiller number compared with WT plants 

(Ma et al., 2017), indicating that like SMXL6/7/8, D53’s interaction with TPR2 is dependent 

on the EAR motifs.  
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Up until now, the signalling mechanism downstream of D53 is unclear. However, some studies 

have shown that D53/SMXL6/7/8 can regulate the expression of two transcription factors, 

namely, BRANCHED1 (BRC1) and Ideal Plant Architecture 1 (IPAI; (Wang et al., 2015; Song 

et al., 2017)). The expression of BRC1 has been observed to increase in smxl6/7/8, max2-

smxl6/7/8 and max3-smxl6/78 mutants, suggesting that SMXL6/7/8 possibly suppresses BRC1. 

Further, the expression of HB53, which is a gene activated by BRC1, has also been shown to 

increase in SMXL6/7/8, suggesting that SMXL6/7/8 may regulate the activity of transcription 

factors and their associated genes.  

D53 has also been shown both in vivo and in vitro to physically repress IPA1, a regulator of 

plant architecture and tillering in rice (Song et al., 2017). IPA1 has also been shown to directly 

interact with the promoter of TEOSINTE BRANCHED1 (TB1; the maize orthologue of BRC1) 

and activate TB1 transcriptional activity (Lu et al., 2013). Similar observations have been made 

for the D53 orthologue from wheat, TaD53, which can physically interact with TaSPL3/17 (an 

orthologue of IPA1 in wheat) and prevent it from activating TaTB1 (wheat orthologue of TB1) 

gene expression (Liu, Cheng, Liu, & Sun, 2017). These observations suggest that during SL 

signalling, the D53/SMXL6/7/8 possibly suppresses the transcriptional activity of IPA1 and 

BRC1 that further prevents activation of their associated genes, which likely have an effect on 

branching and other developmental process regulated by SL. However, this part of the pathway 

is not fully understood and we still do not know further details about the downstream 

mechanism after D53 and IPA1 in terms of branching regulation. 

1.5 Features of SL signalling 

1.5.1 SL perception: hormone reception, hydrolysis and thermal destabilisation 

1.5.1.1 SL reception and hydrolysis 

As briefly described in Section 1.4.2, the SL receptor (DAD2/RMS3/AtD14/OsD14) 

hydrolyses SL into two products, the tricyclic lactone (ABC-rings) and the butenolide D-ring 

(Hamiaux et al., 2012; Yao et al., 2016; de Saint Germain et al., 2016; Yao et al., 2018). The 

hydrolytic activity of the SL receptor is by virtue of the conserved catalytic triad, Ser96-His246-

Asp217, which is a characteristic feature of this family of hydrolases (Ollis et al., 1992; Nardini 

& Dijkstra, 1999; Hamiaux et al., 2012; Yao et al., 2016; de Saint Germain et al., 2016; Yao et 

al., 2018). Various studies have shown that the hydrolysis of SL occurs via nucleophilic attack, 

where the catalytic Ser acts as the nucleophile and attacks the carbonyl group of the D-ring of 

the SL molecule, this results in cleavage of the SL molecule at the enol-ether bridge, leading to 

the generation of the two products (Hamiaux et al., 2012; Nakamura et al., 2013; Yao et al., 

2016; de Saint Germain et al., 2016; Yao et al., 2018). Nucleophilic attack when performed by 
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other serine protease enzymes such as Chymotrypsin or Subtilisin, typically occurs rapidly, the 

nucleophile replaces the leaving group and binds the substrate, which is in turn released after 

an activated water molecule attacks the bound substrate to regenerate the catalytic Ser residue 

for another round of hydrolysis. Based on this general mechanism, it is possible that DAD2 and 

its orthologues also hydrolyse SL in a similar manner where the tricyclic lactone would act as 

the leaving group (as it has been detected within a few minutes of hydrolysis), creating an 

intermediate with the catalytic Ser bound to the D-ring, and then an activated water molecule 

releases the bound D-ring to regenerate the receptor for another round of hydrolysis. However, 

the hydrolytic activity of DAD2 and other orthologues is slow (Hamiaux et al., 2012; Nakamura 

et al., 2013; Zhao et al., 2015; Yao et al., 2016; de Saint Germain et al., 2016; Yao et al., 2018). 

For example, when DAD2 was incubated with a 20 molar excess of GR24, 50% remains after 

3 hour (h) of incubation and complete hydrolysis was only observed after 18 h of incubation 

(Hamiaux et al., 2012). Furthermore, another study by Nakamura et al. (2013) showed that the 

hydrolytic activity of the OsD14 receptor was stereospecific, as they found that OsD14 

hydrolysed (+)-GR24 faster than (-)ent-GR24 (an enantiomer found in racemic GR24). This 

was also observed for the other receptor orthologues (Hamiaux et al., 2012; Yao et al., 2016; 

de Saint Germain et al., 2016; Yao et al., 2018). In addition, the kinetic studies performed on 

several receptor orthologues (RMS3/DAD2/AtD14) all showed that the hydrolytic mechanism 

of the SL receptor was quite different from that of classical enzymes. The first evidence came 

from the kinetic study conducted for the pea SL receptor, RMS3, using an in vitro time-course 

hydrolytic assay with a synthetic fluorogenic SL mimic, (±) GC-242, as a substrate that could 

be hydrolysed by RMS3 (into fluorophore (DIFMU) and the D-ring), and was also biologically 

active in repressing bud outgrowth (de Saint Germain et al., 2016). In this kinetic study, RMS3 

showed biphasic kinetics, with first a “pre-steady” state, where an initial burst in fluorescence 

signal was observed within the first 5 minute (min) of the reaction, which was followed by the 

second “steady” state where the signal plateaued for the remaining time of the reaction, possibly 

because of product inhibition. This analysis further suggested that RMS3 does not obey 

classical Michaelis-Menten kinetics (de Saint Germain et al., 2016). Therefore, they calculated 

the catalytic turnover (Kcat) using the “pre-steady” state of the reaction, which confirmed that 

the first step of the reaction, that is the release of the tricyclic moiety, occurred rapidly (de Saint 

Germain et al., 2016). Subsequently, they performed another hydrolytic assay in which two 

successively added aliquots of RMS3 were made, with the second added after the reaction 

reached the plateau state (de Saint Germain et al., 2016). The results of these assays showed 

that adding fresh enzyme triggered another rapid increase in florescence followed by a plateau 

phase (de Saint Germain et al., 2016). Based on these experiments, the authors concluded that 
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RMS3 was a single turn-over enzyme that gets inhibited by irreversible binding to one of the 

reaction products/intermediate, which they suggested to be the D-ring (de Saint Germain et al., 

2016). This seems plausible as the hydrolysis of SL occurs via the nucleophilic attack in which 

the tricyclic lactone moiety would act as a leaving group (as its release has been detected), while 

the D-ring product becomes attached to the nucleophile. But surprisingly, mass spectrometry 

analysis showed that after incubation with SLs, RMS3 was covalently bound to the D-ring via 

the catalytic His residue rather than the catalytic Ser residue (de Saint Germain et al., 2016). 

Consistent with RMS3, the orthologues DAD2, OsD14 and AtD14 were also reported to show 

non Michaelis-Menten, biphasic kinetics when tested using another bioactive fluorogenic SL 

agonist, Yoshimulactone Green (YLG; (Tsuchiya et al., 2015; Hamiaux et al., 2018; Shabek et 

al., 2018)). Unlike RMS3, however, AtD14, OsD14 and DAD2 did not show a complete plateau 

in their kinetics. Instead, fluorescence increases slowly and steadily, suggesting that these 

receptors are still able to act as enzymes and catalyse multiple hydrolytic reactions (Tsuchiya 

et al., 2015; Hamiaux et al., 2018; Shabek et al., 2018). In addition, AtD14 was reported to 

release the bound D-ring after 60 min of incubation with GR24 in two independent studies (Yao 

et al., 2016; Seto et al., 2019), suggesting that it was not a single turnover enzyme as indicated 

for RMS3. However, for DAD2, no studies have looked into the release of the D-ring. 

Nonetheless, DAD2 shows similar kinetics to the AtD14 receptor (Hamiaux et al., 2018), which 

raises the possibility that DAD2 might also not be a single turnover enzyme, however, this still 

needs to be verified experimentally.  

In addition to similar two-phase kinetics, both AtD14 and OsD14 were also found to have a D-

ring covalently bound to their catalytic His residues (His247 for AtD14 and His297 of OsD14) 

after pre-incubation with biologically active compounds (rac)-GR24, Br-Debranone and 5DS, 

both in vitro and in vivo (Yao et al., 2016; Yao et al., 2018). For in vivo detection, the WT 

Arabidopsis and rice plants were pre-treated with (rac)-GR24 and 5DS following which the 

AtD14 and OsD14 receptors were purified and analysed by liquid chromatography-mass 

spectrometry ((LC-MS/MS; (Yao et al., 2016; Yao et al., 2018)). LC-MS confirmed that both 

receptors carried a C5H5O2 covalent modification of the catalytic His, consistent with a bound 

D-ring (Yao et al., 2016; Yao et al., 2018). However, no study has looked into the release of 

the D-ring by any of the receptor orthologues in vivo and no one has determined whether the 

DAD2 receptor shows a similar covalent linkage in the presence of SLs. Further experiments 

testing the presence of covalent modification in hydrolytic mutants of AtD14 (AtD14S97A/ 

AtD14H247A) and RMS3 (RMS3His247A) found no covalently linked D-ring, indicating that a 

functional catalytic triad is required for the generation of this covalent addition (Yao et al., 

2016; de Saint Germain et al., 2016). The covalent modification could also not be observed 
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when the AtD14 receptor was incubated with only the D-ring (Yao et al., 2016), confirming it 

results from the active hydrolysis of SL by the receptor. Likewise, when RMS3 was tested for 

the presence of a covalent modification after incubation with a non-active SL analogue (±) 

GC486, the receptor did not show the presence of any covalently bound D-ring even though it 

hydrolysed (±) GC486, nor did it show irreversible inhibition (de Saint Germain et al., 2016). 

It was suggested that this compound could not irreversibly inhibit RMS3 as it lacks a methyl 

group on its D-ring moiety (de Saint Germain et al., 2016). Similar results were observed when 

the AtD14 receptor was incubated with another synthetic, non-active, non-hydrolysable SL 

analogue, carba-GR24 that lacks an enol-ether linkage, as a result of which it could not be 

cleaved and failed to generate the covalent modification (Yao et al., 2016). These results 

suggested that the conserved structure of the D-ring moiety and the presence of the enol-ether 

bridge within the SL molecule are essential for the generation of the covalent modification.  

Altogether, a model was proposed for the hydrolytic mechanism of the SL receptor involving 

two nucleophilic attacks (de Saint Germain et al., 2016; Yao et al., 2016). In the first 

nucleophilic attack the catalytic Ser residue acts as a nucleophile that attacks the carbonyl group 

of the D-ring, resulting in hydrolysis of the enol-ether linkage and release of the tricyclic lactone 

(Figure 1.7; (Yao et al., 2016; de Saint Germain et al., 2016; Yao et al., 2018)). The second 

nucleophilic attack is proposed to be performed by the deprotonated His residue (generated by 

transfer of electrons during the hydrolysis) on the 2nd carbon (C-2) of the D-ring, which is bound 

to Ser (de Saint Germain et al., 2016) and results in the D-ring becoming covalently bound to 

the catalytic His (Figure 1.7; (de Saint Germain et al., 2016)). This covalently attached D-ring 

is then released from the receptor after it is attacked by an activated water molecule (Figure 1.7; 

(Yao et al., 2016; de Saint Germain et al., 2016; Yao et al., 2018)). Taken together, all the above 

mentioned results show that SL receptors are unique in their hormone perception where the 

hydrolytic activity of the receptor is required for the generation of a covalently bound D-ring. 

However, it is not clear whether the generation of this covalent modification leads to the 

observed receptor thermal destabilisation (see below) and also if it is necessary for signal 

transduction. 
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Figure 1.7: Chemical mechanism of SL hydrolysis 

SL (GR24 in this example) binds within the catalytic cavity of the receptor, where the Ser96 residue performs a 

nucleophilic attack on the enol-ether bridge of the SL molecule to release the first ABC-rings-containing product. 

The D-ring then binds to the catalytic His residue (His246) after a second nucleophilic attack performed by the 

nitrogen atom of the imidazole ring of the histidine on the carbon atom of the open D-ring. The D-ring is later 

released after a second water molecule enters the cavity. The mechanism in this figure has been adapted from the 

work of de Saint Germain et al. (2016).   

1.5.1.2 Thermal destabilisation and conformational change of the SL receptor 

Prior to the observation of the covalent attachment of the D-ring to the catalytic His of the SL 

receptor, the only information available about the SL-receptor interaction has been through 

observations associated with thermal destabilisation of the receptor. The evidence for this was 

provided by various studies using Differential Scanning Fluorimetry (DSF) assays, which 

measured the thermal stability of the different SL receptors (DAD2, RMS3, AtD14 and OsD14), 

in the presence and absence of GR24 (Hamiaux et al., 2012; Abe et al., 2014; Zhao et al., 2015; 

de Saint Germain et al., 2016; Seto et al., 2019). In all of these studies, the receptor showed a 

decrease in their melting temperatures (Tm), when measured in the presence of GR24. By 

contrast, hydrolytic mutants of these receptors (DAD2S96A, DAD2H246A, RMS3S96A, RMS3H247A, 

AtD14S96A and AtD14H247A) did not show any change in their melting temperature in the 

presence of GR24 (de Saint Germain et al., 2016; Hamiaux et al., 2012; Seto et al., 2019). Based 

on these observations it was inferred that SL binding/hydrolysis results in thermal 

destabilisation of the receptor, likely by causing a conformational change in the receptor.  
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Since then, several studies have tried to provide structural evidence for the SL-receptor 

interaction and the associated conformational change (Nakamura et al., 2013; Zhao et al., 2013; 

Zhao et al., 2015). However, most of the reported crystal structures of the receptors, either in 

complex with intact SL or its hydrolytic products or putative intermediates, were found to be 

similar to the unbound/apo structures, with no apparent conformational change (Figure 1.8). 

Moreover, in all of the structures the electron density of the putative bound ligands were not 

well defined, making it difficult to assess whether the bound ligand was indeed a SL, a 

hydrolytic product or an intermediate or some other compound from the crystallisation solution 

(Carlsson, Hasse, Cardinale, Prandi, & Andersson, 2018). For example, in the crystal structure 

of OsD14 in complex with GR24, the structure of the receptor was found to be similar to the 

apo-OsD14 structure (Figure 1.8A; (Zhao et al., 2015)) and examination of the electron density 

maps revealed that the bound GR24 ligand had partial electron density around the D-ring 

moiety, while no density was observed around the tricyclic lactone moiety (Figure 1.8B and C). 

Similarly, in another crystal structure of OsD14 in complex with a hydrolytic intermediate of 

GR24, 2,4,4,-trihydroxy-3-methyl-3-butenal (TMB;(Zhao et al 2013)) or the D-ring (D-OH; 

(Nakamura et al 2013)), no conformational change was observed in either of the structures 

(Figure 1.8D and F) and the examination of the electron density around these bound ligands, 

although more defined than GR24 in other crystal structure mentioned above, was still 

questionable. In TMB bound OsD14, some atoms of TMB showed negative electron density 

when the FO-FC and 2FO-FC electron density maps were examined (Figure 1.8E).  
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Figure 1.8: Comparison of X-ray structures of the apo-OsD14 and OsD14 in complex with GR24 and its 

hydrolytic intermediates 

A) Structure of apo-OsD14 (cyan) overlaid on structure of OsD14 in complex with GR24 (green with GR24 shown 

in stick representation in magenta; the catalytic serine is shown in stick representation in red) B) and C) electron 

density (2FO-FC electron density map; blue mesh) around GR24 contoured at 1 σ and 3 σ, respectively. D) The 

structure of apo-OsD14 overlaid on OsD14 in complex with TMB (yellow; with TMB shown in stick 

representation in magenta covalently attached to catalytic serine (shown in stick representation in red)). E) 2FO-FC 

electron density map (blue mesh; contoured at 1.5 σ) and FO-FC difference map (green and red mesh; contoured at 

+3 σ and -3 σ, respectively) around the bound TMB. F) Structure of apo-OsD14 overlaid on the structure of OsD14 

in complex with D-ring (D-OH (shown in stick representation in magenta) and D-OH bound OsD14 shown in 

blue). G) 2FO-FC electron density map (blue mesh; contoured at 1.5 σ) and FO-FC difference map (green and red 

mesh; contoured at +3 σ and -3σ, respectively) around the bound D-ring (D-OH; shown as sticks). H) A glycerol 

molecule can also fit within the electron density of the D-ring. The structures were obtained from PDB. Apo-

OsD14, PDB ID: 4IH9 (Zhao et al., 2013), resolution: 1.55 Å; OsD14 in complex with GR24, PDB ID: 5DJ5 

(Zhao et al., 2015), resolution: 2.4 Å; OsD14 in complex with TMB, PDB ID: 4IHA (Zhao et al., 2013), 

resolution:1.55 Å; OsD14 in complex with D-ring, PDB ID: 3WIO (Nakamura et al., 2013); resolution; 2.1 Å. 

Electron density maps for OsD14 in complex with GR24, TMB and D-OH were obtained from the European 

Protein Database Bank (ePDB).  
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Negative peaks in difference electron density maps usually indicate that extra electrons are 

present in the model which are not present in the real electron density in the crystal. Whereas, 

the electron density around D-OH in the other model appeared as a blob (Figure 1.8G) that 

could possibly fit any small compound, such as glycerol that was used during the process of 

crystallisation ((Figure 1.8H); (Carlsson et al., 2018)). In addition, in the D-OH bound OsD14 

structure, the location of the D-ring was unexpected as it was located at the entrance of the 

cavity, away from the catalytic triad (Figure 1.8F). Similar observations were made on 

examination of a recently published crystal structure of D-ring bound OsD14 receptor that is 

fused with a short polypeptide from the C-terminal end of D3 protein (referred here as OsD14-

CTH; (Shabek et al., 2018)). In this structure, the D-ring was also observed to be situated away 

from the catalytic triad near the entrance of the cavity, although slightly lower than that 

observed in the OsD14-D-OH complex by Nakamura et al. (2013). However, this D-ring does 

not fit well in the observed electron density, making it less convincing that the bound ligand is 

indeed a D-ring (Figure 1.9).  

 

Figure 1.9: Crystal structure of OsD14-CTH bound to D-ring 

A) Crystal structure of OsD14-CTH resolved at a resolution of 2.39 Å. The OsD14 is shown in blue, the C-terminal 

helix of D3 protein shown in red and the bound D-ring is shown in stick representation (coloured by atoms, green 

for carbon and red for oxygen). B) The cavity of the OsD14 receptor showing the D-ring and the catalytic residues, 

Ser97, His247 and Asp218 (shown in stick representation and coloured by atoms (green for carbon and red for 

oxygen)). C) 2FO-FC electron density map (blue mesh; contoured at 1.5 σ) and FO-FC difference map (green and 

red mesh; contoured at +3 σ and -3 σ, respectively) around the D-ring. The structure and electron density maps 

were obtained from PDB (PDB ID: 6BRT; (Shabek et al., 2018)). 

 

It is possible that the lack of conformational change observed in these structures could be 

because of the active hydrolysis of SL and the release of its hydrolytic products by the receptor 
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making it challenging to trap the intact ligand bound within the cavity of the receptor during 

the process of crystallisation. Further, it is still uncertain if the hydrolytic products or 

intermediates, when bound in the cavity, have an effect on the conformation of the receptor. 

Recently, the crystal structure of the GR24-induced AtD14-D3-ASK1 complex has been 

published in which the AtD14 receptor has undergone significant conformational change when 

in complex with the D3-ASK1 proteins (Figure 1.10A-C; (Yao et al., 2016)). Additionally, the 

bound AtD14 receptor was reported to be covalently bound to a hydrolytic intermediate called 

CLIM (covalently linked intermediate molecule; which appeared like an open D-ring), attached 

both to the catalytic Ser and His residues (Figure 1.10A and D; (Yao et al., 2016)). However, 

the examination of the electron density maps (FO-FC and 2FO-FC) for this complex again shows 

a rather ill-defined density within the cavity of the receptor, which raises questions about the 

identity of the bound CLIM molecule (Figure 1.10E; (Carlsson et al., 2018)). The FO-FC 

difference map shows negative electron density around the bound CLIM molecule (Figure 

1.10E). This suggests that CLIM might not be the ligand bound within the cavity of the AtD14 

receptor. Moreover, the density is smaller than the CLIM molecule, suggesting the bound entity 

is small in size. Indeed Carlsson et al. (2018) suggested that this density could be interpreted as 

a small molecule compound such as iodide, which was present in high concentration in the 

crystallising solution (Carlsson et al., 2018).  

Mass spectrometry analysis of the AtD14 receptor that had been separated from the GR24-

induced AtD14-D3-ASK1 complex, by size-exclusion chromatography detected a modified 

peptide of AtD14 carrying additional molecular weight equivalent to the C5H5O2 covalent 

modification (consistent with attachment of the D-ring) only on the catalytic His residue, but 

not the Ser (Yao et al., 2016). In this context, the authors of the study proposed a hydrolytic 

mechanism that could explain the formation of CLIM and its interaction with the catalytic Ser 

and His residues, prior to lactonisation of CLIM (a ring closing reaction which converts CLIM 

molecule into a closed D-ring) and its transfer to the catalytic His residue (Yao et al., 2016). 
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Figure 1.10: Crystal structure of the AtD14-D3-ASK1 complex 

A) Crystal structure of the Arabidopsis receptor, AtD14 (green) in complex with the rice F-box protein, D3 (cyan) 

and Arabidopsis Skp1 protein, ASK1 (magenta) solved at a resolution of 3.3 Å. B) AtD14 in unbound state with 

the lid domain shown in blue and loop containing the catalytic Asp residue shown in orange. The arrows indicate 

the movement of the lid domain helices (which move inwards) and the loop (which flips outwards). C) AtD14 in 

the bound state from the AtD14-D3-ASK1 complex showing the major conformational change in the lid domain 

and the bound CLIM molecule (magenta). D) Important residues of the major interface (shown as orange in stick 

representation) and minor surface (shown in red in stick representation) of the AtD14 receptor involved in 

interaction with D3. E) Electron density around CLIM molecule (magenta). 2FO-FC electron density map shown 

as blue mesh (contoured at 1 σ) and Fo-Fc difference map shown as green and red mesh (contoured at +3 σ and -

3σ, respectively). The structure was obtained from PDB (PDB ID: 5HZG; (Yao et al., 2016)). The electron density 

maps were sourced from European PDB website. 

 

The crystal structure from Yao et al. (2016), however, does provide clear evidence that the 

AtD14 receptor undergoes a major conformational change in its lid domain, from an open-to-

closed state, when in complex with D3-ASK1 proteins (discussed in more detail in Section 

1.5.2) and despite the uncertainty about CLIM binding, this structure provides direct evidence 

for the receptor-F-box interaction. Furthermore, the mass spectrometry evidence shows that the 

AtD14 receptor that forms a complex with D3 and ASK1 proteins is covalently bound to the 

D-ring via its catalytic His, implying that hydrolysis does enable the receptor to interact with 

the SCF complex. However, as there is yet no experimental structural evidence that SL 

binding/hydrolysis in itself leads to a conformational change, the cascade of events leading to 

the complex structure described in Yao et al. (2016) remains unclear. Yao et al. (2016) do 
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suggest that the conformational changes observed in the AtD14 receptor are likely because of 

D3 binding and that hydrolysis of SL allows the receptor to become covalently bound to D-

ring/CLIM and undergo a “conformational transition” that further allows it to interact with D3, 

and this interaction in turn enhances the conformational change of the AtD14 receptor. Similar 

observations were made by Zhao et al. (2015) who used Hydrogen-Deuterium Exchange (HDX) 

mass spectrometry to show that the OsD14 receptor exchanged more deuterium in the presence 

of rice F-box protein D3 and GR24 than in the presence of GR24 alone. The increase in 

deuterium exchange is suggestive of conformational change and indicates that D3 binding 

induces further change in the receptor. Based on this hypothesis, it is highly likely that the 

thermal destabilisation observed in the receptor in response to SL represents an initial event 

leading to the full conformational change upon interaction with the F-box partner. However, 

we still need to provide evidence to support this hypothesis. The current literature does suggest 

that the hydrolytic activity of the receptor is required to generate a covalently bound D-ring, 

which possibly triggers initial thermal destabilisation of the receptor that enables its interaction 

with the SCF complex and triggers the signalling cascade. 

1.5.2 SL induces interactions between the receptor and the downstream signalling 

proteins and promotes formation of a ternary complex 

Various studies have shown that SL induces interactions between the receptor 

(DAD2/AtD14/OsD14) and the F-box protein (PhMAX2A/MAX2/D3) using different 

techniques such as yeast two-hybrid, pull-down and AlphaScreen Luminescence proximity 

assays (Hamiaux et al., 2012; Zhao et al., 2014; Zhao et al., 2015; Yao et al., 2016; Yao et al., 

2018). Likewise, it has also been shown that SL induces interactions between the branching 

repressor (D53/SMXL6/7/8) and the SL receptor (AtD14/DAD2/OsD14; also briefly described 

in Section 1.3.4; (Jiang et al., 2013; Zhou et al., 2013; Wang et al., 2015; Soundappan et al., 

2015; Liang et al., 2016; Hamiaux et al., 2018)). By contrast, the hydrolytic mutants of DAD2 

(DAD2S96A), OsD14 (OsD14S96C and OsD14H247A) and AtD14 (AtD14S97A and AtD14H247A) 

completely lose the ability to interact with F-box proteins (MAX2/PhMAX2A/D3; (Hamiaux 

et al., 2012; Zhao et al., 2015; Yao et al., 2016)). Similarly, the hydrolytic mutants of OsD14 

(OsD14S147A, OsD14D266N and OsD14H297Y) also showed severely reduced interactions with 

both D3 and D53 proteins (Jiang et al., 2013). These findings suggest that the hydrolytic 

function of the receptor is essential for interaction between the receptor and the downstream 

signalling partners and that the SL-bound receptor forms a ternary complex with the SCF 

complex and with the D53/SMXL6/7/8 protein. Several studies have tried to map the interaction 

surface for the F-box and D53/SMXL6/7/8 proteins binding on the receptor structure, but until 

now only details on the interaction surface used by the F-box protein to bind the receptor are 
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known, while the interaction surface used by the D53/SMXL6/7/8 to bind the receptor still 

remains unknown. The first prediction of the surface for F-box binding was made by Zhao et 

al. (2015) who used site-directed mutagenesis to create mutants of OsD14 and tested their 

interactions with the rice F-box protein, D3 in the presence of GR24 using AlphaScreen 

Luminescence assays. Of all the tested mutants, the ones that carried a mutation in the lid 

domain showed severely reduced interaction with D3 in the presence of GR24 (see Table 1.2). 

Based on these observations, Zhao et al. (2015) predicted the surface of D3 binding to the lid 

domain of the OsD14 receptor. 

Table 1.2: OsD14 mutants that showed attenuated interaction with D3 protein in the presence of GR24 

 

Name of the 

mutant 

Residue 

mutated 

Location of the mutated 

residue on the lid domain of 

OsD14 receptor 

OsD14E140A E140  

 

OsD14N151A 

OsD14N151Q 

 

N151 

 

OsD14L162A L162 

 

OsD14D167A  

OsD14D176R 

D167 

 

 

OsD14F180R F180 

 

OsD14R183E R183E 

 

 

This prediction was later confirmed by the works of Yao et al. (2016) who provided the crystal 

structure of SL-induced AtD14-D3-ASK1 complex. As already mentioned for this complex, 
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the AtD14 receptor has undergone a major conformational change to interact with the D3-ASK1 

complex (Figure 1.10). The major change is observed in the lid domain of the receptor, where 

the αL2 helix shows a transition from a helix to a coil (Yao et al., 2016). The αL1 lid helix 

extends in length as residues that were previously part of the N-terminus of the αL2 helix are 

now part of the αL1 helix (Figure 1.10B and C; (Yao et al., 2016)). All three lid helices and the 

newly formed αL2 coil have moved inwards, towards each other, thereby closing the opening 

of the catalytic cavity. The loop containing the catalytic Asp residue (D218), positioned at the 

entrance of the cavity and therefore shaping the opening of the cavity in the open structure, flips 

out and becomes disordered (Figure 1.10B and C; (Yao et al., 2016)). Together these changes 

create the interaction surfaces (major and minor surfaces classified based on their size) where 

the D3 protein binds to the AtD14 receptor. The major surface is comprised of residues from 

the newly formed αL2 coil (A160-V164 and F180), residues of the core domain that were 

previously covered by the αL3 helix but are now available for interaction with the D3 protein 

because of the movements of the lid helices (N11, D31, S33, D52, C55, G57 and V59; Figure 

1.9D; (Yao et al., 2016)). The minor surface was comprised of residues from the αL3 helix 

(E174, R177; Figure 1.9D; (Yao et al., 2016)). These residues, which are conserved amongst 

the different orthologues of AtD14, interact with the C-terminus of the D3 protein at residues 

in LRR16, 17 and 19 through van der Waals interaction and hydrogen bonding (Yao et al., 

2016).  

1.5.2.1 The F-box protein may regulate the recruitment of SL-bound receptor and the 

D53/SMXL6/7/8 protein 

Very recently, Shabek et al. (2018), using X-ray crystallography, have shown that the C-

terminal helix of the D3 protein (part of LRR20) can exhibit different conformational states, 

where this portion of the protein exists as an extended coil interacting with residues of the F-

box motif or exist as a helix interacting with the residues of the F-box motif or becomes 

disordered after being dislodged from its bound position (see also Section 1.4.3.1; (Shabek et 

al., 2018)). Based on the observed flexibility of the C-terminal helix, the authors tested whether 

this motif affects the hydrolytic activity of the OsD14 receptor. Using the YLG hydrolytic 

assay, they showed that in the absence of D3, the OsD14 receptor shows the usual biphasic 

kinetics, where there is an initial burst of fluorescence followed by a slow and steady increase 

in the fluorescence (Shabek et al., 2018). The OsD14 receptor showed similar kinetics in the 

presence of D3, however, the hydrolytic activity of the receptor was reduced by half (Shabek 

et al., 2018). By contrast, in the presence of only the C-terminal helix, the D14 receptor showed 

a further reduction in its hydrolytic activity (Shabek et al., 2018). The presence of the C-

terminal helix also affected the biphasic kinetics of the receptor, where the initial burst in the 
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fluorescence was also severely reduced (Shabek et al., 2018). Based on these observations, the 

authors suggested that the C-terminal helix of the D3 protein can inhibit the hydrolytic activity 

of the receptor (Shabek et al., 2018). It is also suggested that the flexibility of this terminal helix 

can possibly modulate the binding of the receptor and the branching repressor 

(D53/SMXL6/7/8) to the SCF complex based on the observed interactions of this C-terminal 

motif with OsD14 and the D53 protein (Shabek et al., 2018).  

1.5.2.2 Mutants of SL receptors showing altered interactions with the SCF complex or 

the D53/SMXL6/7/8 protein  

Several studies have described various mutants of the SL receptors in the different model plant 

species (Hamiaux et al., 2012; Zhao et al., 2015; Yao et al., 2016; de Saint Germain et al., 2016; 

Seto et al., 2019). These mutants were either identified through screening of d14 branching 

mutants or were created used site-specific/random mutagenesis approaches with the motive of 

understanding the functional importance of hydrolysis for SL signalling and for identification 

of the key residues forming the putative binding surfaces of downstream signalling partners on 

the SL receptor structure. Such mutants either display normal hydrolytic activity with a loss of 

signalling, or a capability to show SL-dependent interaction with downstream signalling 

proteins (F-box and the D53/SMXL6/7/8) or show impaired hydrolytic activity while still 

retaining the ability to signal or show loss of both hydrolytic activity and signalling. This 

chapter has already reviewed some of these mutants, such as the hydrolytic mutants of DAD2, 

RMS3 and AtD14 in Section 1.5.1, and the mutants of OsD14 used for mapping the surface of 

D3 binding in Section 1.5.2. In addition to these mutants, a few other mutants are also described 

in the literature, which can help us to increase our understanding about SL signalling and the 

contribution of the unique function of the SL receptor in SL perception and signalling.  

These mutants include AtD14D218A, AtD14G158E, OsD14R223H and DAD2N242I ((Yao et al., 2016; 

Seto et al., 2019; Lee, 2019); also see Figure 1.11). The AtD14D218A mutant (that carries a 

mutation in the catalytic Asp residue) can bind 5DS and undergo thermal destabilisation even 

though it cannot hydrolyse 5DS (Seto et al., 2019). Furthermore, using yeast two-hybrid and 

yeast-three hybrid assays this mutant was shown to interact with MAX2-ASK1 and SMXL7 in 

the presence of 5DS and MeCLA (Seto et al., 2019), indicating that this mutant was still capable 

of signalling even though it could not hydrolyse SL. Indeed this mutant when transformed into 

a d14 mutant background could complement the d14 mutant phenotype even with impaired 

hydrolysis (Seto et al., 2019). Similar observations were made for the OsD14D268A mutant when 

tested in the same mutant background, suggesting this mutation has similar effects on both 

receptor orthologues (Seto et al., 2019). In addition, the AtD14D218A mutant when expressed in 

the max4 (defective in SL synthesis) Atd14 double mutant background showed a highly 
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branched phenotype that could be reverted back to WT phenotype by application of GR24 (Seto 

et al., 2019), indicating that this mutant could interact with intact SL and also show SL-mediated 

branching effects. It is possible that the AtD14D218A mutant exhibits a different conformation 

from WT apo-AtD14, likely similar to that predicted for the receptor after the 

binding/hydrolysis of SL (reviewed in Section 1.5.1.2), which allows the mutant to show the 

usual protein-protein interaction and signalling effects as a normal receptor even without 

hydrolysis. 

By contrast to AtD14D218A, the AtD14G158E mutant, identified from the d14-5 branching mutant, 

shows enhanced hydrolytic activity but has lost its ability to interact with the Arabidopsis F-

box protein, MAX2, in the presence of SL, while still retaining a WT-like interaction with 

SMXL6 protein (Yao et al., 2016). This mutant carries a mutation in one of the lid domain 

residues, situated in the loop that connects αL2 lid helix to αL3 lid helix. This residue is situated 

within the binding surface for the F-box protein, as identified from the AtD14-D3-ASK1 crystal 

structure by Yao et al. (2016). It is possible that the mutation might have impaired the ability 

of the receptor to transition from an open to a closed state, which is required for MAX2 binding.  

Recently, a new d14 allele, Osd14-2, has been identified in rice that carries a missense mutation 

in a highly conserved residue, R233, which is located in the loop connecting αL3 lid helix to 

αL4 lid helix (Seto et al., 2019). The OsD14R223H and its corresponding mutant in Arabidopsis, 

AtD14R183H show WT-like hydrolytic activity. However, AtD14R183H does not complement the 

d14 mutant phenotype nor can it interact with SMXL7 in the presence of SL (Seto et al., 2019). 

Overexpression of AtD14R183H and OSD14R233H in a WT background resulted in a highly 

branched phenotype, and the level of endogenous 4DO was decreased relative to WT plants 

and plants transformed with empty plasmids (Seto et al., 2019). The same mutant (OsD14R183H) 

has also been reported in another study where it was shown to display severely reduced 

interaction with D3 protein (Zhao et al., 2015), suggesting that this mutation not only affects 

SMXL7 binding but also D3 binding, which probably explains why AtD14R183H and 

OSD14R233H mutants when expressed in WT background show a highly branched phenotype 

(Seto et al., 2019). These observations suggest that this mutant has lost signalling capability. It 

is possible that the lid domain mutation has affected the ability of the receptor to undergo 

conformational change required for interaction with downstream signalling partners. Contrary 

to OsD14R223H, the DAD2N242I mutant shows a WT-like hydrolytic activity but displays 

hormone-independent interaction with PhMAX2A when tested with yeast two-hybrid assays 

(Lee, 2019). However, it shows a normal SL-dependent interaction with PhD53A. In addition, 

this mutant is more thermally destabilised than the WT receptor in the presence or absence of 

GR24 when tested using the DSF assay (Lee, 2019). The enhanced thermal destabilisation of 
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the receptor likely results because of the mutation that has somehow affected the conformation 

of the receptor without the requirement for hydrolysis, granting it the ability to interact with the 

F-box protein even in the absence of SL. Similar to DAD2N242I, two other rice mutants, 

OsD14D131R and OsD14E137R (Figure 1.11), also show GR24-independent interactions with the 

rice F-box protein, D3 (Zhao et al., 2015). 

 

Figure 1.11: Location of mutated residues on the DAD2 receptor 

Location of mutated residues (shown in stick representation in red colour) depicted in the DAD2 structure (shown 

in ribbon representation in green colour). Structure of DAD2 obtained from PDB (PDB ID: 4DNP; (Hamiaux et 

al., 2012)). 

 

Until now, most studies have characterised these mutants using genetic tools and biochemical 

assays, which has helped us to increase our understanding about the physiological role of 

hydrolysis and conformational change within the SL signalling pathway. Using techniques such 

as X-ray crystallography could prove to be beneficial for providing further insight into how the 

mutations affect the structure of these receptors and contribute to their characteristic protein-

protein interactions. 

1.5.3 SL-mediated degradation of the target protein  

Several studies have shown that D53/SMXL6/7/8 are targets of SL signalling (Soundappan et 

al., 2015; Wang et al., 2015; Liang et al., 2016). This was first made evident when D53 protein 

was shown to be degraded via the ubiquitin-proteasomal pathway within 30 min of GR24 

treatment in transgenic WT rice calli and seedlings using immunoblotting (Zhou et al., 2013; 

Jiang et al., 2013). Similar observations were made using immunoblotting, luciferase assays 

and fluorescence scanning in vivo in rice seedlings and protoplasts from transgenic plants 

expressing GFP-D53. The GFP-D53 protein is degraded in WT and d27 upon treatment with 

GR24, but not in d3 and d14 (Zhou et al., 2013; Jiang et al., 2013). The degradation occurred 

within 16-20 min of GR24 treatment. Likewise, D53 orthologues in Arabidopsis, SMXL6, 
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SMXL7 and SMXL8, were also shown to be degraded via the ubiquitin-proteosomal pathway 

in response to GR24 treatment in WT transgenic seedlings and protoplasts within 30 min of 

treatment, but not in the transgenic seedlings and protoplasts in the d14 and max2 mutant 

backgrounds. (Soundappan et al., 2015; Wang et al., 2015; Liang et al., 2016). The lack of 

degradation of D53 protein in d14 and max2/d3 mutant backgrounds suggested that 

D53/SMXL6/7/8 acts downstream of D14 and MAX2/D3 proteins (Soundappan et al., 2015; 

Wang et al., 2015; Liang et al., 2016).  

1.5.4 SL-mediated degradation of the SL receptor 

SL has also been shown to mediate degradation of its own receptor. Using immunoblotting, 

Chevalier et al. (2014) showed that the protein levels of GFP-AtD14 in WT Arabidopsis 

seedlings reduced within 2 h of GR24 treatment. The degradation was proposed to occur via 

the proteasomal pathway as seedlings that were treated simultaneously with GR24 and the 

proteasome inhibitor, MG132, did not show any reduction in GFP-AtD14 protein level 

(Chevalier et al., 2014). The degradation of AtD14 was proposed to be facilitated by the 

SCFMAX2 complex as expression levels of the GFP-AtD14 protein did not show any reduction 

in transgenic max2 seedlings even after treatment with GR24 (Chevalier et al., 2014). Similarly 

to AtD14, OsD14 is also degraded in an SL-dependent manner in WT calli, but not in d3 

transgenic calli suggesting that OsD14 is also degraded by the SCFD3 complex (Hu et al., 2017). 

The degradation of the OsD14 receptor was also shown to be coupled with the degradation of 

D53 protein based on the reduced degradation observed for the OsD14 receptor in the d53 

mutant background in the presence of GR24 (Hu et al., 2017). Moreover, the hydrolytic activity 

of OsD14 was also shown to be essential for degradation of the receptor as the hydrolytic 

mutants of OsD14 (OsD14S147A and OsD14H297Y) showed attenuated degradation in a d14 

background (Hu et al., 2017). Hu et al. (2017) also identified one of the key ubiquitination sites 

responsible for degradation of the OsD14 receptor by mutating several surface lysine residues. 

Of the several mutants tested, OsD14K280E showed impaired degradation, suggesting that 

residue K280 is one of the key sites for ubiquitination (Hu et al., 2017). Sequence analysis 

showed that this residue is conserved in petunia and pea, suggesting that DAD2 and RMS3 may 

also be degraded by SL (Hu et al., 2017). However, the degradation of pea and petunia receptors 

has yet to be confirmed. The SL-mediated degradation of its own receptor was proposed to be 

part of negative feedback regulation mechanism, reducing the sensitivity of the SL pathway 

(Chevalier et al., 2014; Hu et al., 2017). 

1.6 Current model of SL signalling 

Based on the different features of the SL signalling pathway currently known, a probable model 

of SL signalling has been proposed (Figure 1.12; (Yao et al., 2016; Snowden & Janssen, 2016; 
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Yao et al., 2018)). The SL receptor binds and hydrolyses SL and covalently binds to the 

hydrolytic product, D-ring/intermediate. The hydrolysis and/or the generation of covalent 

modification ultimately leads to a conformational change or shift in the receptor structure that 

enables it to interact with the SCF complex and the D53/SMXL6/7/8 protein to form a ternary 

complex. However, it is currently unknown if the receptor first binds D53/SMXL6/7/8 and then 

interacts with the SCF complex or whether the receptor interacts with the SCF complex via the 

F-box protein and this complex then recruits the D53/SMXL6/7/8 protein. Based on the current 

structure of the AtD14-D3-ASK1 complex in Yao et al. (2016), it appears likely that a D-ring 

bound receptor forms a complex with the SCF complex by binding to the F-box protein and 

then the D53/SMXL6/7/8 protein is recruited to form the ternary complex. It must be noted 

that, very recently, an alternative mechanism (not necessarily exclusive of the one proposed 

above) has been proposed for the recruitment of the receptor to the SCF complex where the C-

terminal helix of the F-box protein may be involved in selecting receptors in different 

conformational states (open, closed, SL-bound or bound to the D53/SMXL6/7/8 protein; 

(Shabek et al., 2018)). However, this model remains to be confirmed/validated by independent 

studies. After D53/SMXL6/7/8 recruitment to the SCF complex, it is then polyubiquitinated by 

the E3 ligase part of the SCF complex and this polyubiquitinated protein is then recognised by 

the 26S proteasome for degradation. The degradation of D53/SMXL6/7/8 possibly leads to 

other events, which are not yet fully understood, that ultimately result in inhibition of shoot 

branching. A possible downstream signalling event could be that after the degradation of 

D53/SMXL6/7/8, the transcriptional repression on IPA1/BRC1 is released which activates the 

transcription of SL-responsive genes that inhibit shoot branching. Furthermore, the receptor 

itself has also been shown to be polyubiquitinated by the SCF complex and degraded by the 

ubiquitin-proteosomal pathway, possibly providing a mechanism to dampen the signalling 

response.  
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Figure 1.12: Proposed SL signalling pathway 

The current proposed SL signalling pathway involving petunia’s DAD2 receptor, the SCFPhMAX2A complex, and the branching repressor protein, PhD53A. SL is perceived by DAD2, which 

binds and hydrolyses SL to release the tricyclic lactone moiety (ABC-ring), while the D-ring remains bound to the receptor. Upon conformational change/shift, DAD2 interacts with the 

SCFPhMAX2A complex and PhD53A protein. PhD53A is polyubiquitinated and degraded by 26S proteasome. The degradation leads to activation of SL-mediated developmental processes such 

as shoot branching inhibition. Following signalling, the receptor is degraded as a feedback mechanism to reset the signalling mechanism. Ub: ubiquitin. 
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1.7 Aims and objectives 

The current literature shows that the hydrolytic function of the receptor is essential for the 

onset of SL signalling as disruption of this function leads to loss of interaction with SL and 

also with the SCF complex, abolishing the SL signal transduction pathway and leading to an 

increase in shoot branching. However, because of a lack of understanding of how this 

function enables the receptor to interact with the downstream signalling partners, our 

understanding of the SL signalling pathway is still incomplete.  

We know that the SL receptor hydrolyses SL and becomes covalently bound to the D-ring 

product/intermediate and that this interaction leads to thermal destabilisation of the receptor. 

This destabilisation is suggested to either be due to or to result in a conformational 

change/shift in the receptor structure, which enables it to interact with the SCF complex. 

With the publication of the crystal structure of the AtD14-D3-ASK1 from Yao et al. (2016), 

we now know that the SL receptor undergoes a major conformational change on binding the 

F-box protein. Moreover, mass spectrometry confirms that the AtD14/OsD14 receptors are 

covalently bound to the D-ring product during complex formation, indicating that the 

hydrolytic function of the receptor does contribute to the receptor-SCF complex and possibly 

the interaction with other downstream signalling partners, D53/SMXL6/7/8. However, we 

still do not know if the conformational change observed in the receptor is because thermal 

destabilisation of the receptor on interacting with SL or if it is because of the binding of the 

F-box protein or if it is a collective effect of both. At present, there is only indirect evidence 

suggesting structural changes that occur in the receptor on binding/hydrolysis of SL. 

Therefore, this study aims to investigate how the hydrolytic function of the receptor, in our 

case the petunia’s SL receptor, DAD2, structurally enables the receptor to interact with the 

SCF complex. This will help us to better understand the events associated with SL perception 

and signalling.  

The main hypothesis of the study is that “the hydrolytic function of the receptor enables the 

receptor to undergo a conformational shift which is sufficient enough for it to interact with 

the SCF complex and other downstream signalling partners”. 

This study was designed with the following objectives: 

1) To test if the DAD2 receptor functions in a similar way to AtD14, RMS3 and OsD14 

to hydrolyse SL to generate and bind the D-ring product covalently and whether 

DAD2 releases the bound D-ring.  

Until now, no study has examined if the DAD2 receptor hydrolyses SL to become 

covalently bound to the D-ring product as shown for its orthologues, AtD14, RMS3 
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and OsD14. Although DAD2 is known to function in a similar manner as other SL 

receptors from other plant species, this piece of work will provide further evidence 

to show whether DAD2 hydrolyses SL to generate a similar covalent modification 

and potentially undergoes structural changes. Determining the similarities and 

differences in receptor function from different species will provide us with increased 

knowledge on what aspects of receptor function are necessary for biological 

function. This work is presented in Chapter 3. 

2) To understand how the hydrolytic function of the receptor enables the receptor to 

interact with downstream signalling partners. 

Most studies up until now have used X-ray crystallography to provide evidence for 

the SL-receptor interaction and the associated conformational change. However, 

most of the crystal structures reported for the receptor in the presence of SL or its 

hydrolytic intermediate do not provide substantial evidence, of conformational 

change and the identity of the bound ligand was often questionable. Indeed, 

crystallisation of the receptor in the presence of SL has proven quite a challenging 

task as the receptor actively hydrolyses SL, which seems to prevent trapping of the 

intact SL molecule or the hydrolytic intermediate in clearly defined conformations 

during the crystallisation process. To overcome this challenge, an alternative 

approach was considered, that is to analyse the structures of SL receptor mutants 

such as those described in Section 1.5.2.2. Structural examination of such mutants 

can help us to identify if the receptor undergoes a conformational change and if it 

does, to what extent.  

I used X-ray crystallography to examine the structures of two DAD2 mutants. In 

these mutants, the hydrolytic function of the receptor has been uncoupled from its 

ability to interact with PhMAX2A, the petunia’s F-box. The separation of these two 

functions allows us to understand how the hydrolytic function and the protein-protein 

interaction individually contribute to the signalling process. One of the mutants was 

also examined using Molecular Dynamics (MD) simulation to investigate the 

flexibility of the protein. The results from this work are presented in Chapters 4 and 

5.  

Finally, I also aimed to express and purify the petunia’s F-box protein, PhMAX2A 

and branching repressor protein, PhD53A in sufficient quantities to perform 

crystallisation trials of these proteins either on their own or in complex with the 

DAD2 mutants to understand how the two DAD2 mutants interact with the different 

downstream signalling proteins in the presence and absence of SL. This objective 
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should enable us to determine what structural changes occur with the binding of 

different signal transduction partners. The results for this work are presented in 

Chapter 6. 
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2 Material and Methods  

2.1 Buffers and solutions 

Table 2.1 lists all the general buffers and solutions used in this work. The buffers were 

prepared in Milli-Q® ultrapure water. All percentages are weight by volume (w/v) unless 

stated otherwise.  

Table 2.1: Composition of general buffers used in this study 

Buffer  Constituents 

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

acetic acid 

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

SDS, 0.4% bromophenol blue 

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

glycerol 

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

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

monolaurate) 

1% Skim milk solution 1 g of skim milk powder in 100 mL of TBS.T 

5% Skim milk solution  5 g of skim milk powder in 100 mL of TBS.T 

PLATE solution   40% Polyethylene glycol (PEG) 3350, 0.1 M lithium Acetate, 10 mM 

Tris-HCl (pH 7.5), 1 mM Ethylenediaminetetraacetic acid (EDTA)  

Viral DNA extraction buffer 50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl2, 0.45% of NP-

40, 0.45% of Tween 20 

NB1 buffer 50 mM Tris-HCl pH 8, 1 mM MgCl2, 10 mM NaCl, 5 mM DTT, 10 

mM EDTA, 10% glycerol, 0.01% NP-40 

Tris-EDTA (TE) buffer 1 M Tris base, 0.5 M EDTA (pH adjusted to 8.0 using HCl) 

 

2.2 Antibiotics  

All antibiotics used in this study are listed in Table 2.2. The antibiotics were filter sterilised 

using 0.22 µm syringe filters and stored as 5 mL stocks at -20 ºC. 

Table 2.2: Antibiotics used in this study 

Antibiotic Prepared in Stock concentration 

(mg/mL) 

Final working 

concentration (µg/mL) 

Ampicillin 

(Amp) 

MilliQ® ultrapure water 100 100 

Chloramphenicol 

(Cam) 

100% ethanol 34 34 

Gentamicin 

(Gent) 

MilliQ® ultrapure water 7 7 

Kanamycin 

(Kan) 

MilliQ® ultrapure water 100 and 50 100 and 50 

Tetracycline 

(Tet) 

MilliQ® ultrapure water 10 10 

Spectinomycin 

(Spec) 

MilliQ® ultrapure water 100 100 

 

2.3 Growth media  

The sections below describe the different kind of growth media used in this study. All the 

media were sterilised by autoclaving.  
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2.3.1 Bacteria growth media 

Table 2.3 lists the bacterial media used in this study. Bacteria were grown both in liquid and 

on solid media (plates). For solid media, 1% agar (Invitrogen) was added prior to autoclaving.  

Table 2.3: Bacterial growth media used in this study 

Name Constituents 

Lysogeny broth (LB) 2.5% lysogeny broth base (Invitrogen) 

NZY media 2.1% NZY broth (ThermoFisher Scientific) 

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

MgCl2, 10 mM MgSO4, 20 mM D-glucose 

TB Media (900 mL) 1.33% Bacto-tryptone, 2.66% Bacto-yeast, 4 mL of 50% glycerol  

TB phosphates (100 mL) 2.31% of monopotassium phosphate (KH2PO4), 12.54% of potassium 

phosphate dibasic (K2HPO4) 

Yeast Nutrient (YN) media 0.3% DifcoTM Beef extract, 0.5% BactoTM peptone, 1% yeast extract, 

0.137 mM NaCl (pH 5.6) 

 

2.3.2  Yeast growth media and amino acid supplements 

In this study, yeast were growth in both liquid and solid media (plates) in rich (YPAD) and 

Synthetic Complete (SC) media lacking uracil and tryptophan (SC-UT). Table 2.4 lists the 

recipes for the liquid media used here. For the preparation of SC, SC-U, and SC-UT media, 

additional amino acid supplements were added prior to autoclave, listed in Table 2.5. These 

amino acid supplements were prepared in MilliQ® ultrapure water, filter sterilised using a 

0.22 µm syringe filter and stored at room temperature (RT) until required for media 

preparation. For solid media, 2% agar (Invitrogen) was added before autoclaving. 

Table 2.4: Yeast growth media 

Name composition 

YPAD media 1% yeast extract, 2% Bacto-peptone, 2% D-glucose, 

0.004% adenine hemisulphate 

SC media  0.67% yeast nitrogen base without amino acids, 2% 

D-glucose with all amino acid supplements (Table 

2.5) 

SC-U media 0.67% yeast nitrogen base without amino acids, 2% 

D-glucose with all amino acid supplements except 

Uracil (Table 2.5) 

SC-UT media 0.67% yeast nitrogen base without amino acids, 2% 

D-glucose with all amino acid supplements except 

Uracil and tryptophan (Table 2.5) 

 

Table 2.5: Amino acid supplements and their concentration used in this study 

Amino acid Stock concentration 

(mg/mL) 

Final concentration 

(mg/mL) 

Adenine hemisulphate 

(Ade) 

2 0.02 

Histidine (His) 10 0.02 

Methionine (Met) 10 0.02 

Lysine (Lys) 10 0.03 

Leucine (Leu) 10 0.03 

Uracil (Ura) 2 0.02 

Tryptophan (Trp) 10 0.02 
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2.3.2.1 Yeast expression media  

For yeast expression, two media were used, each prepared using SC-UT media lacking D-

glucose (see 2.3.2 for recipe). The first media, referred to here as growth media is SC-UT 

supplemented with 2% glucose. The second media, referred to here as expression media, is 

SC-UT media supplemented with 2% galactose and 2% raffinose. The sugars in these media 

were prepared separately as 10% stocks and were stored at RT after being filter-sterilised 

using a 0.22 µM syringe filter. They were added just prior to expression at the required 

percentages.  

2.3.3 Insect media  

Insect cells were grown in Sf9 II serum-free media purchased from Invitrogen.   

2.4 Organisms used in this work 

Table 2.6 list all the strains of bacteria, yeast and insect cell lines used in this study. 

Table 2.6: Organisms used in this study 

Name Strain Uses  Source 

Agrobacterium 

tumefaciens  

GV3101 (pMP90) Transient expression in N. 

benthamiana  

Gifted by Geeta 

Chhiba, PFR 

Escherichia coli 

(E. coli) 

XL-10 Gold 

 

Propagation of plasmids after 

site-directed mutagenesis  

Agilent 

Technologies 

Subcloning 

efficiencyTM DH5α  

Propagation of plasmids in all 

general cloning work 

Invitrogen 

One Shot® 

OmniMAXTM 2 T1R 

Propagation of plasmids after 

GatewayTM LR cloning 

Invitrogen 

Rosetta-gamiTM 2 

(DE3; Rg2 cells) 

Host for protein expression  Novagen 

MAX Efficiency TM 

DH10Bac 

Host used for generation of 

bacmids  

ThermoFisher 

Scientific 

RosettaTM (DE3) 

BL21 E. coli cells  

Host for protein expression  Novagen 

ShotTM ccdB 

SurvivalTM 2 TIR 

Propagation of plasmids in all 

general cloning work 

ThermoFisher 

Scientific 

S. cerevisiae InVSc1 Host for protein expression ThermoFisher 

Scientific 

Insect  Spodoptera 

frugiperda (Sf9) 

Host for protein expression  ThermoFisher 

Scientific 

High-five (Hi5) cell 

line from 

Trichoplusia ni  

Host for protein expression  ThermoFisher 

Scientific 

 

2.5 Plasmids used in this work 

The plasmids used in this study are listed in Table 2.7. Plasmids were stored in TE buffer 

(Section 2.5) at 4 ºC or -20 ºC. 
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Table 2.7: Plasmids and used in this study 

Plasmid name Selection Supplier/creator Use/description 

pDONR221-PhMAX2A Kan  Hui Wen Lee GatewayTM entry 

plasmid carrying the 

PhMAX2A gene used 

for cloning work. 

pDONR221-DAD2opti-

N242I 

Kan Hui Wen Lee GatewayTM entry 

plasmid carrying the 

DAD2opti-N242I gene. 

Used for cloning work 

pGEM®-T easy Amp Promega Cloning of PCR 

fragments. 

pDEST566 Amp and Kan ThermoFisher Scientific E. coli expression 

plasmid. 

pDEST8 Amp and Gent ThermoFisher Scientific Insect cell expression 

plasmid used for 

expressing PhMAX2A 

and PSK3 proteins. 

pYES-DEST52 Amp and uracil (URA3) ThermoFisher Scientific S. cerevisiae expression 

plasmid used for 

expressing PhMAX2A 

protein. 

pYES3/CT Amp and Tryptophan 

(TRP1) 

ThermoFisher Scientific S. cerevisiae expression 

plasmid used for 

expressing PSK3 

protein. 

pET300-His6-

PhMAX2A (codon 

optimised) 

Amp and Cam Cyril Hamiaux E. coli expression 

plasmid used for 

expressing His6-

PhMAX2A fusion 

protein. 

ShD14-pET-SUMO Amp and Cam Cyril Hamiaux Plasmid used to obtain 

SUMO tag. 

pDEST566-DAD2opti Kan Cyril Hamiaux Plasmid used to obtain 

MBP tag. 

pDONR221-PSK3 Kan Revel Drummond Plasmid used to isolate 

PSK3 gene. 

pCR8-TEV-PhD53A Spec Revel Drummond Used creation cloning 

work. 

pDEST8-PSK3 Amp and Gent Cyril Hamiaux Used for expression of 

PSK3 protein in insect 

cells. 

 

2.6 Gene fragments used in this work 

Two genes were synthesised by GenScript® for cloning work. The first gene, EcoRI-Xbal-

ATG-His6-GST-TEV-Xbal (referred here as His6-GST), was synthesised as a double-

stranded DNA fragment (called gBlock). The second gene, a bacterial optimised GFP gene 

(GFPuv_M1V_A206K-His8), was also synthesised as a gBlock. This gene fragment carries 

two restriction enzyme sites, NsiI and SpeI. Sequences for these genes can be found in 

Appendix 8.1.  

2.7 Proteins used in this work 

Table 2.8 lists the proteins that were expressed and purified by other members of this 

laboratory and were used for experimental work in this thesis. 
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Table 2.8: Proteins used in this study 

Protein 

name 

Expressed and 

purified by 

Use in this 

study 

Description Additional 

purification  

DAD2opti Cyril Hamiaux Used for mass 

spectrometry 

(MS) work. 

Protein was expressed in RG2 

E. coli cells. The protein was 

purified prior to this study and 

stored at -80 ºC in 200 µL 

aliquots at 9.3 mg/mL. This 

protein carries a mutation in 

its 89th residue, where the 

cysteine has been replaced 

with glutamine (C89Q). This 

mutation was introduced to 

facilitate crystallisation. 

Protein was 

purified using 

size-exclusion 

chromatography 

(SEC) prior to 

use. 

DAD2-

D166A 

Bart Janssen Used for 

crystallisation 

work 

Protein was expressed in RG2 

E. coli cells. The protein was 

purified prior to this study and 

stored at -80 ºC in 200 µL 

aliquots at 6 mg/mL. This 

protein also carries the C89Q 

mutation. 

Protein was 

purified using 

SEC prior to 

use. 

 

2.8 Primers used in this work  

Table 2.9 lists the primers used in this work. All primer sequences are written from 5’ to 3’. 

Forward primers abbreviated as FWD or F and reverse primers as REV or R. All primers 

were synthesised by IDT technologies. 

Table 2.9: Primers used in this study 

No. Primer name Sequence Description and use 

1 BJJ-C89Q-FWD GATGCTGTGGGCATCGA

CCAGTGTGCGTATGTTGG

TCAC 

Primer used for introducing the C89Q 

mutation in pDONR221-DAD2opti-

N242I plasmid. 

2 BJJ-C89Q-REV GTGACCACCATACGCAC

ACTGGTCGATGCCCAGA

GCATC 

Primer used for introducing the C89Q 

mutation in pDONR221-DAD2opti-

N242I plasmid. 

3 RHXBA-FWD TTGTACAAAAAAGCAGG

CTCTAGGATGGCTACAC

AACTTAACG 

Primers used for lightning reaction to add 

3 bases upstream of the PhMAX2A gene 

in pDONR221-PHMAX2A plasmid to 

add an Xbal restriction site  

4 RHXBA-FWD CGTTAAGTTGTGTAGCCA

TTCTAGAGCCTGCTTTTT

TGTACAA 

Primers used for lightning reaction to add 

3 bases upstream of the PhMAX2A gene 

in pDONR221-PHMAX2A plasmid to 

add an Xbal restriction site  

5 RHHISSUMO-

FWD 

TCTAGACATCATCATCAT

CATCACGGCAGCGG 

Carries an Xbal restriction enzyme site at 

the 5’ end; used for cloning His6-SUMO 

tag. 

6 RHSUMO-REV TCTAGAGCCTTGGAACTA

CAGATTTTCACCACCAAT

CTGTTCTCTGTGAG 

Carries an Xbal restriction enzyme site 

followed by a TEV protease site at the 5’ 

end; used for cloning His6-SUMO tag. 

7 LIGHTG-FWD CAAAAAAGCAGGCTCTA

GATGCATCATCATCATCA

TCACG 

Primer used for lightning reaction to add 

TG bases before His-SUMO tag.  

8 LIGHTG-REV CGTGATGATGATGATGA

TGCATCTAGAGCCTGCTT

TTTTG 

Primer used for lightning reaction to add 

TG bases before His-SUMO tag. 

 9              RHMBP-FWD 

 

TCTAGAATGAGATCCCAT

CACCATCACCATCAC 

Carries Xbal restriction enzyme site at the 

5’ end; used for cloning His6-MBP tag. 

10         pUC/M13F 
CCCAGTCACGACGTTG 

AAACG 

Bacmid specific primer used for colony 

PCR to check incorporation of pDEST8 

plasmid and expression construct in 

DH10Bac cells. 
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No. Primer name Sequence Description and use 

  11 RHMBP-REV 

 

CCCTGAAAGACGCGCGC

AGACTGAAAATCTGTAC

TTCCAAGGCTCTAGA 

Carries an Xbal restriction enzyme site 

followed by a TEV protease site at the 5’ 

end; used for cloning His6-MBP tag. 

12   pUC/M13F 
AGCGGATAACAATTTCA

CACAGG 

Bacmid specific primer used for colony 

PCR to check incorporation of pDEST8 

plasmid and expression construct in 

DH10Bac cells. 

13 MAX2A-GW-Rev 

TGTCACGTTGTGTTCCTT

GGGGGACCACTTTGTAC

AAGAAAGCTGGGT 

Primer used for colony PCR to check 

incorporation of the pDEST8 plasmid and 

expression construct in DH10Bac cells. 

14 PSK1-GW-REV 
GCTGATGTCTGTTGAAT

CTCA 

Primer used for colony PCR to check 

incorporation of the pDEST8 plasmid and 

expression construct in the DH10Bac 

cells. 

15 pDEST8_FWD CTTGCTGCTTGGATGCCC 
Primer used for colony PCR to check the 

pDEST8 plasmid. 

16 PSK3-FWD 

GCAAGCTTACGGTTTGT

TCAATATGTCTACCTCA

AAGA 

Primer used to isolate PSK3 gene from 

pDONR221-PSK3 with a HindIII 

restriction enzyme site at the 5’ end. 

17 PSK3-REV 
ATGCGGCCGCAAAGCTG

GGTTGAGATTCAACAG 

Primer used to isolate PSK3 gene from 

pDONR221-PSK3 with a NotI restriction 

enzyme site at the 5’ end.  

18 
TEV_PhD53A_F

WD 

TACTTCCAAGGCGGCCC

AACGCCGGTGAGCACT 

Primer used for in-FusionTM cloning to add 

TEV protease site at N-terminal end of the 

PhD53A gene in the pCR8-PhD53A 

plasmid. 

19 
TEV_PhD53A_RE

V 

AAAAAAGCAGGCGAAA

TTGTACTTCCAAGCGGC 

Primer used for in-FusionTM cloning to add 

TEV protease site at N-terminal end of the 

PhD53A gene in the pCR8-PhD53A 

plasmid. 

20 MAX2qPCR2fwd 
ATCACATCAGGGAGGTC

GTT 

Primer used for PCR to check for the 

presence of the PhMAX2A gene. 

21 MAX2qPCR2rev 
ATCACATCAGGGAGGTC

GTT 

Primer used for PCR to check for the 

presence of the PhMAX2A gene. 

22 M13_FWD 
AGTCACGACGTTGTAAA

CG 

Primer used for PCR to check for the 

presence of the PhMAX2A gene. 

23 M13_REV 
GGATAACAATTTCACAC

AGG 

Primer used for PCR to check for the 

presence of the PhMAX2A gene. 

24 MAX2qPCR3rev 
GGAGTTTCGTGTTGTTTG

TATGTT    

Primer used for PCR to check for the 

presence of the PhMAX2A gene. 

25 GAL1 forward 
ATTGTTCGGAGCAGTGC

G 

Primer used for colony PCR to check for 

the presence of the PSK3 gene in the 

pYES3/CT expression vector. 

26 
pCR8_D53A_CTE

V_FWD 

AATCTGTACTTCCAAGG

CTCAGCTTTCTTGTACAA

A 

Primer used for in-FusionTM cloning to add 

TEV protease site at the C-terminal end of 

the PhD53A gene in the pCR8-PhD53A 

plasmid. 

27 
pCR8_D53A_CTE

V_REV 

TTGGAAGTACAGATTTTC

CCTGTCTACAGTTATTCT

AGC 

Primer used for in-FusionTM cloning to add 

TEV protease site at the C-terminal end of 

the PhD53A gene in the pCR8-PhD53A 

plasmid. 

 

2.9 Plasmids designed for this thesis  

The entry and expression plasmids created for all the proteins produced in this study are 

listed in the tables below. 

Table 2.10: Entry and expression plasmids for DAD2-N242I 

Heterologous 

system 
Entry plasmid Expression plasmid 

Tag type and 

location 

Created 

by 

E. coli 

pDONR221-

DAD2opti-N242I-

C89Q 

pDEST566-His6-MBP-

DAD2opti-N242I-

C89Q 

His6-MBP, N-

terminus 

Prachi 

Sharma 
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Table 2.11: Entry and expression plasmids for PhMAX2A and PSK3 

Heterologous 

system 

Entry plasmid Expression plasmid Tag type and 

location 
Created by 

E. coli - 

pET300-His6-

PhMAX2A (codon 

optimised) 

His6, N-

terminus 

Cyril 

Hamiaux 

(prior to the 

start of this 

study) 

Yeast (S. 

cerevisiae) 

pDONR221-

PhMAX2A_X_ His6-

MBP 

pYES-DEST52-His6-

MBP-PhMAX2A 

His6-MBP, N-

terminus 

Prachi 

Sharma 

pDONR221-

PhMAX2A_X_ His6-

GST 

pYES-DEST52-His6-

GST-PhMAX2A 

His6-GST, N-

terminus 

Prachi 

Sharma 

pDONR221-

PhMAX2A_X_ His6-

SUMO 

pYES-DEST52-His6-

SUMO-PhMAX2A 

His6-SUMO, N-

terminus 

Prachi 

Sharma 

pGEMT-PSK3 pYES3CT-PSK3 No tag 
Prachi 

Sharma 

Insect (Sf9) 

pDONR221-

PhMAX2A_X_ His6-

MBP 

pDEST8-His6-MBP-

PhMAX2A 

His6-MBP, N-

terminus 

Prachi 

Sharma 

pDONR221-

PhMAX2A_X_ His6-

GST 

pDEST8-His6-GST-

PhMAX2A 

His6-GST, N-

terminus 

Prachi 

Sharma 

pDONR221-

PhMAX2A_X_ His6-

SUMO 

pDEST8-His6-SUMO-

PhMAX2A 

His6-SUMO, N-

terminus 

Prachi 

Sharma 

- pDEST8-PSK3 No tag 
Prachi 

Sharma 

 

Table 2.12: Entry and expression plasmids for PhD53A 

Heterologous 

system 
Entry plasmid Expression plasmid 

Tag type and 

location 
Created by 

E. coli 

pCR8-NTEV-

PhD53A  

or 

pCR8-PhD53A-

CTEV 

pDEST566-His6-MBP-

PhD53A 

His6-MBP, N-

terminus 
Prachi Sharma 

pET300/His6-SUMO-

PhD53A 

His6-SUMO, N-

terminus 
Prachi Sharma 

pET301-PhD53A-TEV-

His8-GFP 

His8-GFP, C-

terminus 
Prachi Sharma 

 

2.10 General methods 

2.10.1 Extraction of plasmid DNA 

2.10.1.1 Extraction of plasmid DNA from E. coli 

Plasmid extraction from E.coli was performed from overnight (o/n) cultures inoculated with 

a single colony of bacteria in LB broth supplemented with appropriate antibiotics (Section 

2.2). The culture was grown at 37 ºC with shaking at 250 rpm (rotations per minute). The 

next day, 2 mL of culture was centrifuged at 16000 ×g for 30 second (s) to obtain the bacterial 
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cell pellet, which was subjected to plasmid extraction using the Nucleospin® Plasmid 

EasyPure kit (Macherey and Nagel) as directed by the manufacturer. 

2.10.1.2 Extraction of plasmid DNA from yeast 

Plasmid extraction from yeast was performed from overnight (o/n) cultures inoculated with 

a single colony of yeast in SC-U or SC-UT media (Section 2.3.2). The culture was grown at 

30 ºC with shaking at 250 rpm. The next day, 2 mL of culture was centrifuged at 12000 ×g 

for 30 s to obtain the yeast cell pellet, which was subjected to plasmid extraction using the 

Nucleospin Plasmid EasyPure kit (Macherey and Nagel) as directed by the manufacturer. 

2.10.2 Restriction digestion (RD) of DNA 

RD was mostly used for cloning work and as a tool to verify the presence of a target gene in 

a particular plasmid. Plasmid DNA was digested in a 50 µL reaction volume containing 1/10th 

volume of 10X reaction buffer (provided by the manufacturer of the enzyme) and 0.5 units 

of restriction enzyme (RE) per 1 µg of DNA. The reaction was performed in a 1.5 mL tube 

at 37 ºC overnight. For digestions involving use of multiple REs, digests were setup using a 

reaction buffer that optimised the activity of all the enzymes. 

2.10.3 Transformation 

2.10.3.1 Bacterial transformation 

E. coli transformations were performed using the heat-shock transformation protocol. Prior 

to transformation, the competent cells, stored at -80 ºC, were thawed on ice and a small 

aliquot of cells was transferred into a pre-chilled 1.5 mL tube (50 µL of Subcloning 

EfficiencyTM DH5α, 20 µL of One Shot® OmniMAXTM 2 T1R cells and 20 µL of RG2 cells). 

2 µL of 150-300 ng of DNA was then added to the competent cells and mixed gently. The 

tube was then incubated on ice for 30 min, after which the cells were heat-shocked at 42 ºC 

in a water bath for 30 s followed by immediate chilling on ice for 2 min. Thereafter, the cells 

were allowed to recover in 100-500 µL of SOC media (depending on the volume of cells 

used for transformation; see Section 2.3.1 for composition) at 37 ºC with shaking at 250 rpm 

for 1 h. Aliquots of this culture (50 µL and 250 µL) were then plated onto LB agar plates 

supplemented with appropriate antibiotic for selection of transformed colonies, followed by 

incubation at 37 ºC o/n. 

2.10.3.2 Yeast transformation 

For this work, yeast was transformed with two different expression plasmids, one carrying 

the PhMAX2A gene (see Table 2.11 for details for expression plasmids) and the other 

carrying the PSK3 gene (see Table 2.11 for details of the expression plasmid), which were 

introduced one after the other. The yeast transformations were first performed for the 
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PhMAX2A constructs. The positive colonies carrying the PhMAX2A constructs were then 

used for the second round of transformation to introduce the PSK3 construct. The protocol 

below describes the general method used for yeast transformation.  

Prior to performing yeast transformations, the carrier DNA, salmon sperm DNA (ssDNA; 10 

mg/mL stock from Invitrogen), was denatured by boiling in a water bath for 5 min after which 

it was chilled on ice and stored at -20 ºC until require for transformations. For transformation, 

a single colony of InVSc1 was picked and dissolved into 120 µL of water in a 1.5 mL tube. 

The denatured ssDNA was thawed on ice and 10 µL of ssDNA was then added to the tube 

along with 1 µg of the cloned plasmid DNA (prepared in a total of 10 µL of water). The 

contents were then mixed by vortex, following which 0.5 mL of PLATE solution (Section 

2.1) was added to the tube and the contents were mixed again by vortex. Thereafter, 57 µL 

of DMSO (Sigma-Aldrich) was added to the tube and the contents were briefly mixed again. 

The tube was then incubated at RT for 15 min, following which the cells were heat-shocked 

at 42 ºC for 15 min using a water bath. The tube was then centrifuged at 4000 ×g for 2 min, 

following which the supernatant was carefully removed without disturbing the pellet. The 

pellet was then gently suspended in 200 µL of SC-U media (PhMAX2A constructs cloned in 

the pYES-DEST-52 plasmid) or SC-UT media (For yeast containing PhMAX2A constructs 

and transformed with the PSK3 construct which is cloned in pYES/3/CT) and immediately 

spread onto SU-U or SC-UT solid media plates (100 µL per plate). The plates were then 

incubated at 30 ºC for 2 days to allow growth of colonies. After two days, random colonies 

were selected and checked with colony PCR to detect the presence of target genes using the 

method described in Section 2.10.9 and primers described in Section 2.8. Positive yeast 

strains carrying both genes were then used for expression work.  

2.10.4 LR recombination reaction 

GatewayTM LR recombination reactions were performed using GatewayTM LR Clonase II 

enzyme mix (Invitrogen). Each reaction was setup in a total of 5 µL reaction volume in a 1.5 

mL tube and comprised of 50-150 ng of entry plasmid carrying the gene of interest, 150 ng 

destination plasmid and 1 µL of LR clonase II enzyme mix. The tube was then incubated at 

25 ºC o/n after which the recombination reaction was stopped by adding 1 µL of proteinase 

K (Invitrogen) to the tube followed by incubation at 37 ºC for 10 min. A portion of 2 µL of 

the reaction mix was then transformed into 20 µL of One Shot® omniMAXTM 2 T1R 

chemically competent E.coli cells using the method described in 2.10.3.1.  
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2.10.5 Agarose gel electrophoresis 

Agarose gels (0.7-1% in concentration) were prepared in 0.5X Tris-borate-EDTA (TBE) 

buffer containing 0.01% of SYBR® safe DNA gel stain (Invitrogen). Samples (5 µL of PCR 

product or 25 µL of RD sample) were prepared by mixing with 6X DNA loading buffer. 

Electrophoresis was performed at 200 V for 60 min in 0.5X TBE buffer, following which the 

DNA was visualised and photographed using a gel documentation imager system (GE 

Amersham Imager 600). The sizes of DNA fragments were estimated using the 1 kb plus 

DNA ladder (Invitrogen). 

2.10.6 SDS-PAGE electrophoresis 

Crude or purified protein samples were analysed using SDS-PAGE electrophoresis. Sample 

were prepped by adding 15 µL of protein/crude and 5 µL of 4X SDS-PAGE loading buffer 

(Section 2.1). An aliquot of 10 µL of the prepared sample was then loaded into the wells of 

either BoltTM 4-12% Bis-Tris Plus gels (ThermoFisher Scientific) or Mini-PROTEAN® TGX 

stain-freeTM precast gels (BIO-RAD). For the BoltTM 4-12% Bis-Tris Plus gels, 

electrophoresis was performed using 1X BoltTM MES SDS running buffer (ThermoFisher 

Scientific) or 1X MOPS running buffer (ThermoFisher Scientific) at 165 V for 30 min, using 

10 µL of either NovexTM sharp pre-stained protein standard (ThermoFisher Scientific) or 

SeeBlue® Plus2 pre-stained protein standard (ThermoFisher Scientific). For Mini-

PROTEAN® TGX stain-freeTM precast gels, electrophoresis was performed in 1X Tris-

glycine-SDS buffer (BIO-RAD) at 200 V for 40 min, using  10 µL of  Precision Plus 

ProteinTM unstained protein standard (BIO-RAD). For visualisation of protein bands, the gel 

was stained with 20 mL of Coomassie blue stain (Section 2.1) for 30 min at RT with slight 

shaking on an orbital shaker. The gel was then destained by boiling in water for 8 min in a 

microwave. 

2.10.7 Western blot 

2.10.7.1 Antibodies used in this study  

Table 2.13 lists the primary and secondary antibodies used in this study. 
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Table 2.13: Primary and secondary antibodies used for western blots 

 Antibodies Working 

concentration  

Source and use 

Anti-MBP mouse IgG monoclonal 

primary antibody  

1:20000 in 1% 

Skim milk 

solution 

Abcam; used as a primary 

antibody to detect the MBP 

tag. 

Anti-GST mouse IgG2a monoclonal 

primary antibody 

1:20000 in 1% 

Skim milk 

solution 

Abcam; used as a primary 

antibody to detect the GST 

tag. 

Anti-SUMO mouse IgG monoclonal 

primary antibody 

 

1:20000 in 1% 

Skim milk 

solution 

Abcam; used as a primary 

antibody to detect the SUMO 

tag. 

Anti-His6 mouse IgG monoclonal 

antibody 

1: 10000 in 1% 

Skim milk 

Roche; used as a primary 

antibody to detect the His tag. 

Goat anti-mouse IgG Horseradish 

peroxidase (HRP)-antibody conjugate 

1:10000 in 1% 

Skim milk 

solution 

BIO-RAD; used as a 

secondary antibody against 

Anti-MBP, anti-GST and anti-

SUMO primary antibodies. 

Goat anti-mouse IgG (fab-specific) 

alkaline phosphatase antibody 

conjugate 

1:10000 in 1% 

milk 

Sigma (A2179); used against 

anti-His6-antibody. 

 

2.10.7.2 Western transfer 

Protein bands separated using SDS-PAGE electrophoresis (Section 2.10.6) were transferred 

onto PVDF membranes using the iBlot® 2 dry blot system (Life Technologies) using the 

following program: 20 V for 1 min, 23 V for 6 min and 25 V for 3 min. The membrane was 

then blocked in 5% skim milk solution (Section 2.1) for 1 hr at RT with gentle shaking. The 

membrane was then washed five times with 10 mL of TBS.T buffer at RT (10 min per wash) 

with gentle shaking and then stored at 4 ºC o/n. The following day, the membrane was probed 

with 10 mL of primary antibody solution (Table 2.13), prepared in 1% skim milk solution, 

for 1 hr at RT, after which it was again washed five times with 10 mL of TBST buffer at RT 

(10 min per wash) with gentle shaking. The membrane was then probed with 20 mL of 

secondary antibody (Table 2.13), prepared in 1% skim milk solution, for 1 hr at RT followed 

by five time washes with 10 mL of TBST buffer at RT (10 min per wash) with gentle shaking. 

For membrane treated with secondary antibody, Goat anti-mouse IgG Horseradish 

peroxidase (HRP)-antibody conjugate, the HRP activity was detected using 800 µL of 

SuperSignal® West Femto Maximum Sensitivity Substrate (Pierce) for 5 min. The membrane 

was placed between the acetate sheets and visualised using Chemiluminescence setting of 

the GE Amersham Imager 600 using an exposure setting of 3 s to 5 min. For membranes 

treated with Goat anti-mouse IgG (fab-specific) alkaline phosphatase antibody conjugate, the 

activity of alkaline phosphatase was detected by colourimetry method using 10 mL of 

NBT/BICP substrate (Invitrogen).  
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2.10.8 Mass spectrometry analyses of protein bands 

Mass spectrometry was used for identification of protein bands. The protein bands were 

excised from the gel, stored in a 1.5 mL tube and sent to the University of Auckland’s mass 

spectrometry laboratory for analysis. The analysis was performed by Martin Middleditch.  

2.10.9 Polymerase Chain reaction (PCR) 

1. Plasmid verification: PCR reactions were performed using the KAPA2GTM Robust 

PCR kit (KapaBiosystems) according to the manufacturer’s recommendations. Each 

reaction was performed in 50 µL reaction volume and comprised of 0.5 µM of each 

of the forward and reverse primers (Section 2.8), 1X of 5X KAPA2GTM buffer A, 10 

ng of plasmid DNA, 0.2 mM of dNTP mix, 0.5 mM of magnesium sulphate (MgSO4) 

and 0.5 units of KAPA2GTM Taq. Amplifications were performed for 30-35 cycles at 

an annealing temperature ranging between 60 ºC-65 ºC.  

2. Bacterial or yeast colony PCR: To verify the identity of the bacteria or yeast colonies, 

the colonies were first picked from plates using a sterile tip and then resuspended in 

30 µL of sterile MilliQTM ultrapure water. PCRs were carried out as described above, 

except that the template DNA was replaced with 2 µL of the resuspended bacterial or 

yeast colony. 

2.10.10 Clean-up of PCR products and digested plasmids 

The PCR fragments or digested plasmids fragments were purified using the NucleoSpin® 

PCR and gel clean-up kit (Macherey-Nagel) as directed by the manufacturer. The fragments 

were eluted in 30 µL of AE buffer (supplied with the kit). 

2.10.11 DNA Ligation  

Prior to ligation reactions, some of the restriction enzyme digested linearized plasmid which 

had to be used for cloning work were treated with Antarctic Phosphatase (New England 

BioLabs® Inc.) as directed by the manufacturer to dephosphorylate the ends of the DNA to 

prevent self-ligation of the linearized plasmid. The reaction was performed at 37 ºC for 15 

min after which the sample was purified using a NucleoSpin® PCR and gel clean-up kit 

(Macherey-Nagel) as described in Section 2.10.10.  

Ligations contained T4 DNA ligase from New England BioLabs® Inc. (NEB) at 1:3 ratio (of 

destination plasmid to insert). The reaction was performed in a 10 µL total volume in a 1.5 

mL tube and contained 90 fmol of the digested plasmid (insert), 30 fmol of destination 

plasmid, 1X ligase buffer (NEB) and 1 unit of T4 DNA ligase (NEB). Ligation was performed 

o/n at 16 ºC. The next day, the ligated vector was transformed into Subcloning efficiencyTM 

E. coli cells using the method described in Section 2.10.3.1. 
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2.10.12 Site-directed mutagenesis 

Site-directed mutagenesis was performed using the QuikChange Lightning site-directed 

mutagenesis kit (Agilent Technologies) as directed by the manufacturer with slight 

modifications. (i) 20 µL of XL-10 Gold bacterial competent cells were used for each reaction, 

(ii) 0.8 µL of beta-mercaptoethanol (βME) was used instead of 2 µL, (iii) the cells were 

revived in 250 µL of NZY+ broth instead of 500 µL and (iv) colony selection was done on 

LB agar plates supplemented with appropriate antibiotics. 

2.10.13 Sequencing  

Sequencing of plasmid was outsourced to Microgen (Korea). The plasmid was prepared as 

per the requirements stated by Macrogen (Korea). 

2.11 Second round of mutagenesis and generation of the expression plasmid for the 

DAD2-N242I mutant 

The DAD2-N242I mutant was created by Hui Wen Lee, a PhD student in Dr Kimberley 

Snowden’s laboratory, by a random mutagenesis approach, using the pDONR221-DAD2opti 

entry plasmid as a template. As part of this study, the final entry plasmid (pDONR221-

DAD2opti-N242I; Section 2.5), carrying the N242I mutation, was subjected to another round 

of mutagenesis, to introduce the C89Q mutation, followed by generation of the expression 

plasmids as described below. 

The C89Q introduced to prevent the formation of poor diffracting crystals that were 

previously observed for DAD2. In the previously solved crystal structure of DAD2, the 

protein packing, especially at the packing interface was found to be unusual, where the 

surface cysteines of two different molecules in the crystal were found to interact with each 

other, either via other molecules such as DTT or directly through disulphide bridges 

(Hamiaux et al., 2018). These interactions between the cysteine residues reduced the protein-

protein distance and also sterically affected the crystal packing, leading to the formation of 

poorly diffracting crystals (Hamiaux et al., 2018). Since then, prior to any crystallisation of 

DAD2 or its mutants, this surface cysteine residue is mutated. This mutation has been shown 

to have no effect on the structure or function of the WT receptor (Hamiaux et al., 2018) and 

hence is considered to have no effect on the DAD2 mutants.  

The mutagenesis was performed using the QuikChange Lightning site-directed mutagenesis 

kit (Agilent Technologies) as described in Section 2.10.12 using primers 1 and 2 from Table 

2.9 (Section 2.8). The PCR reaction was then transformed into XL-10 Gold bacterial cells as 

described in Section 2.10.3.1 and the transformed colonies were selected on LB agar plates 

supplemented with 100 µg/mL Kan (LBKan plates). The plasmids were then isolated from 
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randomly selected colonies as described in Section 2.10.1.1 and sent for sequencing (Section 

2.10.13). The sequence-verified mutant entry plasmid (pDONR221-DAD2opti-N242I-

C89Q) was then used to create an expression plasmid via the LR recombination reaction 

(2.10.4) using pDEST566 destination plasmid (Section 2.5). 

The newly created mutant pDEST566 expression plasmid (pDEST566-DAD2opti-N242I-

C89Q) was then isolated from randomly selected transformed colonies (Section 2.10.1) and 

checked via RD (Section 2.10.2) using a range of REs to identify a mutant expression plasmid 

with the correct fragment size. The RD verified pDEST566-DAD2opti-N242I-C89Q 

expression vector was then transformed as described in Section 2.10.3.1 into RG2 cells 

(Section 2.4) for protein expression. The mutant expression plasmids for randomly selected 

transformed RG2 colonies were isolated and screened using RD (Section 2.10.2), prior to 

initiation of protein expression to check for the presence of the expression cassette. The 

colony that was found to contain the correct mutant expression plasmid was then used for 

protein expression. A glycerol stock of the colony was also maintained for later use.  

2.12 Generation of entry and expression plasmids for PhMAX2A 

2.12.1 Introduction of Xbal site upstream of the PhMAX2A gene  

An Xbal restriction enzyme site was introduced upstream of the PhMAX2A gene in the 

pDONR221-PhMAX2A plasmid to allow the addition of N-terminal His6-MBP, His6-SUMO 

and His6-GST tags. The Xbal site was added using the QuikChange Lightning site-directed 

mutagenesis kit (Agilent Technologies) as described in Section 2.10.12 and using primers 3 

and 4 from Table 2.9. Recombinant plasmids were sequenced (Section 2.10.13) to confirm 

the addition of the Xbal site. The resulting verified plasmid is referred to hereafter as 

pDONR221- PhMAX2A_X.  

2.12.2 Isolation of His6-MBP, His6-SUMO and His6-GST tags  

The His6-MBP and His6-SUMO tags were amplified from the pDEST566-DAD2opti and 

ShD14-pET-SUMO plasmids, respectively (Section 2.5), using PCR, performed as described 

in Section 2.10.9 with primers 5, 6, 9 and 10 from Table 2.9 (Section 2.8). The isolated PCR 

fragments, carrying Xbal sites at either end, were then cloned into pGEMT-Easy vector 

(Promega) using T4 DNA ligase (see Section 2.10.11 for method). The ligated pGEMT-His6-

MBP and pGEMT-His6-SUMO plasmids were then transformed into OmniMAXTM 2 T1R 

competent cells as described in Section 2.10.3.1. Following transformation, 4 transformant 

colonies were randomly selected and the plasmids were isolated (Section 2.10.1.1) and sent 

for sequencing (Section 2.10.13). In the sequenced pGEMT-His6-SUMO plasmid, the His6 

tag lacked an appropriate start codon (ATG), for which two bases, TG, were then added at 
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the N-terminus of the His6 tag using the QuikChange Lightning site-directed mutagenesis kit 

(Agilent Technologies) as described in Section 2.10.12 using primers 7 and 8 from Table 2.9 

(Section 2.8). The plasmid was then transformed into Subcloning efficiencyTM E. coli 

competent cells (Section 2.4) using the method described in Section 2.10.3.1. The plasmid 

DNA was isolated from transformant colonies (see Section 2.10.1.1 for method) and sent for 

sequencing (Section 2.10.13). The sequence verified pGEMT-His6-MBP and pGEMT-His6-

SUMO plasmids were then used for further cloning work. The His6-GST tag was synthesised 

as a gene fragment (Section 2.6) and was directly used for cloning. 

2.12.3 Generation of entry plasmids carrying His6-MBP-PhMAX2A, His6-GST-

PhMAX2A and His6-SUMO-PhMAX2A constructs 

The entry plasmids pDONR221-PhMAX2A_X_His6-MBP, pDONR221-

PhMAX2A_X_His6-SUMO and pDONR221-PhMAX2A_X_His6-GST were created using 

restriction cloning. The pDONR221-PhMAX2A_X, pGEMT-His6-MBP and pGEMT-His6-

SUMO plasmids along with the His6-GST gene fragment were digested with Xbal RE using 

the method described in Section 2.10.2. The digested fragments were then treated with 

alkaline phosphatase enzyme (NEB) as described in Section 2.10.11, following which 

ligation was performed as described in Section 2.10.11. The ligated plasmids were then 

transformed into Subcloning efficiencyTM E. coli competent cells (Invitrogen; Section 2.4) 

as described in Section 2.10.3.1. Following transformation, four transformant colonies were 

isolated using the Nucleospin® Plasmid EasyPure kit (Macherey and Nagel; Section 

2.10.1.1). The isolated plasmids were checked with RD (Section 2.10.2; using various 

enzymes) and PCR (Section 2.10.9; primers 6, 10, 20, 22 from Table 2.9 of Section 2.8) to 

check the orientation of the cloned His6-MBP, His6-SUMO and His6-GST fragments. The 

plasmids which carried the correct orientation of the cloned tags were sent for sequencing 

(2.10.13) and the sequence verified plasmids were selected as final entry plasmid 

(pDONR221-PhMAX2A_X_His6-MBP, pDONR221-PhMAX2A_X_His6-SUMO and 

pDONR221-PhMAX2A_X_His6-GST). 

2.12.4 Generation of plasmids carrying His6-MBP-PhMAX2A, His6-GST-PhMAX2A 

and His6-SUMO-PhMAX2A constructs for yeast and insect expression systems 

The vectors for expressing proteins in yeast and insect cells, listed in Table 2.11 of Section 

2.9, were created by LR recombination reaction as described in Section 2.10.4. For vectors 

suitable for yeast work, LR recombination reactions were performed between entry plasmids 

(from Section 2.12.3) and the pYES-DEST-52 destination plasmid (Invitrogen; Section 2.5). 

For insect system, LR recombination reactions were performed between the same entry 

vectors and pDEST8 destination plasmid. The generated expression plasmids were then 
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transformed as described in Section 2.10.3.1 into Subcloning efficiencyTM E. coli competent 

cells (Section 2.4). Two transformant colonies for each construct were then checked using 

colony PCR (see Section 2.10.9.2; using primers 9, 21, 5, 21, 20 and 24 from Table 2.9). 

Expression plasmids were then isolated from the positive colonies (see Section 2.10.1.1) and 

the plasmids were checked with RD (see Section 2.10.2; using various REs). The RD verified 

expression vectors were then used for further work.  

2.13 Generation of entry and expression plasmids for PSK3 

2.13.1 Isolation of the PSK3 gene 

The PSK3 gene was amplified from the pDONR221-PSK3 plasmid (Section 2.5) using PCR 

(see Section 2.10.9) with primers 15 and 16, mentioned in Table 2.9 of Section 2.8. The 

resulting PCR fragment carried HindIII and NotI restriction enzyme sites at the 5’ and 3’ end 

of the fragment, respectively. The fragment was purified (as per Section 2.10.10) then ligated 

into pGEMT-Easy vector (Promega) using the method described in Section 2.10.11. The 

ligated pGEMT-PSK3 plasmid was transformed as described in Section 2.10.11. Four 

transformant colonies were selected and the plasmids were isolated (see Section 2.10.1.1) 

and sent for sequencing (2.10.13). A sequence verified pGEMT-PSK3 plasmid was then used 

for further cloning work. 

2.13.2 Generation of expression plasmids carrying the PSK3 gene 

For PSK3, only one vector (pYES3CT-PSK3) was created to allow expression in the yeast 

cells. A vector for expression in insect cells (pDEST8-PSK3) was created prior to the start of 

this study (Section 2.5). The pYES3/CT (Invitrogen) plasmid was digested using HindIII, 

NotI and BstXI REs, while the pGEMT-PSK3 plasmid was digested using HindIII, NotI and 

PstI REs as described in Section 2.10.2. The BstXI and PstI REs were used to prevent re-

ligation of the digested products. The digested plasmids were purified as per Section 2.10.10, 

then ligated using the method described in Section 2.10.11. The ligated plasmid was 

transformed into XL-10 Gold bacterial competent cells (Agilent Technologies) instead of 

Subcloning efficiencyTM E. coli competent cells. Eight transformant colonies were then 

analysed using colony PCR (Section 2.10.9) using primers 17 and 25 from Table 2.9. A single 

colony, containing the expression vector (pYES3CT-PSK3) was then selected and the 

plasmid was isolated ( Section 2.10.1.1) and further checked with RD using several REs that 

cut the backbone at several sites (2.10.2) to ensure the expression vector carried the PSK3 

gene.  



54 

 

2.14 Generation of yeast expression strains carrying PhMAX2A and PSK3 

In this study, the INVSc1 strain (ThermoFisher Scientific) of S. cerevisiae was used for 

protein expression. Each of the expression plasmid created for PhMAX2A (pYES-DEST-52-

His6-MBP-PhMAX2A, pYES-DEST-52-His6-SUMO-PhMAX2A and pYES-DEST-52-

His6-GST-PhMAX2A) was transformed into yeast using the method described in Section 

2.10.3.2. A few of the transformed colonies were checked using colony PCR (Section 2.10.9) 

using primers specific to the plasmid backbone (primer 25 from Table 2.9) and PhMAX2A 

gene (primer 24 from Table 2.9). A single positive colony was selected for each of the 

expression constructs and used for the next round of transformation to introduce the 

pYES3CT-PSK3 expression plasmid (Section 2.13.2) using the same method. The 

transformed colonies were again checked for the presence of both the expression plasmids 

(PhMAX2A and PSK3) using colony PCR (Section 2.10.9) with primers specific to the 

plasmid backbones (primer 25 from Table 2.9), PhMAX2A gene (primer 24 from Table 2.9) 

and PSK3 gene (primer 17 from Table 2.9). The positive colonies, referred to hereafter as 

His6-MBP-PhMAX2A+PSK3, His6-SUMO-PhMAX2A+PSK3 and His6-GST-

PhMAX2A+PSK3, were used for expression trials. 

2.15 Production of bacmid DNA carrying PhMAX2A and PSK3 constructs 

In this study, we used the baculovirus (Autographa californica multiple nuclear polyhedrosis 

virus (AcMNPV)) expression system to produce proteins in insect cells (detailed information 

can be found at http://tools.thermofisher.com/content/sfs/manuals/bevtest.pdf). In this 

system, expression plasmid (pDEST8), carrying the foreign genes (PhMAX2A and PSK3) 

were transformed into MAX Efficiency TM DH10Bac E. coli competent cells which carry a 

bacmid DNA that is used for the production of recombinant AcMNPV baculovirus. In the 

DH10Bac cells, the foreign gene is incorporated into the bacmid DNA via transposition. This 

bacmid DNA containing the foreign gene is then isolated and transfected into insect cells to 

produce recombinant AcMNPV baculovirus particles. These virus particles are then used to 

achieve the expression of the foreign gene (in this case PhMAX2A or PSK3) by infecting 

insect cells with these virus particles. This section describes the method used for generation 

of bacmid DNA, Section 2.15.1 describes the method used for production and amplification 

of recombinant AcMNPV baculovirus and Section 2.15.2 describes the method to titre the 

viral stocks. The expression using the produced recombinant AcMNPV baculovirus particles 

is described later in Section 2.18.3.  

The expression vectors pDEST8-His6-MBP-PhMAX2A, pDEST8-His6-SUMO-PhMAX2A, 

pDEST8-His6-GST-PhMAX2A (see Section 2.12.4) and pDEST8-PSK3 (Section 2.5) were 

transformed individually into MAX Efficiency TM DH10Bac E. coli competent cells as 

http://tools.thermofisher.com/content/sfs/manuals/bevtest.pdf
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directed by the manufacturer. The transformant colonies were selected and screened by 

colony PCR (2.10.9) using bacmid specific primers (11 and 12 from Table 2.9 of Section 2.8) 

and also some gene-specific primers (Table 2.9 of Section 2.8). One positive colony for each 

construct was selected and the bacmid DNA was isolated from the E. coli cells as described 

below. The pDEST8-His-To1 expression plasmid (see Section 2.5 for details; used as an 

expression control) was already transformed into DH10Bac cells prior to the start of this 

study and the transformed colony was used for isolation of bacmid DNA.  

For isolating bacmid DNA, one positive colony for each of the constructs was selected and 

grown in 5 mL LB cultures supplemented with 50 µg/mL of Kan, 7 µg/mL of Gent and 10 

µg/mL of Tet antibiotics at 37 ºC o/n with shaking at 250rpm. A portion (2 mL) of the o/n 

culture was centrifuged at 14000 ×g for 1 min to pellet the E.coli cells. The pellet was then 

dissolved in 300 µL of solution 1 (15 mM Tris-HCl (pH 8.0), 10 mM EDTA, 100 µg/mL of 

RNase A; filter sterilised) by gentle pipetting. Next, 300 µL of solution II (0.2 N NaOH and 

1% SDS) was added to the cells, mixed gently and incubated at RT for 5 min. Following 

incubation, 300 µL of 3 M potassium acetate pH 5.5 was added slowly to the tube and 

incubated on ice for 10 min. The contents of the tube were then centrifuged at 14000 ×g for 

10 min at 4 ºC and the supernatant was transferred into a fresh tube containing 800 µL of ice-

cold isopropanol. The contents of the tube were mixed by inverting a few times and then the 

tube was incubated on ice for 5 min. Following incubation, the tube was centrifuged at 14000 

×g for 15 min at RT. The supernatant was removed carefully and the pellet was washed in 

70% ethanol by gently inverting the tube a few times. The tube was again centrifuged at 

14000 ×g for 5 min at RT. The ethanol was removed and the pellet containing the bacmid 

DNA was dried at 37 ºC for 10 min. Thereafter, the pellet was dissolved in 40 µL of 1X TE 

buffer (Section 2.5). The isolated bacmid DNA was then used for transfection. 

2.15.1 Transfection to produce recombinant AcMNPV baculovirus carrying His6-

MBP-PhMAX2A, His6-SUMO-PhMAX2A, His6-GST-PhMAX2A, PSK3 and 

His-To1 constructs 

Transfection was performed in Greiner CELLSTAR® 6 well-plates (ThermoFisher 

Scientific) using exponentially growing cultures of Sf9 cells. The Sf9 cells (ideally ~5 X 106 

cells/mL) were diluted down to 0.7 X 106 cells/mL using Sf9 II serum-free media (Sf9-SFM) 

in 20 mL culture volume. For each construct (His6-MBP-PhMAX2A, His6-SUMO-

PhMAX2A, His6-GST-PhMAX2A, PSK3 and His-To1), a single 6 well plate was setup. 

Each well of the 6 well plate was seeded with 2 mL of the above diluted cell culture (to get 

a total of 1.4 X 106 cells / well). The plate was then gently swirled to evenly disperse the cells 

within the well. The plate was sealed with PARAFILM® M, placed in a plastic bag containing 
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a wet tissue and incubated at 28 ºC for 1 h to allow the cells to adhere to the bottom of the 

well. During incubation, two solutions, A and B, were prepared. For each well, solution A 

was prepared by diluting 4 µg of freshly isolated bacmid DNA (for each construct) in 100 

µL of Sf9-SFM without antibiotics and solution B was prepared using 10 µL of ESCORT VI 

(ThermoFisher Scientific) in a total of 100 µL of Sf9-SFM without antibiotics. The two 

solutions were then mixed gently to form the transfection mix and incubated at RT for 30 

min. Following which, 800 µL of fresh Sf9-SFM was added to the solution mixture and 

mixed gently (Note: for this work, for each construct, enough of solution A and B were 

prepared in total for 6 wells and diluted in 4.8 mL of Sf9-SFM). The 6 well plate was then 

removed from the incubator and the media was aspirated from each of the well gently and 

the cells were then washed with 2 mL of Sf9-SFM. After washing, 1 mL of transfection mix 

was added to each well and mixed gently. The plate was again sealed with PARAFILM® M, 

placed in a plastic bag containing a wet tissue and incubated at 28 ºC for 4 h. After incubation, 

the transfection mix was aspirated from each well and fresh Sf9-SFM (2 mL) was added to 

each well. The plate was again sealed with PARAFILM® M, placed in a plastic bag 

containing a wet tissue and incubated at 28 ºC for 72 h. 

1st round of viral amplification  

After three days, the plate was removed from incubation and the supernatant from each well 

was transferred to a sterile 15 mL tube. The supernatant was then centrifuged at 500 ×g for 5 

min at RT to pellet down any dead cells. The clarified supernatant, containing the 

recombinant AcMNPV baculovirus, was then transferred into a fresh 15 mL tube and 

supplemented with 2% fetal bovine serum (FBS; ThermoFisher Scientific). An aliquot of this 

stock (referred here as P1 virus stock) was stored at -80 ºC for later use. The remaining P1 

virus stock was used for the first round of amplification to produce a high-titre P2 virus stock. 

This amplification was also performed in a 6 well plate. For an exponentially growing culture 

of Sf9 cells (~5 X 106 cells/mL), a diluted culture of Sf9 cells (1.2 X 106 cells/mL) was made 

in a total volume of 15 mL. A volume of 500 µL of P1 virus stock and 1.5 mL of diluted cell 

culture was then added to each well of the 6 well plate one after the other. The contents were 

mixing by gently swirling the plate. The plate was then sealed with PARAFILM® M, placed 

in a plastic bag containing a wet tissue and incubated at 28 ºC for 48 h. After 48 h, the 

supernatant was again collected, then clarified by centrifugation (500 ×g for 5 min at RT) to 

get the P2 virus stock. This stock was also supplemented with 2% FBS and used for the last 

round of amplification to form the high-titre P3 virus stock.  

2nd round of amplification 
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This amplification round was performed in 500 mL flask containing 100 mL of Sf9 cell 

culture (2 X 106 cells/mL). The culture was inoculated with P2 virus stock at a multiplicity 

of infection (MOI) of 0.1. The cultures were allowed to grow at 28 ºC with shaking at 100 

rpm for 72 h after which the cells were harvested by centrifugation at 500 ×g for 5 min at RT 

and the supernatant comprising the P3 virus stock was transferred to a new tube. The stock 

was supplemented with 2% FBS, filter-sterilised and stored at 4 ºC for later use. 

2.15.2 Virus titre estimation  

Virus titre estimation was performed using qPCR. Virus standards (1X 108 pfu/mL) was 

diluted using sterile MilliQ® ultrapure water to make 107, 106 and 105 dilutions. The P3 virus 

stock (from Section 2.15.1) was diluted at 1:100 ratio using sterile MilliQ® ultrapure water. 

All the diluted stocks were mixed by vortex and 80 µL of each diluted stock was transferred 

into a thin-wall PCR tube. The PCR tubes were centrifuged at 20000 ×g for 5 min at RT to 

pellet the virus particles. The pellet was then dissolved in 20 µL of viral DNA extraction 

buffer (Section 2.1) and 1 µL of proteinase K (Invitrogen). Viral DNA was then released 

from viral particles using a thermal cycler with the following program: 15 min at 65 ºC, 2 

min at 96 ºC, 4 min at 65 ºC, 1 min at 96 ºC, 1 min at 65 ºC and 30 s at 96 ºC. A master mix 

was then made for qPCR. For each viral DNA sample, the master mix was made in a total 

volume of 9 µL, comprising 5 µL of SyBR® green dye (Clontech), 1 µL of GP64 primer 

(Clontech) and 3 µL of nuclease-free water (ThermoFisher Scientific). The master mix was 

then mixed with 1 µL of viral DNA sample. Note, each sample was tested in triplicates. The 

Master mix with added viral DNA (10 µL) was then added to the 384 well plate, sealed with 

an adhesive sheet and centrifuged at 500 ×g for 2 min. The plate was then analysed using a 

LightCycler® 480 instrument (Roche) using the following program: pre-incubation (1 cycle) 

at 50 ºC for 2 min at Ramp Rate of 4.8 ºC/s, second pre-incubation (1 cycle) at 95 ºC for 2 

min at Ramp Rate of 4.8 ºC/s, Amplification: (40 cycles) at 95 ºC for 15 s (Ramp rate of 4.8 

ºC/s), 56 ºC for 15 s (Ramp Rate of 2.5 ºC/s) and 72 ºC for 1 min (Ramp Rate of 4.8 ºC/s); 

final hold at 72 ºC for 1 sec (Ramp Rate of 4.8 ºC/sec). The first and second derivatives of 

fluorescence obtained after the analyses were used for calculating the titre of the virus by 

solving the linear equation obtained by plotting the Ct values (obtained from the data) against 

the log of standard virus concentration (pfu/mL) using an in-house excel sheet.   

2.16 Generation of an E.coli expression strain carrying His6-PhMAX2A  

The pET300-His6-PhMAX2A (codon optimised) expression plasmid carrying the His6-

PhMAX2A construct was transformed into RosettaTM (DE3) BL21 E.coli cells (Novagen; 50 

µL) prior to the start of this study by Cyril Hamiaux. The transformed E.coli strain was used 

for expression work as part of this study.  
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2.17 Generation of entry and expression plasmids for PhD53A 

2.17.1 Introduction of TEV site at the N-terminus and C-terminus of the PhD53A 

To introduce expression tags at the N-terminal and C-terminal end of the PhD53A, a TEV 

site was added at each end of the PhD53A coding sequence. In addition to the introduction 

of TEV sites, the first three bases (ATG replaced with AGG (glycine) at N-terminal site) and 

last three bases of PhD53A gene (AGG replaced with ATG at the C-terminal site) were also 

replaced to make the TEV site in-frame with the PhD53A gene. The addition and 

replacement of bases was collectively performed using PCR. For each reaction (N or C-

terminal addition), the template plasmid, pCR8-PhD53A (Section 2.5), was diluted 1/100 

and 1/1000 times in MilliQTM ultrapure water. The PCR reaction was setup using the 1/100 

and 1/1000 diluted sample of the template in a total volume of 25 µL. The reaction mix 

comprised 1X CloneAmpTM HiFi PCR premix (Clontech), 0.3 µM of each primer (FWD and 

REV; primers 18, 19, 26 and 27 from Table 2.9). 100 ng of template. The PCR reaction  had 

an initial denaturation at 95 ºC for 2 min (1 cycle) followed by 25 cycles of denaturation at 

95 ºC for 10 s, annealing at 59 ºC for 15 s and extension at 72 ºC for 1 min, with final 

extension performed at 72 ºC for another 2 min. The PCR samples were then analysed with 

agarose gel electrophoresis (Section 2.10.5) to check for the presence of the amplified 

plasmid. The reaction which contained the amplified plasmid was used for In-FusionTM 

cloning performed using the In-FusionTM HD cloning kit (Takara Bio USA, Inc.). The 

amplified plasmid (5 µL) was mixed with 2 µL of Cloning Enhancer (supplied with the kit) 

and then placed in a thermal cycler in which the sample was first heated to 37 ºC for 15 min 

and then at 80 ºC for another 15 min. Following an In-FusionTM reaction was setup in a total 

volume of 10 µL that comprised of 2 µL of 5X In-Fusion HD enzyme premix and 2 µL of 

Cloning Enhancer-treated PCR product. The reaction was incubated at 50 ºC for 15 min then 

chilled on ice. The reaction mix was then transformed into either 20 µL of One Shot® 

OmniMAXTM 2 T1R cells or XL-10 Gold bacterial cells as described in Section 2.10.3.1 and 

selection of transformant was made on LB agar plates supplemented with 100 µg/ mL of 

Spec. A few random colonies obtained after transformation were grown to isolate their 

respective plasmids (Section 2.10.1.1) and sent for sequencing (Section 2.10.13). The 

sequence-verified plasmids, referred to hereafter as pCR8-NTEV-PhD53A and pCR8-

PhD53A-CTEV, were then used to create the expression plasmids.  

2.17.2 Generation of expression plasmids for PhD53A 

The expression plasmids, pDEST566-His6-MBP-PhD53A and pET300/His6-SUMO-

PhD53A were created using LR recombination reactions between pCR8-NTEV-PhD53A and 

pDEST566 and between pCR8-NTEV-PhD53A and pDEST566 as described in Section 
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2.10.4. Two transformant colonies for each construct were then checked using colony PCR 

(see Section 2.10.9; primers specific for PhD53A gene or the expression tags). Expression 

plasmids were then isolated from the positive colonies (see Section 2.10.1.1) and the plasmids 

were checked with RD (see Section 2.10.2; using various REs). The RD verified expression 

vectors were then used for further work. For the creation of the expression plasmid, pET301-

PhD53A-TEV-His8-GFP, GFP gene fragment from Section 2.6 and the pET301/CT plasmid 

were digested with NsiI and SpeI REs as directed in Section 2.10.2, the digested products 

(Section 2.10.10) were then ligated as in Section 2.10.11. The ligation was transformed into 

One ShotTM ccdB SurvivalTM 2 TIR competent cells. Four resulting colonies were selected 

and their plasmids were isolated (Section 2.10.1.1) to further check then with RD (Section 

2.10.2). The RD verified pET301-PhD53A-TEV-His8-GFP was then used for further work. 

The above created expression vectors were transformed into RG2 (DE) E.coli expression 

cells using the method described in Section 2.10.3.1 and the transformed colonies were 

further checked with RD (Section 2.10.2) before being used for expression work.  

2.18 Protein expression 

2.18.1 Expression of DAD2-N242I, His6-PhMAX2A and PhD53A in E. coli 

DAD2-N242I-C89Q protein was expressed as a fusion protein with a cleavable, N-terminal 

His6-MBP tag in RG2 cells (Novagen) as 3 L cultures. For expression, 50 mL of LB broth, 

supplemented with 100 µg/mL Amp and 100 µg/mL of Cam, was inoculated with a single 

colony of RG2 transformed with the pDEST566-DAD2opti-N242I-C89Q expression 

plasmid. The culture was incubated at 37 ºC o/n with shaking at 250 rpm. 5 mL of this o/n 

culture was used to inoculate 6X500 mL of LB broth, supplemented with 100 µg/mL of Amp 

and 2 mL of 50% glucose, in a 2 L baffled flask. The cultures were then incubated at 37 ºC 

with shaking at 250 rpm until the O.D of the culture reached 0.8 at a wavelength of 600 nm. 

The temperature was then lowered to 20 ºC and each culture flask was induced with 0.5 mM 

IPTG. The cultures were then grown o/n at 20 ºC with shaking at 220 rpm. The cells were 

harvested the following day by centrifugation at 6000 ×g for 15 min at 4 °C. The pellets were 

combined and transferred into a fresh 50 mL polypropylene tube and stored at -20 ºC until 

later use. The His6-MBP-PhD53A, His6-SUMO-PhD53A and PhD53A-His6-GFP proteins 

were also expressed in RG2 cells as 1 L culture using the same method mentioned above and 

the pellets for the respective proteins were also stored at -20 ºC for later use. The His6-

PhMAX2A protein was expressed in RosettaTM (DE3) BL21 E. coli cells (Novagen) as 500 

mL culture using the same method described above with minor modifications. The media 

used for expression was TB media supplemented with TB phosphates (450 mL of TB media 

+ 50 mL of TB phosphates; see Section 2.3.1 for recipe).  
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2.18.2 Expression of PhMAX2A and PSK3 in yeast 

Expression trials were performed in various culture volumes. The method for expression in 

a 500 mL culture volume is described here. Prior to setup of expression, INVSc1 expression 

strains, His6-MBP-PhMAX2A+PSK3, His6-SUMO-PhMAX2A+PSK3 and His6-GST-

PhMAX2A+PSK3 (from Section 2.14) were streaked onto fresh SC-UT media plates 

(Section 2.3.2) and incubated at 30 ºC o/n. Next day, for expression of each construct, a 

complete plate was used to inoculate 250 mL of SC-UT media supplemented with 2% D-

glucose (see Section 2.3.2.1 for recipe) in a 500 mL flask. The following day, the O.D600 of 

the o/n culture was measured using a spectrophotometer. This O.D was used to calculate the 

amount of o/n culture required to inoculate the 500 mL of expression media (see Section 

2.3.2.1 for recipe) at an O.D600 of 0.4 using the formula:  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓𝑜/𝑛 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 = 0.4 𝑂. 𝐷/𝑚𝐿 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 

The required amount of o/n culture was then centrifuged at 6000 ×g for 15 min to pellet the 

cells, following which the pellet was resuspended in a 500 mL of expression media (SC-UT 

supplemented with 2% galactose and 2% raffinose; see Section 2.3.2.1 for recipe) in a 1 L 

baffled flask. The flask was incubated at 30 ºC with shaking at 250 rpm for 24 h. Next day, 

the cells were harvested by centrifugation at 6000 ×g for 15 min and stored at -80 ºC until 

later use.  

For expression in rich media (YPAD; see Section 2.3.2 for recipe), a loop full of each of the 

expression yeast strain was used to inoculate a 500 mL of YPAD media and grown o/n at 30 

ºC. The next day, the cells were harvested by centrifugation at 6000 ×g for 15 min and the 

pellets were resuspended in a 500 mL of YPAD media made with 2% galactose instead of 

2% glucose (to allow expression) in a 1 L baffled flask. The flask was incubated at 30 ºC 

overnight to allow expression. The next day, the cells were harvested by centrifugation at 

6000 ×g for 15 min and stored at -80 ºC for later use. 

2.18.3 Expression of PhMAX2A, PSK3 and His-ToI in insect cell lines 

In the insect cell system, the different constructs of PhMAX2A, that is His6-MBP-

PhMAX2A, His6-SUMO-PhMAX2A and His6-GST-PhMAX2A, were co-expressed along 

with PSK3. The expression was performed at different MOI ranging from 0.01, 1, 4, 6 and 9 

in different culture volumes. The method for co-expression of His6-MBP-PhMAX2A and 

PSK3 at an MOI of 9 in 1000 mL culture volume is described below. All the constructs were 

expressed in a similar manner at different MOI.  
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For co-expression of His6-MBP-PhMAX2A and PSK3 at an MOI of 9, the amount of 

respective P3 virus stocks required to infect 1000 mL of Sf9 cell culture, having a cell density 

of 2 X 106 cells/mL was calculated using the formula below: 

volume of virus (mL) =
MOI ×  total number of cells to infect

titre of virus (in pfu/mL)
 

The total number of cells was calculated by multiplying cell density with the volume of 

culture. The culture was setup in a 2 L flask, where 1000 mL of Sf9 cell culture (2X 106 

cells/mL) was inoculated with the required amount of P3 virus stocks for His6-MBP-

PhMAX2A and PSK3 (produced in Section 2.15.1). Note that for any expression, the volume 

of both the P3 virus stocks collectively was a maximum of 10% of the total volume of the 

cell culture. The flask was then incubated at 28 ºC for 48 h to allow expression. After two 

days, the cells were harvested by centrifugation of 500 ×g for 15 min. The cell pellet was 

transferred into a fresh 50 mL tube and stored at -80 ºC for later use. The expression of His-

To1 was also performed in a similar manner in a total culture volume of 10 mL (cell density 

of 2 X 106 cells/mL) at an MOI of 4. The pellet was collected and stored at -80 ºC until later 

use.  

2.18.4 Transient expression of His6-MBP-PhMAX2A construct in N. benthamiana 

Transient expression from the His6-MBP-PhMAX2A construct was performed by infiltrating 

2-3 week old N. benthamiana leaves with Agrobacterium tumefaciens (Agrobacterium; 

GV3101 strain) carrying the pHEX2-His6-MBP-PhMAX2A vector, created by Revel 

Drummond. Two days prior to infiltration, the Agrobacterium strain containing the His6-

MBP-PhMAX2A construct was streaked on to a fresh LB agar plate supplemented with Gent 

and Spec antibiotics (Section 2.2) and incubated at 28 ºC for 48 h. After two days, a loop full 

of Agrobacterium from the plate was diluted in 100 µL of sterile water in a 1.5 mL tube and 

this diluted Agrobacterium was again spread onto a fresh LB agar plate supplemented with 

Gent and Spec antibiotics (Section 2.2) and incubated at 28 ºC o/n. A loop full of 

Agrobacterium from this plate was used to inoculate 10 mL of YN media (pH 5.6; Section 

2.3.1) containing 1 µL of Acetosyringone (AS; 100nM stock made in ethanol). The culture 

was then incubated at 28 ºC with shaking at 250 rpm for 1 h. Following incubation, the culture 

was centrifuged at 3220 ×g at RT for 4 min and the pellet was resuspended in 5 mL of IB 

buffer+AS (10 mM MES, 10 mM MgCl2 (pH 5.6) with 10 µM of AS). The cells were again 

centrifuged at 3220 ×g for 10 min at RT and the pellet was resuspended in 2 mL of IB 

buffer+AS. The O.D of the culture was then determined at 600 nm using a spectrophotometer. 

The culture was then diluted to an O.D600 of 0.05 using IB buffer+AS buffer. The volume of 
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buffer used for dilution depended on the number of leaves to be infiltrated. For each leaf, 

approximately 2mL of the solution was required. This diluted solution was then used for 

infiltration of the abaxial side of the leaves using a syringe. The infiltrated leaves were 

collected three days after the infiltration and stored at -80 ºC until required for protein 

purification.  

2.19 Purification of proteins from heterologous systems 

In this study, different methods of purification were used depending on the protein being 

purified. The tables below describe the purification steps used for each of the protein used in 

this study and also the buffers used for the purification. The associated methods are described 

in the following sections.   
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Table 2.14: Methods used for purification of different proteins 

 

 

Protein name Heterologous 

system 

Homogenisation 

method 

Nickel affinity 

chromatography 

Anion exchange 

chromatography 

In-solution 

cleavage 

Second nickel affinity 

chromatography 

Size-exclusion 

Chromatography 

Buffers 

used 

His6-PhMAX2A E.coli Emusiflex Using HisTrap HP 5 

mL column  

HisTrap Q HP 5 mL 

column 

- - Superdex 200 using 

AKTA prime 

Set 1 

His6-MBP-PhMAX2A+PSK3 Yeast Emusiflex Using HisTrap HP 5 

mL column  

- In-solution 

using rTEV 

protease 

- Superdex 200 using 

AKTA prime 

Set 2 

His6-SUMO-PhMAX2A+PSK3 Yeast Emusiflex Using HisTrap HP 5 
mL column  

- In-solution 
using rTEV 

protease 

- Superdex 200 using 
AKTA prime 

Set 2 

His6-GST-PhMAX2A+PSK3 Yeast Emusiflex Using HisTrap HP 5 
mL column  

- In-solution 
using rTEV 

protease 

- Superdex 200 using 
AKTA prime 

Set 2 

Co-expression of His6-MBP-PhMAX2A 

and PSK3 

Insect cells Sonication Using HisTrap HP 5 

mL column  

- In-solution 

using rTEV 
protease 

- Superdex 200 using 

AKTA prime 

Set 2 

Co-expression of His6-SUMO-

PhMAX2A and PSK3 

Insect cells Sonication Using HisTrap HP 5 

mL column  

- In-solution 

using rTEV 
protease 

- Superdex 200 using 

AKTA prime 

Set 2 

Co-expression of His6-GST-PhMAX2A 

and PSK3 

Insect cells Sonication Using HisTrap HP 5 

mL column  

- In-solution 

using rTEV 

protease 

- Superdex 200 using 

AKTA prime 

Set 2 

 His6-MBP-PhMAX2A  Transient 

expression in N. 

benthamiana 
leaves 

Leaves crushed in 

liquid nitrogen  

Manual purification 

using Ni2+resin  

- - - - Set 3 

 His6-SUMO-PhD53A E.coli Emusiflex Using HisTrap HP 5 

mL column   

- - - - Set 2 

 His6 -PhD53A-GFP E.coli Emusiflex Using HisTrap HP 5 
mL column  

- - - - Set 2 

His6-MBP-DAD2-N242I E.coli Emusiflex Using HisTrap HP 

2X5 mL column 
collected in series 

HisTrap Q HP 5 mL 

column using AKTA 
pure 

In-solution 

using rTEV 
protease 

HisTrap HP 5 mL 

column using AKTA 
pure 

Superdex 75 using 

AKTA pure 

Set 4 

      His6-MBP-DAD2 D166A E.coli - - - - - Superdex 75 using 

AKTA pure 

Set 4 
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Table 2.15: List of buffers used for different methods of purification 

Set no. 

Buffer for homogenisation Buffers used for nickel affinity 

chromatography 

Buffers used for anion 

exchange chromatography 

Buffer used for 

cleavage 

Buffers used for 

second nickel affinity 

chromatography 

Buffer used for size-exclusion 

chromatography 

1 Equilibration buffer: 20 mM Tris-
HCl pH 8, 350 mM NaCl and 20 

mM Imidazole +  cOmpleteTM 

EDTA-free protease inhibitor tablet 
(Roche; 1 tablet per 500 mL culture 

pellet)  

Equilibration buffer: 20 mM Tris-HCl pH 
8, 350 mM NaCl and 20 mM Imidazole 

Wash buffer: 20 mM Tris-HCl pH 8, 150 

mM NaCl and 20 mM Imidazole  
Elution buffer: 20 mM Tris-HCl pH8, 150 

mM NaCl and 300 mM Imidazole 

 

Buffer A: 20 mM Tris-HCl pH 8 
and 50 mM NaCl 

Buffer B: 20 mM Tris-HCl pH8 

and 1 M NaCl 

- - 20 mM Tris-HCl pH 8 and 200 mM 
NaCl 

2 Equilibration buffer: 20 mM Tris-

HCl pH 8, 300 mM NaCl, 20 mM 

Imidazole, 50 mM L-arginine and 
50 mM glutamic acid + cOmpleteTM 

EDTA-free protease inhibitor tablet 

(Roche; 500 mL culture pellet) 

Equilibration buffer: 20 mM Tris-HCl pH 

8, 300 mM NaCl, 20 mM Imidazole, 50 mM 

L-arginine and 50 mM glutamic acid 
Wash buffer: 20 mM Tris-HCl pH 8, 100 

mM NaCl, 20 mM Imidazole, 50 mM L-

arginine and 50 mM glutamic acid 
Elution buffer: 20 mM Tris-HCl pH8, 100 

mM NaCl, 300 mM Imidazole, 50 mM L-

arginine and 50 mM L-glutamic acid 
 

- 20 mM Tris-HCl pH 8, 

150 mM NaCl, 50 mM 

L-arginine, 50 mM L-
glutamic acid, 10% 

glycerol (storage 

buffer) supplemented 
with 1 mM DTT and 1 

mM EDTA 

- 20 mM Tris-HCl pH 8, 150 mM NaCl, 

50 mM L-arginine, 50 mM L-glutamic 

acid and 10% glycerol 

3 NB1 buffer: 50 mM Tris-HCl pH 8, 

1 mM MgCl2, 10 mM NaCl, 5 mM 
DTT, 10 mM EDTA, 10% glycerol, 

0.01% NP-40 

Equilibration buffer: 20 mM Tris-HCl pH 

8, 300 mM NaCl, 20 mM Imidazole, 50 mM 
L-arginine and 50 mM glutamic acid 

Wash buffer: 20 mM Tris-HCl pH 8, 100 

mM NaCl, 20 mM Imidazole, 50 mM L-
arginine and 50 mM glutamic acid 

Elution buffer: 20 mM Tris-HCl pH8, 100 

mM NaCl, 300 mM Imidazole, 50 mM L-
arginine and 50 mM L-glutamic acid 

Also using same buffer with 10% NP-40 

detergent 
 

- - - - 

4 Equilibration buffer: 20 mM Tris-

HCl pH 8, 300 mM NaCl and 20 

mM Imidazole + cOmpleteTM 

EDTA-free protease inhibitor tablet 

(Roche; 500 mL culture pellet) 

Equilibration buffer: 20 mM Tris-HCl pH 

8, 300 mM NaCl and 20 mM Imidazole 

Wash buffer: 20 mM Tris-HCl pH 8, 100 

mM NaCl and 20 mM Imidazole,  

Elution buffer: 20 mM Tris-HCl pH8, 100 
mM NaCl and 300 mM Imidazole 

 

Buffer A: 20 mM Tris-HCl pH 8 

and 50 mM NaCl 

Buffer B: 20 mM Tris-HCl pH 8 

and 1 M NaCl 

20 mM Tris-HCl pH 8, 

150 mM NaCl, 50 mM 

L-arginine, 50 mM L-

glutamic acid, 10% 

glycerol (storage 
buffer) supplemented 

with 1 mM DTT and 1 

mM EDTA 

Buffer A: 20 mM Tris-

HCl pH 8, 150 mM 

NaCl, 50 mM L-

arginine, 50 mM L-

glutamic acid 
Buffer B: 20 mM Tris-

HCl pH 8 and 1 M 

NaCl 

20 mM Tris-HCl pH 8 and 150 mM 

NaCl 
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2.19.1 General methods for protein purification 

2.19.1.1 Homogenisation of bacterial pellets 

2.19.1.1.1 Homogenisation using Emusiflex 

In this method, the cells were homogenised using Emusiflex C5 (Avestin). The frozen pellet 

was thawed on ice in the presence of 50-100 mL of equilibration buffer supplemented with 

cOmpleteTM, EDTA-free protease inhibitor cocktail tablets (Roche; 1 tablet per 500 mL 

culture pellet). The pellet was dissolved by gentle pipetting. The cells were then homogenised 

either twice using at 10000-15000 psi (for bacterial pellet) or thrice at 15000-20000 psi (for 

yeast pellet). The lysate was then clarified by centrifugation at 18000 ×g for 60 min at 4 °C.  

The clear lysate was thereafter used for further purification.  

2.19.1.1.2 Homogenisation using a sonicator 

In this method, the cells were homogenised using a sonicator (Vibra-cellTM). The frozen 

pellet was thawed on ice in the presence of 50-100 mL of equilibration buffer supplemented 

with cOmpleteTM, EDTA-free protease inhibitor cocktail tablets (Roche; 1 tablet per 500 mL 

culture pellet). The pellet was dissolved by gentle pipetting. The tube containing the diluted 

cells was placed in a beaker full of ice and the beaker was placed in the sonicator chamber 

with the probe dipped inside the cells. The cells were then sonicated at 50% amplitude, 15 

watts power using 5 cycles, each comprising a 30 s pulse followed 30 s incubation on ice.  

The lysate was then clarified by centrifugation at 18000 ×g for 60 min at 4 °C.  The clear 

lysate was thereafter used for further purification.  

2.19.1.1.3  Homogenisation using liquid nitrogen 

This method was specifically used for homogenising N. benthamiana leaves. The leaves were 

removed from -80 ºC and ground under liquid nitrogen using a cold mortar and pestle until a 

fine powder was obtained. The powder was then resuspended in 10 mL of NB1 buffer (see 

Section 2.1 for recipe), aliquoted into 1.5 mL tube and then centrifuged at 16,900 ×g for 45 

min at 10 ºC to obtain a clear lysate. The lysate was then dialysed into equilibration buffer 

with or without 10% NP-40 detergent (see Table 2.15 for composition) at 4 ºC using 

SnakeSkinTM dialysis tubing (3.5K MWCO, ThermoFisher Scientific) for 2 h. The volume 

of buffer was kept to 50 times the volume of the sample. The dialysed sample was collected 

after 2 h and used for purification (see Table 2.14 for the next step).  
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2.19.1.2 Nickel affinity chromatography  

Some of the proteins used in this study were only purified using this step. These include His6-

MBP-PhMAX2A (expressed in leaves), His6-SUMO-PhD53A. His6-MBP-PhD53A and 

His6-PhD53A-GFP proteins. 

2.19.1.2.1 Using HisTrap HP 5 mL column  

The clear lysate from Section 2.19.1.1 was purified using nickel affinity chromatography 

using a 5 mL HisTrap HP column (GE Healthcare) connected onto a peristaltic pump. The 5 

mL column was charged using 5 column volumes (CV) of 0.1 M nickel sulphate (NiSO4) 

solution followed by washing with 5 CV of sterile MilliQTM ultrapure water and equilibrated 

using 5 CV of equilibration buffer (see Table 2.15 for details of buffer). The clear lysate was 

then applied to the equilibrated column and the unbound proteins were collected as flow-

through (FT). The column was then washed with 10 CV of equilibration buffer (wash 1 (W1)) 

followed by 5 CV of low salt wash buffer (wash2 (W2); Table 2.15). The bound protein was 

then eluted off the column as five 1 CV fractions using elution buffer (see Table 2.15). The 

final elution was made using 2 CV of 1 M imidazole pH 8. The column was then washed 

with 5 CV of MilliQTM ultrapure water and stripped of the Ni2+ ions using 5 CV of stripping 

solution (20 mM Tris-HCl pH 8, 500 mM NaCl and 50 mM EDTA).  

The fractions collected throughout the purification were thereafter analysed by SDS-PAGE 

electrophoresis as described in Section 2.10.6. The fractions that were found to contain the 

purified, fusion protein were then pooled together. If the fractions were further purified with 

Anion exchange chromatography, they were dialysed into a low salt containing buffer, buffer 

A (see Table 2.15 for buffer composition), o/n at 4 ºC using SnakeSkinTM dialysis tubing 

(3.5K MWCO, ThermoFisher Scientific) to prepare the protein for anion exchange 

chromatography. 

2.19.1.2.2 Manual purification using Nickel (Ni2+) resins slurry 

The lysate obtained from leaves (Section 2.19.1.1.3) was purified using Ni SepharoseTM excel 

resin slurry (GE Healthcare). For each purification 5 mL of resin slurry was transferred into 

a fresh 50 mL tube and washed twice with 5 CV of MilliQTM ultrapure water by centrifugation 

at 3000 ×g for 2 min at 10 ºC. The water was then removed and the resins were then washed 

with 5 CV of equilibration buffer. The resins were mixed in buffer and centrifuged at 3000 

×g for 2 min at 10 ºC. The buffer was removed from the resin, as much as possible without 

disturbing the resin bed. The lysate from Section 2.19.1.1.3 was then added to the resin and 

mixed by gently inverting the tube. The resin + lysate was incubated at 4 ºC o/n to allow the 

expression tag to bind the resin. Next day, the FT was collected by centrifugation at 3000 ×g 
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for 2 min at 10 ºC. The resins were then washed with 10 CV of equilibration buffer to collect 

the W1 sample followed by washing with 5 CV of wash buffer (Table 2.15 for details on 

buffers) to collect W2 sample. The bound protein was then eluted using 1 CV of elution 

buffer (Table 2.15) five times and E1-E5 elution samples were collected. The resin was then 

washed with 2 CV of 1 M Imidazole pH 8 to collect the E6 fraction. The resin was then 

washed with 5 CV of water and stored in 20% ethanol. The eluted fractions were then 

analysed with SDS-PAGE electrophoresis as described in Section 2.10.6.  

2.19.1.3 Anion exchange chromatography (AEX) 

Anion exchange chromatography was performed using a HiTrap Q HP 5 mL column (GE 

Healthcare) on an ÄKTA pure (GE Healthcare) system. The column, initially stored in 20% 

ethanol, was connected onto the machine and washed with filtered MilliQTM ultrapure water. 

The column was then equilibrated with buffer A (see Table 2.15 for buffer composition). The 

dialysed sample from Section 2.4.2 was filtered through a 0.22 µm syringe filter and then 

applied onto the column. The protein was eluted using a linear gradient of NaCl (50 mM-1 

M) in 20 mM Tris-HCl pH 8. The fractions forming the peaks that were observed on the 

chromatogram were then analysed by SDS-PAGE electrophoresis (see Section 2.10.6 for 

method). The fusion protein was eluted in approximately 150-200 mM NaCl and peak 

fractions were pooled together. The expression tag was then cleaved from the protein as 

described in the following section. 

2.19.1.4 In-solution cleavage using Tobacco Etch Virus (rTEV) protease 

In-solution cleavage of the expression tag was achieved using recombinant rTEV at 1:100 

ratio of rTEV to target protein. The fusion protein supplemented with 1 mM dithiothreitol 

(DTT), 10 mM EDTA and an appropriate volume of rTEV protease (1:100 w/w of protease 

to target protein) was placed into SnakeSkinTM dialysis tubing (3.5K MWCO, ThermoFisher 

Scientific) and dialysed against a 50X volume of storage buffer (see Table 2.15 for buffer 

details) supplemented with 1 mM DTT and 1 mM EDTA at 4 ᵒC o/n. In the cleavage buffer, 

50 mM L-arginine and 50 mM of L-glutamic acid were added to prevent precipitation of the 

cleaved protein and increase its stability so that it could be stored at -80 ᵒC (Golovanov, 

Hautbergue, Wilson, & Lian, 2004). The next day, the buffer was exchanged with fresh 

storage buffer (without DTT and EDTA) and dialysis was continued for another 2 h at 4 ᵒC. 

The cleaved protein was collected, then filtered through a 0.22 µm syringe filter. In the case 

of cleaved PhMAX2A+PSK3 protein, the protein was concentrated using an Amicon® Ultra 

centrifugal filters (30 kDa cut-off from Merck) and directly purified with size-exclusion 

chromatography as described in Section 2.19.1.6. For the cleaved DAD2-N242I protein, 
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purification used a 5 mL HisTrap HP column (GE Healthcare) on the ÄKTA pure (GE 

Healthcare) system as described below. 

2.19.1.5 Second nickel affinity chromatography 

The pre-charged HisTrap HP 5 mL column was equilibrated using 5 CV of storage buffer (20 

mM Tris-HCl pH 8, 150 mM NaCl, 50 mM L-arginine and 50 mM L-glutamic acid). The 

cleaved protein was applied onto the column and eluted in the flow-through. Bound His-MBP 

tag, uncleaved fusion protein and His-Tagged rTEV were then eluted using a 0-1 M imidazole 

gradient in 20 mM Tris-HCl pH 8 and 150 mM NaCl. The fractions forming the peaks that 

were observed on the chromatogram were then analysed by SDS-PAGE electrophoresis 

(Section 2.10.6). The fractions containing the purified, cleaved protein were then pooled 

together and concentrated using spin concentrators (Vivaspin® 20, 10 MWCO, from 

Sartorius) at 3000 g /10 °C. Protein concentrations were determined by UV absorption at 280 

nm, using an extinction coefficient calculated from the protein sequence using the ProtParam 

tool from the ExPASy server (https://web.expasy.org/protparam/; extinction coefficient of 

DAD2-N242I-C89Q was 28420 and extinction coefficient of PhMAX2A was 85830). The 

mutant protein was concentrated down to 6 mg/mL and stored at -80 ᵒC as 200 µL aliquots 

for later use.  

2.19.1.6 Size-exclusion chromatography (SEC) 

The cleaved PhMAX2A+PSK3 complex from Section 2.19.1.4 was directly purified by SEC 

chromatography using the Superdex 200 column (GE healthcare) on the ÄKTA pure (GE 

healthcare) system using the storage buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 50 mM 

L-arginine, 50 mM L-glutamic acid and 10% glycerol). This step was performed to remove 

any uncleaved protein from the sample. The purified sample was then concentrated using an 

Amicon® Ultra centrifugal filters (30 kDa cut-off from Merck) by centrifugation at 3000 ×g 

for 3 min at 10 ºC down to 0.375 mg/ mL in 200 µL volume and stored a -80 ºC for later use.  

The AEX purified His6-PhMAX2A fusion protein was purified by SEC using Superdex 200 

column (GE healthcare) on the ÄKTA prime (GE healthcare) system using a buffer 

containing 20 mM Tris-HCl pH 8 and 200 mM NaCl. The purified fusion protein was 

concentrated using Vivaspin® (30 kDa cut-off from Sartorius) and used for western blot 

analysis as described in Section 2.10.7.  

The cleaved DAD2-N242I or cleaved DAD2-D166A (protein received from Bart Janssen) 

proteins prior to being used in any experiment, were purified by SEC. This step was 

performed to purify protein to homogeneity and also exchange the buffer of the protein. The 

buffer was exchanged to remove arginine and glutamic acid from the sample and have the 

https://web.expasy.org/protparam/
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protein in a buffer that is suitable for later experiments. The frozen protein was thawed on 

ice followed by centrifugation at 10000 ×g for 10 min at 10 ᵒC to pellet any aggregates. The 

centrifuged protein was then purified using a Superdex 75 column (GE Healthcare) using the 

ÄKTA pure (GE Healthcare) system in a buffer comprising of 20 mM Tris-HCl pH 8 and 

120 mM NaCl. The fractions containing the purified, cleaved protein were then pooled 

together and concentrated to ~6-7 mg/mL using a spin concentrator (Vivaspin® 6, 10 kDa 

cut-off, from Sartorius). The concentrated mutant proteins were usually used straight away 

for crystallisation trials but remain stable for at least 2 weeks when stored at 4 ºC. 

2.20 Crystallisation of DAD2 mutants 

The crystallisation of DAD2 mutants was achieved using the hanging drop vapor diffusion 

method (Rhodes, 2006). In this method, a drop of concentrated protein solution is mixed with 

a precipitant solution and suspended over a reservoir containing the same precipitant solution 

in a sealed setup. The drop, containing a low concentration of protein and precipitant solution 

then loses water vapour to the highly concentrated reservoir solution until an equilibrium is 

reached where the concentration of drop solution equals that of the reservoir solution. 

Because of this, the protein reaches a supersaturated state which favours the generation of 

initial small crystals (also known as nuclei) that may eventually grow to form big crystals.  

For all crystallisation trials, all of the mutant proteins were purified in buffer containing 20 

mM Tris-HCl pH 8 and 150 mM NaCl as described in Section 2.19.1.6. They were then 

concentrated to 6-7 mg/mL using spin concentrators (Vivaspin® 6, 10 kDa cut-off, from 

Sartorius). The initial screening was performed using commercial screens, Structural screen 

1-2, Morpheus and JCSG+ from Molecular Dimensions (USA), in a 96-well plate setup at 

RT. 200 µL of each of the precipitant conditions were dispensed into the reservoirs of the 96-

well plate (Greiner) using a Biomek 3000 robot (Beckman Coulter). The drops were manually 

prepared on an adhesive sheet, by mixing 1 µL of protein with 1 µL of reservoir solution 

using an electronic pipet and a multi-channel pipet, respectively. The adhesive sheet was then 

turned around, placed over the plate, with the drops facing the reservoir, and sealed. The 

sealed plate was stored at RT to allow crystal formation. The conditions that formed crystals 

were further refined to obtain high-quality crystals, suitable for X-ray analysis. 

Screen refinement was performed by varying the protein concentration and either the buffer’s 

pH and/ or the precipitant percentage and/ or salt concentration. The fine screens were setup 

in a 24-well plate (Greiner) format, where 1 mL of refined precipitant solutions were 

dispensed into each reservoir by a Biomek 3000 robot (Beckman Coulter). Drops were setup 

by mixing 1 µL of concentrated protein solution with 1 µL of the refined precipitant solution 
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on a siliconised coverslip. The coverslip was then sealed over the reservoir of the 24 well 

plate and the plate was incubated at RT until good quality crystals were obtained.  

2.21 Flash-freezing protein crystals 

During data collection, crystals are kept at 100 Kelvin (K) to reduce radiation damage caused 

by exposure to high-intensity X-rays. However, rapid cooling of crystals in liquid nitrogen 

can result in the formation of ice which distorts and damages the crystal lattice, affecting the 

data quality. Therefore, to prevent ice formation, crystals are first soaked into a 

cryoprotectant solution before being flash-frozen in liquid nitrogen. The cryoprotectant 

solution is comprised of the components of the precipitant solution in which the crystal was 

formed and a suitable percentage of a cryoprotectant such as glycerol (20-30%), polyethylene 

glycol (PEG; 30%-55%), 2-methyl-2,4-pentanediol (MPD) etc. Addition of the 

cryoprotectant increases the viscosity of the precipitant solution and allows the formation of 

non-damaging vitreous ice upon flash-freezing. 

To freeze, the crystals were harvested out of the drop using a suitable size nylon cryoloop 

that was mounted on a magnetic base (0.1-0.4 µm, Hampton Research) and transferred into 

a suitable cryoprotectant solution for ~2 min at RT. The DAD2-N242I protein crystals were 

sequentially soaked in cryoprotectant solutions with increasing percentages of glycerol (10-

30%). However, for DAD2-D166A protein crystals, no cryoprotectant was used as the 

solution in which the crystals were obtained contained a high percentage of PEG (see results 

Section 5.2.2 for PEG percentage) and were therefore directly frozen in liquid nitrogen.  

Crystals that were soaked, were harvested again with the help of a cryoloop and flash frozen 

in liquid nitrogen. The cryoloop carrying the frozen crystal was then transferred into a puck, 

cooled in liquid nitrogen. The cooled puck was then transferred to a pre-cooled, transport 

dewar and transported to the Australian synchrotron for data collection. 

2.22 X-ray diffraction data collection  

Diffraction data of a protein crystal is a collection of images comprising a unique pattern of 

scattered spots. These spots, resulting from the scattering of X-ray beams by the atoms of a 

protein crystal, are generated only when the reflected beams interfere constructively (Rhodes, 

2006). For constructive interference, the reflected beams have to be in phase with each other 

(Rhodes, 2006). Diffraction from a crystal was first explained by W. L Bragg who introduced 

an equation to explain how diffraction occurred in a crystal. According to Bragg, crystals 

consist of parallel lattice planes having indices h, k and l, with interplanar spacing, dhkl (Figure 

2.1; (Rhodes, 2006)). In such a crystal, diffraction occurs only when an X-ray beam having 
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wavelength λ strikes on a plane at an angle θ, is reflected by the same angle and only if θ 

satisfies the following equation, where n is an integer (Rhodes, 2006) 

 2𝑑hkl 𝑠𝑖𝑛𝜃 = 𝑛𝜆   (1) 

For constructive interference, the difference in path length of the two rays (dhklsinθ), reflected 

from the successive planes within a crystal, is equivalent to an integral number of the 

wavelength (nλ), then they will emerge from the crystal in phase with each other and interfere 

constructively to give strong diffraction (Rhodes, 2006).  

 

Figure 2.1: Diffraction of X-rays from crystal planes 

R1 and R2 are the incident X-rays, dhkl is the distance between the two crystal planes, yellow spheres are lattice 

points and θ is the angle of reflection. Figure adapted from “Crystallography made crystal clear” Rhodes (2006), 

p. 56.  

 

The X-ray diffraction data for all the DAD2 mutants were collected at the Australian 

Synchrotron on either the MX1 or MX2 beamlines. MX1 is a bending magnet beamline with 

a beam size of 120 x 120 µm, which delivers X-rays in the range of 1.77-0.69 Å and has a 

Quantum 210r (ADSC) detector (Cowieson et al., 2015). MX2 is a micro-focus in-vacuum 

undulator based beamline with a beam size of 22 x 12µm that delivers X-rays in the range of 

0.69-1.91 Å and has an EIGER X 16M pixel detector (Aragao et al., 2018). Both beamlines 

have a sample mounting robot and a cryojet to cool crystals to -274 K.   

The data was collected by a rotation/oscillation method using a constant wavelength of X-

ray beam (Rhodes, 2006). In this method, a crystal is rotated around an axis that is 

perpendicular to the X-ray beam and the diffraction images are collected for every 0.1-1º 

rotation (Rhodes, 2006). For the DAD2-N242I mutant, the data was collected on the MX2 

beamline where the crystal was rotated from 0-360º around an axis and the diffraction images 

were collected for every 0.1º rotation on an EIGER detector. For the DAD2-D166A mutant, 

the data was collected on the MX1 beamline where the crystal was rotated from 0-360º 

around an axis and the data was collected for every 1º oscillation on an Quantum 210r 

(ADSC) detector.    
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2.23 Diffraction data processing 

The processing of raw diffraction data to obtain an initial protein model involves several 

steps. The diffraction data is firstly processed to determine the amplitudes of the diffracted 

rays, which are obtained from the intensities of the reflections observed in the images. This 

stage of processing involves data indexing, integration and scaling. The next part of data 

processing involves determination of phases of the diffracted rays.  

The information about the phases, however, is not obtained from the diffraction data and 

hence the phases have to be acquired using different approaches. Methods such as Molecular 

Replacement (MR), Multiple Isomorphous Replacement and Anomalous Dispersion are used 

to determine the phases. For this study, phases were obtained using the MR method.  

Once the amplitudes and phases are obtained, an electron density map is generated in which 

the initial model is built. The model is then improved through multiple cycles of 

refinement/rebuilding until convergence is reached. The following subsections describe the 

methods used to process the diffraction data.  

2.23.1 Indexing, integration and scaling intensities 

The diffraction data were processed using the programs in the CCP4 suite (Winn et al., 2011). 

Firstly, the collected diffraction images were indexed and integrated to determine: (i) the type 

of Bravais lattice and point group based on the symmetry of the spots/reflections, (ii) the 

location of each spot/reflection using an integer number (Miller indices h, k, l) (iii) the 

intensities (I) of all spots/reflections (partial or complete) observed in the images. These steps 

were performed using either XDS or iMosflm (Kabsch, 2010; Battye, Kontogiannis, Johnson, 

Powell, & Leslie, 2011). The diffraction data of DAD2-N242I was auto-processed at the 

synchrotron using XDS which easily deals with the “bundled images” format obtained from 

the EIGER detector. The DAD2-D166A data was collected in a more traditional way on the 

ADSC detector, indexing and integration of the diffraction data was performed using 

iMosflm (Battye et al., 2011).  

The integrated data files were then used for the next steps of data processing which involved 

(1) determination of Laue group, point group and initial attempts at space group 

determination; (2) scaling of intensities and merging them to get average intensities; and (3) 

conversion of the scaled and merged intensities to amplitudes of structure factors. These steps 

were performed using the CCP4 program, POINTLESS (1), AIMLESS (2) and 

CTRUNCATE (3), respectively (Evans, 2006; Evans, 2011; Evans & Murshudov, 2013). 

During this step, 5% of the total reflections were flagged (Rfree set) to define an unbiased 

reference set during refinement. The data quality during this stage of processing was assessed 
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based on the values of the correlation coefficient between half sets (CC1/2), signal-to-noise 

ratio (Mean Intensity/sigma (Mean I/σ)), mosaicity and data completeness. This stage of 

processing also determines the diffraction limit of the data. 

Thereafter, the number of protein molecules present within a single asymmetric unit (ASU) 

was determined using the Matthews Coefficient analysis (Matthews, 1968; Kantardjieff & 

Rupp, 2003), which utilises the cell parameters and protein molecular weight to determine 

the number of protein molecules in the ASU and the solvent content.  

2.23.2 Molecular replacement (MR) using PHASER  

As described previously (Section 2.8), the phases were obtained using MR. In MR, a known 

crystal model is used to obtain the phases for an unknown crystal structure (Evans & McCoy, 

2008). The known structure model belongs to a homologous protein that also shows some 

sequence similarity with the target protein. In this method, the known structure model is 

rotated and translated in the unknown crystal until the predicted diffraction pattern, from that 

model, closely matches the experimental one (Evans & McCoy, 2008). At that stage an initial 

model that best fits the target structure is obtained that is generated by borrowing the phases 

from the known structure model (Evans & McCoy, 2008). The borrowed phases along with 

amplitudes that are obtained from the experimental data are used to create the initial electron 

density map of the target structure, which is built and refined to obtain a final crystal model 

(Evans & McCoy, 2008).  

In this study, the phases for all the target models were obtained by MR using the previously 

solved crystal structure of DAD2 as a phasing model (PDB ID: 4DNP; (Hamiaux et al., 

2012)). The MR was performed using the PHASER program of the CCP4 suite (McCoy et 

al., 2007). PHASER uses a Maximum-likelihood MR to give solutions (initial model) which 

best fit the target crystal packing (McCoy et al., 2007). 

The best MR solution obtained after PHASER was assessed by investigating the crystal 

packing and the electron density map of the model in COOT (Emsley & Cowtan, 2004). For 

crystal packing, the arrangement of protein molecules within the ASU was checked as a 

quality indicator. In the electron density map, the presence of positive densities (which are 

not present in the phasing model) were checked as quality indicators.  

2.23.3 Model building, refinement and model validation 

The PHASER model was refined using the REFMAC program (Murshudov, Vagin, & 

Dodson, 1997) which carries restrained refinement of the model against experimental data. 

The refined model was then inspected in COOT and manually rebuilt where necessary using 



74 

 

sigma-weighted Fourier and difference maps and validation tools of COOT such as geometry 

analysis (that checks bond angle and bond length), rotamer analysis ( that checks side-chain 

conformations), Ramachandran plot (that checks the psi (ψ) and phi (φ) angles of the amino 

acid backbone) etc. Initial water molecules were added and the rebuilt model was 

subsequently submitted to a new round of refinement during which the quality of the model 

was monitored using Residual factor* or R-factor, free R-factor** or Rfree and the overall 

geometry parameters (bond angles and bond length). Cycles of rebuilding/refinement were 

repeated as above until convergence is achieved. Towards the final stages of refinement 

optimised REFMAC refinement parameters were obtained from the PDB-redo server and 

used in the final rounds of refinement. 

* R-factor measures agreement between the observed amplitude (Fobs) and the calculated 

amplitudes (Fcal) from a model (Wlodawer, Minor, Dauter, & Jaskolski, 2008). It is calculated 

using the equation: 

𝑹 =
𝛴||𝐹obs|−|𝐹cal||

𝛴|𝐹obs|
                                               (2)                                  

** Rfree is calculated similarly to the R-factor. However, the observed amplitudes are calculated 

using a small set of data (usually 5 %) that have not been processed. This factor, therefore, serves 

as an unbiased, cross-validation indicator of model quality.   

2.24 Differential Scanning Flourimetry (DSF) 

The DSF experiments were performed as per the method described in Hamiaux et al. (2012). 

In the first experiment, the DAD2 and DAD2-N242I proteins were tested against nine 

compounds that contained a sulfonic acid group and are commonly used as buffers. These 

included MES (2-(N-morpholino)ethanesulfonic acid), HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), CHES (2-(cyclohexylamino)ethanesulfonic acid),  PIPES 

(Piperazine-N,N’-bis(2-ethanesulfonic acid)), MOPS (3-morpholinopropanesulfonic acid), 

MOPSO (2-hydoxy-4-morpholinepropanesulfonic acid), EPPS (4-(2-hydroxyethyl)-1-

piperazinepropanesulfonic acid), ANS (8-anilino-1-naphthalenesulfonic acid) and CAPS (3-

cyclohexylaminopropanesulfonic acid). The experiment was setup in a 384 multi well plate, 

where each reaction mix (20 µL in volume) comprised of 10 µM of the respective proteins, 

250 µM of each of the test compound and 10X SyproTM Tangerine protein dye (ThermoFisher 

Scientific) in 20 mM Tris-HCl pH 8 and 150 mM NaCl.  

For experimental controls, the SL analogue, (rac)-GR24, was used as a positive indicator for 

thermal destabilisation, as it is known to destabilise the DAD2 receptor and cause a negative 

shift in its melting temperature (Hamiaux et al., 2012). A recently discovered inhibitor of 

DAD2, tolfenamic acid, was used as a negative indicator of thermal destabilisation, as it has 
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been shown to stabilise the DAD2 protein and cause a positive shift in its melting temperature 

(Hamiaux et al., 2018). Both the compounds were tested at the same concentration as the test 

compounds (250 µM) in a total of 20 µL reaction volume, comprised of 10 µM of 

DAD2/DAD2-N242I protein and 10 X SyproTM Tangerine protein dye (ThermoFisher 

Scientific) in 20 mM Tris-HCl pH 8, 150 mM NaCl and 2.5% DMSO. In addition to these 

controls, a DMSO control was also added in the experiment as the two control compounds 

were prepared in 100% DMSO.  

In the second experiment, the DAD2 and DAD2-N242I proteins were tested against various 

concentrations of the MES compound (250 µM, 500 µM, 1000 µM, 2000 µM, 4000 µM, 

8000 µM, 16000 µM 32000 µM, 64000 µM, 100000 µM and 128000 µM). The experiment 

was setup in a similar manner as mentioned above, with slight modifications in controls. 

Firstly, tolfenamic acid was not included, only (rac)-GR24 and DMSO were used as controls, 

where (rac)-GR24 was used more as a reference control for thermal destabilisation. Lastly, 

(rac)-GR24 was tested only at a single concentration of 250 µM because of the limited supply 

of this compound. Note all the DSF experiments mentioned in this section were only 

conducted once and hence no technical replicates were performed.  

2.25 Analysis of the DAD2-N242I structure using Molecular Dynamics (MD) 

simulations 

The conformational dynamics of the WT and DAD2-N242I proteins were characterised using 

Molecular Dynamic (MD) simulation. Molecular dynamics is a computer-based method that 

calculates dynamical trajectories for all atoms present in a system such as a protein and its 

surrounding solvent environment over a period of time by integrating Newton’s equation of 

motion (Salsbury, 2010; González, 2011). These trajectories provide a powerful tool for 

studying the conformational flexibility exhibited by a protein. 

A MD simulation requires firstly, initial coordinates for the atoms of the system. For a 

protein, these might be an experimentally determined structure or a predicted model structure. 

The second important requirement for simulation is selection of an appropriate force field, 

which is a set of parameters that define how to calculate and assess the potential energy and 

forces acting on each atom of a system (Guvench & MacKerell, 2008). In simple terms, it 

determines how an atom interacts with the other atoms in the system and thus how it moves.   

For a protein that has been crystallised, the crystal structure serves as the starting structure. 

The information in a PDB file, namely the initial locations of the atoms (i.e. their x, y and z 

coordinates) and their atom and residue names (which provide atom typing and the local 

chemical environment) are combined with the parameter information from the selected force 
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field to create a topology file, which contains system-specific parameter information. At the 

same time, the coordinates are translated into a software-specific file format.  

A simulation box around the protein was defined such that the distance from any atom of the 

protein to the box edge is at least half the cut-off distance for calculation of non-bonded 

interactions. In this way, the protein will never interact with its periodic image. The simplest 

box shape is cubic, but other shapes such as truncated octahedron are also possible and can 

help to reduce the number of water molecules required to fill the box and thus the 

computational cost of the simulation. The box is then filled with water molecules so as to 

solvate the protein, mimicking its natural local environment. Next, the net charge of the 

protein is calculated and counterions, such as chloride (Cl-) or sodium (Na+) ions, are added 

to the simulation box to neutralise the system.  

The system is then put through a series of energy minimisation cycles to reduce any 

differences between the coordinates determined by fitting to experimental data and those 

favoured by the force field, as well as to remove any clashes between solvent and protein 

atoms. This reduces the probability that there will be large forces, which could destabilise 

the system, when the dynamics are started. The energy of the system reaches a stable 

minimum, the system is then equilibrated at which the final ‘production’ simulation will be 

run.   

For temperature equilibration, the system is heated to the required temperature at a heating 

rate of 1 to 3 K/ps, followed by equilibration at the required temperature. This phase is often 

carried out in the NVT-constant number of particles, constant volume and constant 

temperature-thermodynamic ensemble. Next, if the production simulation is to be carried out 

in NPT-exchanging constant volume for constant pressure to better match experimental 

conditions-ensemble, the system is equilibrated at a constant pressure of 1 atmosphere, during 

which the box volume can change to achieve the required pressure. The length of the 

production simulation depends on the size of the system, the type of behaviour that is of 

interest, and the available time and compute resource. Larger systems comprising more atoms 

are more expensive to simulate, but typically also exhibit larger-scale motions that require 

more simulation time to properly sample. During this simulation, coordinates and energies 

(and also velocities and forces if desired) are saved to trajectory files. The frequency of saving 

is specified by the user and will depend on available disk space and the spatial and temporal 

scale of the behaviour of interest. Typically, for a protein in water simulated for hundreds of 

nanoseconds (ns), frames are written to the trajectory at 5-20 ps intervals. These recorded 
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trajectories allow dynamics of the protein and the associated energies to be analysed both 

qualitatively and quantitatively.  

For this study, two protein models were simulated using the Amber force field (FF99SB; 

(Hornak et al., 2006)). The description of the models, method for the MD simulations and 

data analyses are described in the following sections. 

2.25.1 Description of protein structures for MD simulation 

The MD simulations were performed for the WT and the N242I models. The initial 

coordinates for the WT and the N242I model were obtained from their respective crystal 

structures (DAD2, PDB ID: 4DNP (Hamiaux et al., 2012)) and DAD2-N242I (described in 

Section 4.2.4 of Chapter 4). The crystallographic waters and bound ligands were excluded.  

2.25.2 Simulation Method 

The MD simulations were setup by Thomas Collier at Massey University, Auckland, New 

Zealand. The simulations were performed using the Gromacs software, version 2016.1 

(http://www.gromacs.org; (Abraham et al., 2015)) and the Amber force field, FF99SB 

(Hornak et al., 2006). Periodic boundary conditions were used with a cubic simulation box 

with sides 2 nm from the solute in all directions. The systems were solvated using the TIP3P 

(Jorgensen, Chandrasekhar, Madura, Impey, & Klein, 1983) water model. All amino acids 

were assumed to be in their standard protonation state at physiological pH (~7), resulting in 

a net charge of -4 for WT and -5 for N242I. Sodium or chloride ions were added to ensure an 

overall net neutral system. All simulations were performed using a 2 femtosecond (fs) 

integration time step with the covalent bond lengths involving hydrogen constrained using 

LINCS (Hess, Bekker, Berendsen, & Fraaije, 1997). Non-bonded interactions were described 

by a pairwise additive Lennard-Jones 6-12 potential and pairwise additive Columbic 

potential. Non-bonded interactions were calculated explicitly up to a cut-off of 1.2 nm. 

Outside of this, long-range electrostatic interactions were calculated using Particle Mesh 

Ewald summation (Di Pierro, Elber, & Leimkuhler, 2015). The temperature was maintained 

using the Velocity Rescale Thermostat (Bussi, Donadio, & Parrinello, 2007) and constant 

pressure was maintained through isotropic scaling of the velocities using the Berendsen 

Barostat (Berendsen, Postma, Gunsteren, DiNola, & Haak, 1984). 

The models underwent a two-stage energy minimisation comprising 5000 steps using the 

steepest descent algorithm followed by 5000 steps with the conjugate gradient algorithm. The 

models were then heated from 50 K to 298 K over 250 ps at a heating rate of 1 K/ps, in the 

NVT ensemble, followed by a short (250 ps) equilibration simulation under NPT conditions 
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(1 atm). Production simulations were then performed in the NPT ensemble for 500 ns at 298 

K and 1 atm pressure. 

2.25.3 Simulation data analysis 

Data analysis was performed by me, over the 500 ns production simulations using the 

analysis tools within the Gromacs software package (version 2016.1; 

http://www.gromacs.org; (Abraham et al., 2015)). All the tools used for analysis are 

mentioned below.  

2.25.3.1 Root mean square deviation (RMSD) 

The rms tool of Gromacs compares each structure within the trajectory to the starting 

structure, first superimposing each pair of structures to minimise the root mean square 

deviation in the positions of the selected (here backbone) atoms, and then calculating the 

residual root mean square deviation in the positions of the selected (here backbone) atoms. It 

provides information about how much the starting structure changes during the simulation 

and thus reports on the structure flexibility and dynamics. 

2.25.3.2 Root mean square fluctuation (RMSF) 

The rmsf tool of Gromacs calculates the root mean fluctuation in the position of the atoms 

during the trajectory and can be summarised on a per-residue basis. This analysis provides 

information about the overall flexibility associated with each residue of the simulated protein. 

2.25.3.3 Cluster analysis  

Cluster analysis is a useful tool for mining the different conformations displayed by a protein 

during the course of simulation (Phillips, Colvin, & Newsam, 2011). In this method, the 

different structures displayed by a protein are grouped into a cluster based on their similarity 

(Abramyan, Snyder, Thyparambil, Stuart, & Latour, 2016). Each cluster thus represents a 

different conformation held by a protein during the course of simulation (Abramyan et al., 

2016) and hence clustering provides a comprehensive picture of all the transitional 

conformations displayed by a protein during MD simulation. 

In this study, cluster analysis was performed in Gromacs using the cluster program with the 

gromos algorithm that is based on the method of Daura et al. (1999). In that method, within 

a trajectory, structures are clustered by determining the RMSD in atomic positions between 

a set of structures (Daura et al., 1999). A RMSD cut-off is defined and for each structure in 

a trajectory, all other structures that have a RMSD to that structure less than or equivalent to 

that cut-off are pooled together into a cluster (Daura et al., 1999). Once they are clustered, 

they are removed from the trajectory and for the remaining structures the process is repeated 
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until all the structures within that trajectory have been grouped into a cluster (Daura et al., 

1999). This process thus generates a series of individual clusters that are different from each 

other (Daura et al., 1999). In addition to formation of clusters, Gromacs also writes the 

average structure representing each cluster into a trajectory file. The examination of such 

average structures can thus provide insight about the different conformations shown by a 

model during the course of simulation.  

Prior to performing cluster analysis, the size of the trajectory file was reduced to make the 

all-by-all RMSD calculations required for cluster analysis tractable. The size was reduced by 

taking only every 100th frame from the file by editing the file using the “trjconv” tool in 

Gromacs. The reduced trajectory file encompasses 10% of the total number of structures and 

was used to run cluster analysis with an RMSD cut-off of 0.15 nm, which was selected as it 

gave a manageable number of clusters (i.e. less than 50). Additionally, an RMSD of 0.15 nm 

is not a large degree of structural variation in the context of a protein so the structures within 

each cluster can be considered structurally equivalent. The most populated 20 clusters were 

then plotted against the time-series of the simulation using an in-house Python script.  

2.25.3.4 Viewing trajectories in VMD 

All the structures within the trajectory of a model were loaded into the Visual Molecular 

Dynamics (VMD) software (Version 1.9.3; http://www.ks.uiuc.edu/Research/vmd; 

(Humphrey, Dalke, & Schulten, 1996)) and aligned using the RMSD trajectory tool of VMD. 

Only a subset of the structures, that is, the first frame, every 100th frame, and the last frame 

of the trajectory, were chosen to be displayed using the timestep representation. This 

reduction was required in order to make the data processing manageable as well as for the 

visualisation to be readily interpretable. The frame/structures that belonged to the beginning 

of the trajectory were shown in blue, those from the middle of the trajectory in white and 

those at the end of the trajectory in red. 

2.25.3.5 Structure inspection and creation of images 

The structures present within the MD trajectory files were examined in the VMD software 

(Version 1.9.3; http://www.ks.uiuc.edu/Research/vmd; (Humphrey, Dalke, & Schulten, 

1996)). The protein structure images used in this thesis were created either in VMD or 

PyMOL (Schrodinger, 2015). 

2.26 Detection of covalent modification in the DAD2 receptor using liquid 

chromatography-mass spectrometry (LC-MS)  

The presence of covalent modification in the DAD2 receptor was tested using LC-MS/MS 

and LC-MS techniques. In addition, a time-course analysis for detection of covalent 
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modification was also performed for the DAD2 protein using the Whole protein LC-MS 

technique. All the experiments were performed at the School of Biological Sciences Mass 

Spectrometry laboratory, at the University of Auckland, under the supervision of Martin 

Middleditch. The following subsections describe the methods associated with each these 

analyses.  

2.26.1 Preparation of DAD2 protein  

The DAD2 protein, obtained from Cyril Hamiaux (Section 2.7), was thawed and purified by 

SEC as described in Section 2.19.1.6. The eluted protein, present in buffer comprised of 20 

mM Tris-HCl pH 8 and 150 mM NaCl, was then concentrated down to 29.92 µM or 35.1 µM 

using a spin concentrator (Vivaspin® 6, 10 kDa cut-off, from Sartorius) by centrifugation at 

3000 ×g for 2 min at 10 ºC.  

2.26.2 Preparation of common solutions and reagents 

All the solutions used for mass spectrometry, namely, 50 mM ammonium bicarbonate 

(ABC), 10 mM DTT in 50 mM ABC and iodoacetamide solution in 50 mM ABC, 0.1% 

formic acid, 0.1% trifluoroacetic acid (TFA) and 0.1% acetonitrile (ACN) were prepared by 

the mass spectrometric group prior to the start of this analysis. Only the Trypsin solution 

(12.5 ng/µL) was prepared fresh before use by dissolving 2 µL of 1 µg/µL of trypsin stock 

(from Promega) in 158 µL of 50 mM ABC solution. Additionally, a 10 mM stock of (rac)-

GR24 (≥ 98% purity purchased from Chiralix) was also prepared in DMSO (Sigma-Aldrich). 

A 20 mM stock of (-)-solanacol (a gift from Dr Chris McElean (Bromhead, Norman, 

Snowden, Janssen, & McErlean, 2018)) was prepared in DMSO and was used to make 

working stocks of various concentrations (10 mM, 15 mM, 7.5 mM and 706 µM).  

2.26.3 Detection of covalent modification in the DAD2 receptor using LC-MS/MS  

In this technique, the presence of covalent modification within a protein is detected by 

looking for a peptide that shows a gain in its overall mass-to-charge (m/z) ratio consistent 

with the modification in question. The MS/MS spectra for such peptides are examined to 

determine the specific fragment ion which shows a relevant gain in its mass-to-charge ratio, 

thereby locating exactly where the modification is present within the peptide sequence. This 

analysis was performed by Martin Middleditch, at the School of Biological Sciences Mass 

Spectrometry laboratory at the University of Auckland. The presence of covalent 

modification was detected in a liquid DAD2 protein sample that had been incubated with a 

50 fold molar excess of (rac)-GR24 at RT for 30 min, treated with trypsin and then subjected 

to LC-MS/MS analysis. The method related to the sample preparation is described in Sections 
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2.26.3.1. The method of analysis on the TripleTOF MS system is described in Section 

2.26.3.2. 

2.26.3.1 Sample preparation for mass spectrometric analysis 

In a 1.5 mL tube, 5 µL of 29.92 µM DAD2 protein was mixed with 0.748 µL of 10 mM (rac)-

GR24 (to get a 50 fold molar excess or 1.496 mM of (rac)-GR24 in the final sample) and 

incubated at RT for 30 min. After the incubation, the sample was treated with DTT to reduce 

the cysteine residues present in the protein. For this, 5 µL of 10 mM DTT solution (from 

Section 2.26.2) was added to the sample. The sample was then incubated in a heat block 

maintained at 56 ºC for 15 min. Immediately, afterwards 5 µL of 50 mM iodoacetamide 

solution (from Section 2.26.2) was added to the sample and the reaction tube was incubated 

in the dark for 30 min to allow alkylation of the sulfhydryl groups. The sample was then 

digested to generate small peptide fragments using 15 µL of freshly prepared trypsin solution 

(from Section 2.26.2). The reaction was performed at 45 ºC in the microwave for 1 h. The 

prepped sample was then injected onto the LC system of the TripleTOF MS system (for 

method see the following section).  

2.26.3.2 Mass spectrometry (LC-MS/MS) method 

The analysis was performed on an Eksigent 425 nanoLC chromatography system (Sciex, 

Framingham MA, USA) connected to a TripleTOF 6600 mass spectrometer (Sciex). Samples 

were injected onto a 0.3x 10 mm trap column packed with Reprosil C18 media (Dr Maisch) 

and desalted for 5 minutes at 5µL/min before being separated on a 0.075 x 200 mm picofrit 

column (New Objective) packed in-house with Reprosil C18 media. The following gradient 

was formed at 300 nl/min using a NanoLC 400 UPLC system (Eksigent): 0 min 5% B; 32 

min, 40% B; 34 min, 95% B; 37 min, 95% B; 38 min, 5% B; 45 min, 5% B, where A was 

0.1% formic acid in water and B was 0.1% formic acid in acetonitrile. 

The picofrit spray was directed into a TripleTOF 6600 Quadrupole-Time-of-Flight mass 

spectrometer (AB SCIEX) scanning from 350-1600 mass-to-charge ratio (m/z) for 250 

microsecond (ms), followed by 50 ms MS/MS scans on the 30 most abundant multiply-

charged peptides (m/z 100-1600) for a total cycle time of ~1.8 s. The mass spectrometer and 

HPLC system were under the control of the Analyst TF 1.7 software package (AB SCIEX).  

The resulting data was searched against an in-house sequence database containing the DAD2 

sequence appended with a database of common contaminant entries using ProteinPilotTM 

version 5.0 (AB SCIEX). A custom definition for the solanacol modification was created in 

the software’s Data Dictionary. Search parameters were as follows: Sample Type, 

Identification; Search Effort, Thorough; Special Factors, Solanacol; Cys Alkylation, 
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Iodoacetamide; Digestion, Trypsin. The identification of MS/MS spectra from solanacol-

modified peptides was confirmed by manual inspection. 

2.26.4 Detection of covalent modifications using whole protein LC-MS  

In the whole protein LC-MS technique, the intact protein is applied directly to the LC system, 

without prior trypsin digestion, and analysed by electrospray mass spectrometry. The 

presence of modification is detected by a shift in the overall molecular weight of the protein, 

where the modified protein can be seen as an individual peak in the deconvoluted spectra 

along with any residual unmodified protein. This technique, unlike the LC-MS/MS analysis, 

does not provide any information about the specific location of modification but rather 

provides information about the ratio of modified to unmodified protein. In this study, this 

technique was used in three different types of experiments.  

In the first experiment, DAD2 protein was incubated with a 20 fold molar access of (rac)-

GR24 and (-)-solanacol, respectively, at RT for 30 min, to test if both the SL molecules gave 

a similar ratio of modified: unmodified protein. For the second experiment, a time-course 

analysis was performed to investigate if the ratio of modified: unmodified protein changes 

with change in incubation time. In this experiment, the DAD2 protein was incubated with a 

20 fold molar excess of (-)-solanacol for 0 min, 5 min, 30 min, 60 min, 120 min, 240 min and 

960 min and then tested for modification. In the third experiment, the DAD2 protein was 

incubated with various concentrations of solanacol, for a single time point, in replicates, to 

see if firstly the data was reproducible for a given setup and second to see if the ratio of 

modified: unmodified protein changed with a change in the ligand concentration. In this 

experiment, DAD2 protein was incubated with (-)-solanacol at 1:20, 1:10 and 1:1 molar ratios 

and tested after 1 h of incubation at RT. For each molar ratio, three individual replicates were 

setup to collect three different datasets (n=3). Further, after each sample, a blank water 

control was applied to the LC-MS system to prevent any cross-contamination of the analysed 

sample. All the experiments mentioned in this section were setup, tested and analysed under 

the supervision of Martin Middleditch. The sample preparation and method of analysis are 

described below.  

2.26.4.1 Sample preparation for experiment 1 

In a 1.5 mL tube, 5 µL of 29.92 µM DAD2 protein was mixed with 0.3 µL of 10 mM (rac)-

GR24 (to get 20 fold molar excess or 598.4 µM of (rac)-GR24 in the final sample) and the 

tube was incubated at RT for 30 min. Immediately after incubation, 4 µL of the sample was 

transferred into a sample vial containing 196 µL 0.1% formic acid. The contents of the vial 
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were mixed thoroughly and the sample was immediately analysed (see Section 2.26.4.4 for 

instrument settings and analysis method). 

For DAD2 + solanacol, in a 1.5 mL tube, 5 µL of 29.92 µM DAD2 protein was mixed with  

0.3 µL of 10 mM (-)-solanacol and incubated at RT for 30 min. Afterwards, the sample was 

processed similar to the DAD2+(rac)-GR24 sample. The same preparation method was 

followed for the DAD2 protein control, in which the DAD2 protein was incubated on its own, 

without the SLs and processed similar to the above two samples.  

2.26.4.2 Sample preparation for experiment 2 

For each incubation time, the sample was prepared by mixing 5 µL of 35.1 µM DAD2 protein 

with 0.23 µL of 15 mM (-)-solanacol in a 1.5 mL tube. The tube was then incubated at RT 

for the respective incubation time (0 min, 5 min, 30 min, 60 min, 120 min, 240 min and 960 

min). Afterwards, 2 µL of the sample was transferred into a sample vial containing 198 µL 

of 0.1% formic acid. The contents of the vial were mixed gently and immediately analysed 

(see Section 2.26.4.4 for instrument settings and analysis method). 

As a control, the DAD2 protein was incubated with DMSO for 0 min, 5 min, 30 min, 60 min, 

120 min, 240 min and 960 min, where each sample was prepared by mixing 5µL of 35.1 µM 

DAD2 protein with 0.23 µL of DMSO (Sigma-Aldrich) in a 1.5 mL tube. The tube was then 

incubated at RT for the respective incubation time, after which, 2 µL of the sample was 

transferred into a sample vial containing 198 µL of 0.1% formic acid. The contents of the 

vial were mixed gently and immediately analysed in a similar manner to the above samples. 

2.26.4.3 Sample preparation for experiment 3 

For testing the presence of covalent modification at 1:20, 1:10 and 1:1 molar ratio of protein: 

ligand, each reaction mix was prepared in a 1.5 mL tube by mixing the ingredients listed in 

the table below.  

Table 2.16: Reaction setup for experiment 3 

Sample type 

(protein: ligand) 

 

Amount of  

(-)-Solanacol added to 

each sample 

 

Amount of 

 DAD2 protein (35.1 

µM) added to each 

sample 

 

Number of replicates  

  1:20 0.23 µL of 15 mM 5 µL 3 

1:10 

 

0.23 µL of 7.5 mM 5 µL 3 

             1:1 0.23 µL of 0.76 mM 5 µL 3 
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For each sample, the tube was incubated at RT for 1 h, after which 2 µL of the reaction mix 

was diluted in 198 µL of 0.1% formic acid and mixed by gentle pipetting. The sample was 

then immediately analysed as described in Section 2.26.4.4. After analysis of each sample, a 

water blank was passed through the machine to prevent cross-contamination of the samples. 

Further, in addition to these samples, three replicates of the control were also tested, where 

each replicate was prepared by mixing 5 µL of DAD2 protein with 0.23 µL of pure DMSO 

(Sigma-Aldrich) in a 1.5 mL tube. The tube was then incubated at RT for 1 h, following 

which, the sample was diluted and analysed as described for other samples (see Section 

2.26.4.4 for analysis method).  

2.26.4.4 Mass spectrometry (LC-MS) method  

For intact protein molecular weight determinations, samples were diluted in 0.1% formic 

acid, and 10 µL injected onto a 0.3 x 50 mm 3.4 µm Bioshell A400 Protein C4 column 

(Supelco, Bellefonte, PA) and separated using the following gradient at a flow rate of 6 

µL/min: 0 min 25% B; 21 min 65% B, 23 min 98% B, 25 min 98% B, 25.5 min 25% B, and 

30 min 25% B where A was 0.1% formic acid in water and B was 0.1% formic acid in 

acetonitrile. The column eluate was ionised in the electrospray source of a QSTAR-XL 

quadrupole time-of-flight mass spectrometer (Applied Biosystems, Foster City, CA). A TOF-

MS scan from 600 to 1600 m/z was performed for 1 s per cycle. 

2.26.5 Data analysis: ProteinPilotTM and PeakViewTM 

The MS spectral data from the LC-MS/MS system were analysed in ProteinPilotTM software, 

version 5.0.1 (from AB SCIEX). The whole protein LC-MS spectral data was analysed using 

the Protein Reconstruct Tool in the Bio Tool Kit package within PeakViewTM software, 

version 2.2 (from AB SCIEX). 

2.27 Structures, images and graphs 

The structures used in this study were sourced from the RSCB PDB database (rscb.org; 

(Berman et al., 2000)). The structural images were created in PyMOL (Schrodinger, 2015). 

The graphs were created using GraphPad Prism, version 5.03 (GraphPad Software). 
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3 Detection of covalently bound D-ring in the DAD2 receptor 

3.1 Introduction 

As described in chapter 1, orthologues of the DAD2 receptor, RMS3, AtD14 and OsD14, 

have been shown to hydrolyse SL and covalently bind the butenolide D-ring (de Saint 

Germain et al., 2016; Yao et al., 2016; Yao et al., 2018). It is suggested that the D-ring bound 

receptor undergoes a conformational change, which favours its interaction with the SCF 

complex (de Saint Germain et al., 2016; Yao et al., 2016; Yao et al., 2018). Until now, no 

study has shown if the DAD2 receptor also hydrolyses SL in a similar manner to generate 

the covalently bound D-ring. Therefore, the DAD2 receptor was examined for the presence 

of a covalently bound D-ring after interaction with SL ((rac)-GR24 and (-)-solanacol), as 

reported for some of its orthologues (Yao et al., 2016; de Saint Germain et al., 2016; Hu et 

al., 2017). The purpose behind performing this investigation was to learn whether the DAD2 

receptor functions via a similar mechanism as its orthologues. Additionally, we also 

performed time-course analyses to test if the DAD2 receptor releases the bound D-ring to 

reset itself. This work will help us to increase our understanding about how the DAD2 

receptor might function in vivo to form the receptor-SCF complex. The following section 

reports and discusses the findings of these different analyses.  
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3.2 Results and discussion 

3.2.1 The DAD2 receptor is covalently modified at the catalytic His residue 

The presence of covalent modification in the DAD2 protein was detected using the LC-

MS/MS technique as described in Section 2.26 of Chapter 2. The DAD2 protein was analysed 

on its own and after 30 min incubation with (rac)-GR24. The generated molecular ions (ions 

comprising the peptide fragments) and fragment ions (generated by further fragmentation of 

the molecular ions in the LC-MS/MS system) were then examined to identify the presence 

of covalent modification, its mass and the amino acid to which it was bound.   

Of all the detected molecular ions for the pre-incubated DAD2 protein sample, the ion 

comprising the peptide fragment carrying the catalytic His (His246; 236-

NTVHWLNIEGHLPHLSAPTLLAQELR-261), had an additional increase in its overall m/z 

ratio compared with the control sample. This molecular ion displayed an m/z ratio of 764.65 

Da with a +4 charge state for the pre-incubated sample. For the non-incubated sample, the 

molecular ion had an m/z ratio of 740.65 Da with a +4 charge state (Figure 3.1). These 

observations suggest that the molecular ion from the pre-incubated sample carries a 

covalently bound entity that results in an increase of 24.01 Da in its m/z ratio or 96.04 Da in 

its theoretical mass (calculated by multiplying the m/z ratio of the ion with its charge state).   

 

Figure 3.1: MS spectra for DAD2 control and DAD2 pre-incubated with (rac)-GR24 

The MS spectra for DAD2 control and DAD2 pre-incubated with (rac)-GR24 showing the peaks for the 

identified molecular ion, which contains the covalent modification. The molecular ion has an m/z ratio of 740.65 

Da with a +4 charge state (shown in brackets) in the WT control while the same ion in the pre-incubated WT 

sample has an m/z ratio of 764.66 Da with a +4 charge state, showing an increase in the m/z ratio of 24.01 Da. 

The theoretical mass of this addition was calculated to be 96.04 Da. 

 

The identified molecular ion was fragmented further to identify which amino acid within the 

peptide was covalently bound to the 96 Da entity. The fragment ions are classified into 

different types, namely a, b and y, depending on how they break off from the main peptide 

and at which terminal they retain the charge (Roepstorff & Fohlman, 1984). The a and b ions 
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carry a positive charge on the C-terminal end, whereas the y ions carry a positive charge on 

the N-terminal end ((Roepstorff & Fohlman, 1984); Figure 3.2). 

 

Figure 3.2: Fragmentation of peptide in the LC-MS/MS system 

A) Shows the different type of fragment ions (a, b and y) generated by fragmentation of peptides. The dotted 

lines show the site of fragmentation and the number in subscript next to the ion type shows which peptide bond 

is broken from the N to the C terminus. B) shows the position of charge carried by the b ion (shown in red box), 

C) shows the position of charge carried by the a ion and D) shows the position of charge carried by the y ion. 

This figure was adapted from Roepstorff and Fohlman (1984), p. 601. 

 

Inspection of the fragmented a, b and y ions showed that the previously identified peptide 

had an additional mass of ~96 Da on the His246 residue (Figure 3.3). The b ions generated 

by fragmentation of the identified peptide up to residue G245 (i.e. N236 to G245) had a mass 

of 1164.57 Da (Figure 3.3C, row b, fragment ion b10), whereas the b ion generated by 

fragmentation of this peptide up to His246 (i.e. from N236 to His246, fragment ion b11) had 

a mass of 1397.65 Da. This suggested that the His246 residue displayed a mass of 233.08 

Da. However, the expected mass of a histidine residue is 137.05 Da, which should have only 

increased the mass of the b11 fragment ion to 1301.63 Da, instead of the detected mass of 

1397.65 Da. This result indicated that the His246 residue carried an additional mass of 96 Da 

because of the presence of the covalently bound entity. Similar results were observed on 

examination of a ions, that were generated by fragmentation of the peptide up to His246 

residue (Figure 3.3, row a, fragment ion a12). The mass of the fragment ion was 1369.66 Da 

(Figure 3.3C, row a), instead of the expected mass of 1273.64 Da (mass of G245 (1136.58 

Da) + mass of His (137.05 Da)).  
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Figure 3.3: Detection of covalent modification in the DAD2 receptor after incubation with (rac)-GR24 

by LC-MS/MS 

A) Detected m/z ratio of the molecular ion (shown by red lines) for peptide 236-

NTVHWLNIEGHLPHLSAPTLLAQELR-261. B) MS/MS spectra of the fragment ions (a, b and y ions) 

generated by further fragmentation of the identified peptide. C) Table displaying the m/z ratios of different a, b 

and y fragment ions detected for the identified peptide. Values shown in green boxes were detected while those 

in white boxes were estimated by the software.  The LC-MS/MS method detected the presence of 96 Da covalent 

modification on the catalytic His residue, His246.  The data was analysed in the ProteinPilotTM software (version 

5.0.1; from AB SCIEX). 

 

Altogether, these results confirmed that the catalytic His residue of the DAD2 protein 

becomes covalently bound to a ~ 96 Da entity when the protein is incubated with (rac)-GR24. 
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This result is consistent with the findings of other studies that report the presence of a ~96 

Da modification in RMS3, AtD14 and OsD14 on the catalytic His residue, when each of 

these receptors were incubated with different SLs (de Saint Germain et al., 2016; Yao et al., 

2016; Hu et al., 2017). It has been proposed that this 96 Da entity is the D-ring that is 

generated after the hydrolysis of the SL molecule, and which binds to the histidine molecule 

after the nitrogen atom of the imidazole ring of the histidine residue performs a second 

nucleophilic attack on the second carbon atom of the D-ring ((de Saint Germain et al., 2016); 

also see Figure 1.7 in Chapter 1 for mechanism)). 

We next investigated whether the DAD2 receptor releases the bound D-ring. Towards this 

end, time-course analyses were performed where the DAD2 protein was incubated with or 

without SL for different periods of time, followed by analysis by whole protein LC-MS 

method to detect the presence of the covalent modification. The results for these analyses are 

reported and discussed in the following section.  

3.2.2 DAD2 receptor remains bound to the D-ring for some time 

Time-course analyses were performed as described in Sections 2.26 and 2.26.4 of Chapter 2, 

using the whole protein LC-MS method. Prior to these experiments, the DAD2 protein was 

incubated with (rac)-GR24 and (-)-solanacol for 30 min at RT and then tested using the whole 

protein LC-MS method to check if both compounds cause the same shift in the overall mass 

of the receptor which would indicate that the two compounds generate the same modification 

(See Appendix 8.2 for the results). Both SLs were found to cause the same shift in the overall 

mass of the protein, generating the same 96 Da covalent modification. Based on these results, 

(-)-solanacol was selected to perform the time-course experiments as, unlike the (rac)-GR24, 

(-)-solanacol is comprised of a single enantiomer. 

For the time-course experiments, the DAD2 protein was tested for the presence of the 96 Da 

covalent modification after incubation with (-)-solanacol or DMSO for various time points 

(0 min, 5 min, 30 min, 60 min, 120 min, 240 min and 960 min; using a molar ratio of 1: 20 

(protein: ligand)). As stated previously, the presence of the covalent modification was 

detected by the overall shift in the mass of the DAD2 protein. The expected mass of the 

unmodified DAD2 protein was ~29777 Da, whereas that of the modified protein, i.e. 

containing the 96 Da covalent modification, was ~29874 Da.   

As shown in Figure 3.4, in the absence of (-)-solanacol, only one peak corresponding to the 

unmodified DAD2, having a total mass of 29777 Da, was detected for all time points. By 

contrast, in the presence of (-)-solanacol, two peaks belonging to unmodified DAD2 and 
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modified DAD2 (having a total mass of 29874 Da) were detected for most of the time points. 

However, the ratio of the two peaks varied from one time point to another.  

At 0 min, approximately half of the protein was modified with the 96 Da D-ring, whereas 

half of the DAD2 receptor remained unmodified (Figure 3.4). This modification is therefore 

occurring within the few seconds needed to stop the reaction with 0.1% formic acid after 

adding SL to the receptor protein. After 5 min, 95% of the protein was modified with the D-

ring, while only a small percentage of the receptor (~  < 5%) remained unmodified. A similar 

result was observed for samples from the 30 min, 60 min and 120 min time-points. This 

suggested that within the first 5 min, a majority of the DAD2 receptor hydrolysed (-)-

solanacol and became covalently bound to the D-ring product. Further, as a small percentage 

of unmodified protein was detected, this suggested that the hydrolysis still continues, 

possibly at a slower pace. These observations are consistent with the biphasic kinetics shown 

by DAD2, AtD14 and OsD14, where the initial reaction, that is the release of ABC-rings, 

occurs rapidly, as observed in this case, following which the reaction proceeds slowly and 

steadily, possibly as they receptor can still hydrolyse SL (Tsuchiya et al., 2015; Hamiaux et 

al., 2018; Shabek et al., 2018; Lee, 2019); also see Figure 4.3 in Chapter 4 for hydrolytic 

activity of the DAD2 receptor).  

In contrast to these time-points, the 240 min sample only showed the presence of the modified 

DAD2 receptor peak (Figure 3.4). The small amount of the unmodified receptor peak 

detected in the other time point samples was not detected. This result suggests that by 240 

min, most of the receptor molecules have been modified with a 96 Da D-ring and possibly 

no free, unbound receptor molecule were available to bind and hydrolyse the intact (-)-

solanacol molecules. However, it has been shown that the SL receptor does release the bound 

D-ring in the absence of any of the interaction partners (Yao et al., 2016). In contrast to the 

other time-points, the 960 min sample appeared somewhat similar to the 0 min time point, 

consisting of a mixture of modified and unmodified receptors where the amount of 

unmodified receptor is ~25% of the total when accounting for the additional modification 

described later in this section (also see Appendix 8.3). The presence of the modified DAD2 

receptor peak is probably because of the high concentration of (-)-solanacol, as a large excess 

of ligand was present to allow continued hydrolysis over the time-points that were analysed. 

To investigate the effect of the concentration of ligand on the ratio of unmodified:modified 

protein, additional experiments were conducted where the concentration of (-)-solanacol was 

varied, while the concentration of the DAD2 protein was kept constant (Figure 3.5).  
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Figure 3.4: Time-course analysis for detection of the covalent modification of the DAD2 receptor in the 

absence and in the presence of (-)-solanacol by whole protein LC-MS 

The presence of the 96 Da covalent modification in the DAD2 receptor was tested in the absence (-SL) and in 

the presence of (-)-solanacol (+SL). The protein was incubated with DMSO or a 20 molar excess of (-)-solanacol 

for 0 min, 5 min, 30 min, 60 min, 120 min, 240 min and 960 min, after which it was analysed by whole protein 

LC-MS technique. The presence of the modification was detected by an overall shift in the mass of the protein. 

The unmodified DAD2 peak, indicated with a blue arrow, was observed to show a mass of ~29777 Da. The 

modified DAD2 peak (indicated with a pink arrow) was observed to show a mass of ~29874 Da. 
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For these experiments the DAD2 receptor was incubated with (-)-solanacol at 1:20, 1:10 and 

1:1 ratios (protein:ligand) for 1 h at RT before being analysed with whole protein LC-MS 

method (see Section 2.26.4 in Chapter 2 for methods). The ratio of unmodified: modified 

protein at a higher concentration of solanacol (20 and 10 molar access) was found to be 

similar as that seen for the 1 h time-point in the time-course analyses (Figure 3.5). However, 

at a lower concentration (1:1 of protein:ligand), a different ratio was observed, where most 

of the protein was unmodified rather than modified (Figure 3.5). This result suggested that a 

time-course study performed using a lower concentration of (-)-solanacol would possibly 

yield a different result, likely resulting in slower hydrolysis of SL and release of D-ring, than 

that observed in the presence of 20 molar excess of solanacol.  

 

Figure 3.5: Whole protein LC-MS analyses to detect the presence of covalent modification in the DAD2 

receptor after incubation with various concentration of (-)-solanacol 

Deconvoluted protein peaks of DAD2 receptor detected by the whole protein LC-MS method after the receptor 

was incubated with (-)-solanacol at 1:20 (red), 1:10 (green) and 1:1 (black) molar ratios (protein: ligand). The 

unmodified DAD2 peak is indicated with blue arrows and the modified DAD2 protein peak, carrying the 96 Da 

D-ring, is indicated with magenta arrows. Each concentration was tested in triplicates (n=3). The data was 

plotted using GraphPad Prism (version 5.03), where the mean was plotted.  
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In addition to the two peaks of interest, reported in Figure 3.4, we also detected another 

protein peak with a mass of ~29969 Da, in all of the time point samples, except for the 0 min 

time point (see Figure 3.6 and Appendix 8.3).  

  

Figure 3.6: Detection of the 29969 Da DAD2 protein peak in the various time-point samples 

Presence of the 29969 Da DAD2 protein peak in the various time-point samples (0 min shown in yellow, 5 min 

shown in blue, 30 min shown in green, 60 min shown in purple, 120 min shown in red, 240 min shown in violet 

and 960 min shown in olive green).   

 

The observed mass of this peak suggests that some of the DAD2 protein has gained ~192 Da, 

consistent with being modified with two D-rings (96 + 96 =192 Da). To further investigate 

this possibility, we analysed the 960 min sample again with LC-MS/MS. The remaining 

sample of the 960 min time point was loaded on SDS-PAGE to isolate the DAD2 protein 

from any excess (-)-solanacol from the sample. The protein band was then excised and 

analysed by LC-MS/MS as described in Section 2.26.3 of Chapter 2. 

In addition to the previously detected peptide fragment carrying the catalytic His246 residue 

(see Section 3.2.1), other peptide fragments were also detected that showed an additional 

increase of ~ 96 Da in their overall mass. These peptides included 116-LILIGASPR-124, 

194-TVFNSDMR-201, 219-DHSVPASVATYLKNHLGGK-237 and its shorter peptide 

219-DHSVPASVATYLK-231 (Figure 3.7). Further analysis of their fragment ions showed 

that within these peptides, a 96 Da covalent modification was observed on Ser122 for the 

116-LILIGASPR-124 peptide, His218 or Ser219 for the 217-

DHSVPASVATYLKNHLGGK-235 peptide and Ser219 for the shorter 217-

DHSVPASVATYLK-229 peptide (see Figure 3.7), while the His246 residue modification 

detected previously was only ever observed to have the additional increase of 96 Da. 
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Figure 3.7A-C: Detection of covalent modification at different sites in the DAD2 receptor 

A) The DAD2 sequence showing the detected fragment peptides (shown in blue) and the amino acids within 

that peptide that are covalently modified with the D-ring (bold and shown in orange). B) LC-MS/MS spectra 

for fragment ions generated by fragmentation of the 236-NTVHWLNIEGHLPHLSAPTLLAQELR-261 

peptide. C) LC-MS/MS spectra for fragment ions generated by fragmentation of the 116-LILIGASPR-124 

peptide. 
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Figure 3.7D-F: Detection of covalent modification at different sites in the DAD2 receptor 

D) and E) LC-MS/MS spectra for fragment ions generated by fragmentation of the 219-

DHSVPASVATYLKNHLGGK-235 peptide. F) LC-MS/MS spectra for fragment ions generated by 

fragmentation of the shorter 217-DHSVPASVATYLK-229 peptide. 

 

These results indicate that some of the DAD2 protein could be modified with two D-rings, 

with one coming from the hydrolysis of (-)-solanacol and binding to the catalytic His246 

residue and another probably coming from a previously released D-ring interacting with the 

surrounding His/Ser residues (Figure 3.8). Most probably, these observations result from an 
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artefact of the experimental setup where the released D-rings accumulate in high 

concentration within the sample and react with the receptor at various His/ Ser residues. It is 

therefore unlikely that this may occur at all in planta, as the concentration of SL within the 

plant is substantially lower than that used in these experiments.  

 
 

Figure 3.8: Additional modification sites detected by LC-MS/MS in the DAD2 receptor 

DAD2 receptor (shown in green) showing the additional modification sites (shown in yellow) with the residues, 

Ser122, Ser219, His218 that carry the 96 Da modification (shown in magenta) along with the His246 residue 

which is known to get modified with the 96 Da modification. The structure of DAD2 was sourced from the 

PDB database (PDB ID: 4DNP; (Hamiaux et al., 2012)). 

 

Overall, the results presented in this section suggest that, in vitro and in the absence of any 

signalling partner, the hydrolysis reaction of SL by DAD2 results in a fast covalent 

attachment of the D-ring to the catalytic His246 residue of the receptor and very slow release 

to regenerate the free receptor. Further, the presence of the free receptor suggests that the 

DAD2 receptor does not function as a single turnover enzyme that irreversibly binds to the 

D-ring, as suggested for its pea orthologue, RMS3 (de Saint Germain et al., 2016). 

3.2.3 Chapter conclusion  

Based on the results presented in this chapter, it can be concluded that like RMS3, AtD14 

and OsD14, DAD2 also acts as a non-conventional receptor that binds and hydrolyses its 

hormone to generate a covalent modification on the catalytic histidine (Yao et al., 2016; de 

Saint Germain et al., 2016; Hu et al., 2017). The formation of this covalent modification is 

thought to be essential for SL signalling as the covalently bound receptor has been shown to 

be involved in the interaction with the SCF complex in vitro and in planta (Yao et al., 2016; 

Yao et al., 2018). The covalent modification has the inferred molecular formula of C5H4O2 

consistent with a mass of 96 Da. This is most likely because of the addition of the D-ring 

(C5H5O2). The same addition has also been detected for the AtD14, RMS3 and OsD14 
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receptors in the presence of various SLs (Yao et al., 2016; de Saint Germain et al., 2016; Yao 

et al., 2018).  

The same modification was also detected when the DAD2 receptor was incubated with (-)-

solanacol instead of (rac)-GR24, which differs slightly in its structure and stereochemistry 

from (rac)-GR24, but has the conserved D-ring. This provided further evidence that the 

covalently bound entity was indeed the D-ring. Similar results were also seen for the other 

orthologues of DAD2 when tested with different SLs (de Saint Germain et al., 2016; Yao et 

al., 2016; Yao et al., 2018).  

In addition to detection of the covalent modification, time-course experiments were also 

performed to determine if the DAD2 receptor releases the bound D-ring. The results of the 

time-course analyses showed that the DAD2 receptor rapidly hydrolysed (-)-solanacol, 

within the first 5 min of the reaction, to covalently bind the D-ring. The receptor was mostly 

detected to be modified up until 960 min of reaction, after which some of the receptor was 

observed to exist in the unmodified state. Based on these observations it appears that the 

receptor does release the bound D-ring, however, the exact duration of release could not be 

determined. One reason for this is that the DAD2 receptor was incubated with a 20-fold molar 

excess of (-)-solanacol and it is only after the receptor has hydrolysed most of the substrate 

that some unmodified receptor could be detected. That said, the release of the D-ring appears 

to be slow in nature as if the release was occurring rapidly, we would detect the unmodified 

protein in earlier time-point samples.  

The methodology employed in this study can theoretically be used for determining the rate 

of D-ring release. However, in this study the reaction rates could not be calculated for the 

following reasons: 1) we did not measure the concentration of (-)-solanacol or D-ring after 

every time-point, 2) additional D-ring modifications were also detected in some of the time 

point samples, which could complicate rate calculations, 3) the dataset for the time-point 

samples were only collected once, 4) experiments were not performed by varying the 

substrate and protein concentration, at least with respect to the time-course study and 5) more 

time-points were required between 240 min and 960 min to give a better idea about the rate 

of D-ring release.  

Overall, our results are in agreement with a recent study on the Arabidopsis receptor, AtD14, 

that has also been shown to release the bound D-ring (Seto et al., 2019). In that study, the 

MBP fused AtD14 receptor was incubated with GR24 (1:1 molar ratio) for various time 

points (0 min, 15 min, 30 min, 1 h, 2 h and 4 h) and analysed by LC-MS/MS for the presence 

of covalent modification. Like DAD2, the AtD14 receptor rapidly hydrolysed GR24 to 
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generate the covalently bound D-ring. However, the AtD14 receptor released the bound D-

ring and regenerated itself within 4 h, whereas the DAD2 receptor was observed to still exist 

in half modified and half unmodified state, indicating the receptor was still hydrolysing (-)-

solanacol even after 960 min of reaction, probably because of the amount of solanacol in the 

reaction (20-fold molar excess). It is likely that the differences in these two studies could be 

because of the different experimental setups, such as different ratios of ligand to protein and 

different detection methods. Furthermore, different concentrations of the ligand to protein 

may affect the ratio of modified to unmodified receptor as seen in the case of DAD2 when it 

was tested at a lower concentration of solanacol (1:1). Alternatively, species specific 

differences might exist also amongst the different orthologues. Nevertheless, the AtD14 

receptor was suggested not to function as a single turnover enzyme (Seto et al., 2019). The 

results presented in this chapter are also in agreement with the findings of Seto et al. (2019). 

Similar to DAD2 and AtD14 the rice SL receptor, OsD14, has also been suggested to function 

in a similar manner (Shabek et al., 2018), indicating these SL receptors are capable of 

hydrolysing multiple molecules of SL and not get irreversibly inhibited by the covalently 

bound D-ring. 
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4 Structural analysis of the DAD2-N242I mutant 

4.1 Introduction 

In the previous chapter, we discussed how the hydrolytic activity of the SL receptor allows 

the formation of the butenolide entity that covalently binds within the cavity of the receptor 

and triggers its interaction with the SCF complex. In this chapter, we will explore how it 

structurally enables the receptor to interact with the SCF complex.  

So far, there is an incomplete understanding of how the binding and hydrolysis of SL affects 

the receptor structure. It has been previously shown that the presence of the hormone 

destabilises the SL receptor. This was first reported by Hamiaux et al. (2012) who assessed 

the thermal stability of DAD2 and a hydrolytic mutant, DAD2S96A, on addition of the SL 

analogue, GR24, using DSF. They showed that increasing the concentration of GR24 caused 

the melting temperature of DAD2 to shift from 56.7 ºC to 47.7 ºC (approximately – 9 o C shift, 

Figure 4.1A), which in turn indicates a decrease in receptor stability. In contrast, no such 

shift in melting temperature was observed for the inactive mutant of DAD2, DAD2S96A, 

carrying a mutation in the hydrolytic residue, Ser96 (Figure 4.1B).  

 

Figure 4.1: Assessment of thermal stability of DAD2 and DAD2S96A mutant by DSF 

A) The melting temperature curve for DAD2 and B) melting temperature curve for DAD2S96A mutant. The 

thermal stability was tested in the presence of varying concentrations of GR24 using DSF. This figure is 

reproduced from Hamiaux et al. (2012), p 2035, Figure 3. 

 

Based on these results, it was hypothesised that, in the presence of SL, the hydrolytic activity 

of the receptor triggers its thermal destabilisation and ultimately leads to a conformational 

change, most likely of the lid domain that allows signalling through interactions with 

downstream protein partners (Hamiaux et al., 2012; also see Chapter 1 Section 1.5.1.2). 

However, because of the lack of any structural evidence and challenges of crystallising the 

receptor in complex with SL, it still remains unclear how exactly the hydrolysis affects the 

three-dimensional structure of the receptor. The recently published crystal structure of the 

AtD14-D3-ASK1 complex (Yao et al., 2016) provided crucial information on the “end-state” 
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of the process. In the AtD14-D3-ASK1 structure, the AtD14 receptor is covalently bound to 

a reaction intermediate and has undergone a large conformational change in its lid domain 

that allowed its interaction with the D3 protein from the SCF complex (refer to Sections 

1.5.1.2 and 1.5.2 for details on the conformational change). However, it remains uncertain if 

the conformational change observed in the AtD14 receptor is caused by the hydrolysis or by 

binding of the SCF complex or both.  

To gain insight into how the hydrolytic function of the receptor structurally favours its 

interaction with the SCF complex, the crystal structures of two DAD2 mutants were 

examined in which the hydrolytic activity of the receptor has been uncoupled from its 

interaction abilities with the F-box protein from petunia, PhMAX2A. The uncoupling of 

hydrolysis from the protein-protein interaction will allow us to better understand their 

respective contributions to the formation of the receptor-SCF complex. It will further expand 

our knowledge of the probable role of hydrolysis in SL signal transduction and why the 

receptor exhibits such a function. This chapter describes the structure of the first mutant, 

DAD2-N242I and the crystal structure for the second mutant, DAD2-D166A, will be 

described in Chapter 5.  

4.1.1 Characteristics of the DAD2-N242I mutant 

The DAD2-N242I mutant was created by Hui Wen Lee, a PhD student in Dr Kimberley 

Snowden’s laboratory. She used a random mutagenesis approach to create a library of DAD2 

mutants from which she screened and selected the DAD2-N242I mutant based on the protein-

protein interactions, thermal stability and hydrolytic activity displayed by this mutant. This 

section summarises the results from those screens to provide a brief account of the unique 

characteristics demonstrated by this mutant. 

DAD2-N242I carries a mutation on the surface of its α/β hydrolase core domain at position 

242, which is situated in the loop connecting the 7th beta sheet (β7) to the 11th alpha helix 

(α11; Figure 4.2). At this position the polar asparagine residue has been replaced by a 

hydrophobic isoleucine residue. As a result of this mutation, this mutant displays a hormone-

independent interaction with PhMAX2A (Figure 4.3A) while retaining a normal, WT-like 

interaction with PhD53A (in presence of SL; Figure 4.3B).  
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Figure 4.2: The location of the N242I mutation in the crystal structure of WT-DAD2 

The crystal structure of WT-DAD2 (PDB ID: 4DNP; (Hamiaux et al., 2012)) depicting the location of the 

mutated residue (shown in blue) for the DAD2-N242I mutant.  

 

 

 
 

Figure 4.3: Interaction of DAD2-N242I with PhMAX2A and PhD53A in the presence or absence of 

GR24 

A) Interaction between DAD2-N242I and PhMAX2A and B) interaction between DAD2-N242I and PhD53A, 

tested in the presence or absence of GR24 by yeast two-hybrid β-galactosidase assay. Figure generated using 

the data published in Lee (2019). 

 

Apart from altered protein-protein interaction, DAD2-N242I also has lower thermal stability, 

in the presence and absence of GR24, compared with the WT receptor. In the absence of 

GR24, this mutant has a melting temperature of 51.2 ᵒC, whereas the melting temperature of 

the WT-DAD2 receptor is 57.2 ᵒC (see Figure 4.4). In the presence of GR24, the mutant has 

a melting temperature of 37.6 ᵒC, whereas, the WT receptor has a melting temperature of 

48.3 ᵒC (Figure 4.4). In contrast to the altered protein-protein interactions and lower thermal 

stability, DAD2-N242I has a hydrolytic activity similar to the WT receptor (Figure 4.5).  



102 

 

 

Figure 4.4: Lower thermal stability of DAD2-N242I protein 

The melting curve (top) and second derivatives of the melting curve (bottom) for WT-DAD2 (A) and DAD2-

N242I (B). The thermal stability was tested in the presence and absence of GR24 using the DSF assay. The 

dotted lines depict the melting temperature (Tm) exhibited by the two proteins in the presence or absence of 

GR24. The figure generated using the data published in Lee (2019). 
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Figure 4.5: Hydrolytic activity of DAD2 and DAD2-N242I  

Time-course of hydrolysis of YLG by DAD2 (WT) and DAD2-N242I observed over a period of 90 min. This 

figure generated using the data published in Lee (2019). 

 

Overall, DAD2-N242I is quite unique in terms of its hormone independent interaction with 

PhMAX2A and lower thermal stability. As the mutant is more unstable than the WT receptor, 

both in the presence and absence of GR24, it was proposed that the N242I mutation either 

increases the conformational flexibility of the receptor or alters its overall conformation 

altogether, thereby conferring the ability of the mutant receptor to constitutively interact with 

PhMAX2A in the absence of SL.  

4.1.2 Hypothesis behind the interaction between DAD2-N242I and PhMAX2A  

As described previously, the N242I mutation is located on the surface of the α/β hydrolase 

core domain on the loop that connects β7 to α11 (see Figure 4.2). This loop (and the residue 
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242 in particular) is in relatively close proximity to the interaction surface identified for the 

F-box protein binding from the recently published crystal structure of the AtD14-D3-ASK1 

complex (Yao et al., 2016), However, this loop is not directly involved in the interaction 

between AtD14 and D3 (Figure 4.6). It is also distant from the entrance of the internal cavity 

of the receptor and from the catalytic triad (~15 Å from Ser96). From the data available to 

date, it therefore remains unclear how this particular point mutation alters the function of 

DAD2 and allow its interaction with PhMAX2A in the absence of SL. To fill this knowledge 

gap and better understand the mechanistic properties of the SL receptor, the crystal structure 

of the DAD2-N242I mutant was investigated.  

 

Figure 4.6: The structure of AtD14-D3-ASK1 complex highlighting the AtD14-D3 interaction surface 

A) The AtD14-D3-ASK1 complex with the Arabidopsis D14 (AtD14) receptor shown in blue, rice F-box 

protein, D3, in magenta and Arabidopsis Skp-1 protein, ASK-1, in orange (PBD ID: 5HZG; (Yao et al., 2016)). 

B) The AtD14 receptor alone (Yao et al., 2016) in a different orientation. The interaction surface for D3 binding 

is displayed in red and the loop which contains the mutated residue in the DAD2-N242I mutant is shown in 

green.  
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4.2 Results and discussion 

4.2.1 Purification of DAD2-N242I 

The DAD2-N242I protein was purified using a multi-step protocol in order to obtain a highly 

pure, concentrated and homogenous protein solution suitable for crystallisation trials. The 

full-length fusion protein, His6-MBP-DAD2-N242I, was purified from the clear cell lysate 

(see Table 2.14 in Chapter 2 for purification and Section 2.19). The majority of the full-length 

protein (~74 kDa in mass) eluted in fractions E1-E3 along with a few E.coli contaminant 

proteins after nickel affinity chromatography (See Figure 4.7A). Most of these contaminants 

were subsequently removed (see Figure 4.7B) by AEX (see Section 2.19.1.3 of Chapter 2 for 

method). The His6-MBP tag was successfully cleaved and separated from the mutant protein 

in the second round of nickel affinity chromatography (see Sections 2.19.1.3 and 2.19.1.4 of 

Chapter 2 for method), where a single band (approximately 29 kDa in mass) corresponding 

to the DAD2-N242I protein was observed on a gel (see Figure 4.7C). A very small amount 

of uncleaved full-length protein was detected in a few fractions (see Figure 4.7C, Elution 1 

to 4), which did not cleave probably because of an embedded tag, likely resulting from miss-

folding or aggregation of the protein. Nevertheless, the majority of cleaved protein was 

collected, concentrated and stored at -80 ᵒC until required for crystallisation trials. Prior to 

crystallisation, SEC was performed (see Section 2.19.1.6 of Chapter 2 for method) to 

exchange the buffer of the protein sample and remove any small traces of aggregated protein 

that might be present in the stored sample. The SEC chromatogram showed a single peak for 

the DAD2-N242I protein (Figure 4.7D), indicative of a homogenous protein solution. One 

of the fractions from the peak was also checked by SDS-PAGE which showed only one band 

of ~29 kDa, corresponding in mass to the DAD2-N242I protein (data not shown).  
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Figure 4.7: Purification of the DAD2-N242I protein from the cell lysate 

PAGE gels (A-C) showing the steps of protein purification of DAD2-N242I through A) nickel affinity 

chromatography, B) AEX, and C) cleavage and second nickel affinity chromatography. D) The SEC 

chromatogram. L: NovexTM sharp pre-stained protein standard (260-3.5 kDa from Invitrogen; in A) or Precision 

Plus ProteinTM unstained protein standard (250-10 kDa from BIO-RAD; in B and C); S: sample, P: pellet, C: 

crude cell lysate, FT: flow-through.  

 

4.2.2 Screening for crystallisation conditions 

The crystal trials involved the screening of commercial conditions in which the DAD2-N242I 

protein could be crystallised. Subsequently, the best initial crystal forming condition was 

selected and further refined to obtain protein crystals suitable for X-ray diffraction. The initial 

screens were performed using the commercially available crystal screens from Molecular 

Dimensions, UK. The screens were setup in 96 well plate format as described in Section 2.20 

of Chapter 2. In these early screens, the DAD2-N242I mutant formed crystals in two 

conditions of the Structural screen 1-2 (A12 and F8; drop consisting of 0.95 µL of 6.4 mg/mL 

protein + 0.95 µL of reservoir solution). The first condition was comprised of 0.1 M sodium 

cacodylate buffer pH 6.5 and 1.4 M sodium acetate (Figure 4.8A) and the second condition 

was comprised of 0.1 M MES buffer pH 6.5 and 1.6 M magnesium sulfate (MgSO4, Figure 

4.8B). These conditions were further refined by varying the protein concentration and either 

of the following: pH of the buffer, salt concentration or the precipitant percentage. The 

refined screens were setup in the 24 well plate format as described in Section 2.20 of Chapter 

2, with one or two drops using protein sample at two different concentrations.  



106 

 

             
 

Figure 4.8: Crystals of DAD2-N242I 

A) Rod shaped crystals obtained in the A12 condition of the screen (0.1 M Sodium cacodylate pH 6.5 and 1.4 

M sodium acetate). B Crystal cluster obtained in condition F8 of the screen (0.1 M MES buffer pH 6.5 and 1.6 

M magnesium sulfate). C) and D) hexagonal and rod crystals obtained in refined crystals screens.  

 

Of the two conditions, DAD2-N242I only crystallised in the second condition, 0.1M MES 

buffer pH 6.5 and 1.6 M MgSO4. Therefore, only this condition was further refined. For the 

refined screen, various concentrations of  protein (6.02 and 7.02 mg/mL) and  MgSO4 (1.55 

M, 1.56 M, 1.58 M, 1.59 M, 1.61 M, 1.64 M, 1.65 M, 1.72 M, 1.74 M, 1.76 M and 1.8 M) 

were tested. The drops were setup using 0.95 µL each of respective protein solution and the 

reservoir solution. From this refined screen, two distinct crystal types, hexagonal and rod 

(Figure 4.8), were obtained for both concentrations of protein in conditions containing 0.1M 

MES buffer pH 6.5 with 1.58 M MgSO4or 1.70 M MgSO4. Crystals of both forms grew to 

an approximate size of 150 µm and both were used to collect data from.  

4.2.3 Data collection, processing and refinement 

The X-ray diffraction data from all the crystals were collected at the Australian synchrotron, 

Melbourne, on the MX2 beamline using the oscillation method (see Section 2.22 of Chapter 

2 for method). The collected diffraction images, 3600 in number, were processed using XDS 

and programs from the CCP4 suite, as described in Section 2.23, Chapter 2. The statistics 

monitored during these steps included mean I/σ (I), CC½, completeness and multiplicity 

(depicted later in Table 4.2). The high resolution cut-off was selected based on the values of 

CC½ and of mean I/σ (I) (CC½ > 0.7 and mean I/ σ (I) > 1.5). The hexagonal and rod crystal 

forms diffracted to 1.58 Å and 1.89 Å, respectively. Phases for the structure factors were 
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obtained by MR using the crystal structure of WT-DAD2 (PDB ID: 4DNP; (Hamiaux et al., 

2012)) as a model in PHASER (see Section 2.23.2 of Chapter 2). PHASER generated a MR 

solution (i.e. the initial model) for each of the datasets comprising two molecules of the 

mutant protein per ASU. The MR solution qualities were judged by the Log Likelihood Gain 

(LLG) and the final translational function Z (TFZ) scores, both of which were very high 

(22338.2 and 146.8 for the hexagonal dataset; 13909.7 and 104.4 for the rod dataset), 

suggesting that the MR solutions were correct. The models generated by PHASER were then 

refined using RFMAC. After 10 cycles of restrained refinement, initial drops in the R-

factor/Rfree values were observed (Table 4.1). 

Table 4.1: R-factor and Rfree values for the initial DAD2-N242I models after the first round of 

refinement 

Dataset 

R-factor  

before 

refinement 

R-factor  

after the first 

round of 

refinement 

Rfree 

 before 

refinement 

Rfree 

 after the 

first round 

of 

refinement 

DAD2-N242I hexagonal model 35.34% 24.58% 35.11% 26.60% 

DAD2-N242I rod model 32.63% 23.56% 31.74% 26.15% 

 

These models were then subjected to several cycles for model building (COOT)/refinement 

(REFMAC), as described in Section 2.23.3 of Chapter 2, until convergence was achieved. 

Table 4.2 summarises the data collection and refinement statistics for both datasets.  
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Table 4.2: Data collection and refinement statistics for the DAD2-N242I hexagonal and rod crystal forms. 

Values in parenthesis belong to the last resolution shell. 

 

 Crystal 

 
DAD2-N242I 

hexagonal 

dataset 

DAD2-N242I 

rod dataset 

Space group P65  P212121 

Cell parameters   

a (Å) 133.74 75.72 

b (Å) 133.74 81.351 

c (Å) 99.76 135.30 

α (ᵒ) 90 90 

β (ᵒ) 90 90 

γ (ᵒ) 120 90 

Data collection   

Wavelength (Å) 0.953 0.953 

Number of images 3600 3600 

Oscillation angle (ᵒ) 0.1 0.1 

Detector distance (mm) 200 200 

Mosaicity (ᵒ) 0.06 0.1 

Mathews Coefficient (Å3 Da-1) 3.84 3.37 

Number of molecules per ASU 2 2 

Solvent (%) 67.71 63.17 

Total reflections 2648154 896526 

Unique reflections 138411 67658 

Resolution range (Å) 
45.18-1.58 

(1.61-1.58) 

45.10-1.89 

(1.93-1.89) 

Rmerge 0.088 (2.188) 0.104 (1.834) 

CC1/2 1.000 (0.728) 0.999 (0.860) 

I / σ (I) 20.3 (1.6) 12.4 (1.6) 

Completeness (%) 100 (100) 100 (100) 

Multiplicity 19.1 (18.9) 13.3 (13) 

Bwilson  (Å2) 17.6 31.3 

Refinement   

Resolution (Å) 1.58  1.89  

Reflections 137623 67590 

Total number of atoms 4792 4422 

TLS group 
2 (one per 

monomer) 

2 (one per 

monomer) 

Rwork/ Rfree 
13.80/16.49 

(24.58/26.660) 

19.11/21.48 

(23.56/26.15) 

R.M.S.D bond (Å) 0.0132 0.0158 

R.M.S.D angle (ᵒ) 1.7403 2.0627 

Average B factors (Å2) (all atoms) 29.374 43.767 

Ramachandran statistics (%)   

Residues in favour region  97.5 97.5 

Residues in allowed region 2.5 2.5 

Residues in outlier region 0 0 
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4.2.4 Crystal structure of the DAD2-N242I mutant 

The structures of the DAD2-N242I mutant from both crystal forms were similar (RMSD of 

0.2 Å), indicating that the two crystal forms were a result of the different crystal packing of 

the mutant protein. The crystal structure obtained from the hexagonal crystal form was 

selected for further analysis because of its higher resolution (1.58 Å versus 1.89 Å). This 

crystal structure was also submitted to PDB database (see Appendix 8.4 for validation report).  

4.2.4.1 Examination of the DAD2-N242I crystal structure 

The DAD2-N242I hexagonal crystal form consists of two molecules of the mutant protein 

packed within a single ASU. The two molecules, termed here as A and B, are packed side by 

side within the ASU, where molecule A’s cavity entrance faces the N-terminal side of 

molecule B (Figure 4.9).  Each molecule of the ASU forms crystal contacts with three other 

symmetry related protein molecules, giving rise to the hexagonal unit cell (Figure 4.10A).   

Structurally, both molecules of the ASU had characteristic SL receptor structure, comprised 

of an α/β hydrolase fold core domain and an open lid domain connected via a short β hairpin 

(see Figure 1.2 in Chapter 1), with no major conformational change observed in comparison 

to the WT structure. In both molecules, the mutated isoleucine residues at position 242 had a 

well-defined electron density and were located at a protein-protein interface. In molecule A, 

the isoleucine residue is located at the interface formed by molecule A and B within the ASU, 

whereas, in molecule B, the isoleucine residue is located at the crystal packing interface, 

formed by molecule B and another symmetry-related molecule (Figure 4.10B). 

 

 

Figure 4.9: Crystal structure of DAD2-N242I 

Arrangement of molecules A (cyan) and B (blue) of DAD2-N242I protein within the ASU of the crystal. 
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Figure 4.10: Crystal packing of DAD2-N242I protein and location of the mutated isoleucine residue 

A) The unit cell for the DAD2-N242I crystal, depicting the resolved ASU with the two molecules A (cyan) and 

B (blue) and other symmetry related molecules (shown in magenta). B) The location of the mutated isoleucine 

residue (shown in stick representation in red) in the two molecules of the ASU.  

In each of the molecules of the ASU, electron density was observed within the catalytic cavity 

in both Fourier and difference maps. The electron density, shown as blue mesh in Figure 

4.11, was assigned to 2-(N-morpholino)ethanesulfonic acid (MES), which was present at a 

high concentration as a buffer component in the precipitant solution. Within the cavity, the 

MES molecule interacts with two of the catalytic residues (Ser96 and His246) through 

hydrogen bonding (H-bond), formed between oxygen atoms of the MES sylfhydryl group 

and the oxygen atom of the Ser96 residue and the NE2 atom of the His246 residue (Figure 

4.11).  

 
 

Figure 4.11: MES bound within the catalytic cavity of molecule A and B of the DAD2-N242I protein 

MES (shown in stick representation) bound within the catalytic cavity of molecule A (A) and molecule B (B) 

of the DAD2-N242I protein. H-bond are shown by dotted black lines, His246 and Ser96 shown in stick 

representation and colour by atoms (oxygen is shown in red, nitrogen in blue and carbon in green). The blue 

Mesh around the MES molecule is the 2Fo-Fc electron density map contoured at 1.5 σ. 
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Thermal shift assays were performed with MES and other MES-like compounds (which 

contain the sulfonic acid group) to assess whether the presence of these compounds affects 

the thermal stability of WT-DAD2 or of DAD2-N242I. The thermal shift assays were 

performed using DSF as described in Section 2.24 of Chapter 2, MES and MES-like 

compounds did not have any significant effect on the melting temperatures of the WT or the 

mutant receptor at the various concentrations tested (250 µM to 128 mM for MES and 250 

µM of MES like compounds; see Appendix 8.5). Overall, these results suggest that these 

compounds bind to DAD2 with low affinity and are observed within the internal cavity of 

the receptor as a result of their very high concentration (0.1M) in the crystallisation solutions.  

As no major conformational difference were observed between the mutant and the WT 

structures (RMSD of 0.255), a detailed structural comparison was performed to identify any 

small differences that may exist between the two structures. For this comparison, the crystal 

structure of WT-DAD2 was aligned against that of DAD2-N242I (for both molecules of the 

ASU) using the GESAMT (General Efficient Structural Alignment of Macromolecular 

Targets) algorithm of the Superpose program in CCP4 (Krissinel & Henrick, 2004).   

The examination of these aligned structures in PyMOL ((Schrodinger, 2015); (WT-DAD2 vs 

DAD2-N242I molecule A and WT-DAD2 vs DAD2-N242I molecule B)) highlighted small 

differences between the WT and the two molecules of the DAD2-N242I mutant, particularly 

in two core loops of the structure. The first loop, referred to here as the activation loop* (A 

loop), is comprised of residues T214 to P221 and shapes the entrance of the catalytic cavity. 

The second loop (L241 to P248), referred to here as the mutation loop (M loop), connects the 

beta sheet, β7, to the helix, α11 and carries the mutated residue (N242I; Figure 4.12). Similar, 

differences in the movement of the two loops were also observed when the N242I structure 

was aligned to crystal structures of the other DAD2 orthologues (see Appendix 8.6).  

 

 

 

 

 

 
* In Hamiaux et al., 2018, the movement of this loop has been proposed to be involved in the 

onset of the conformational change that occurs in the SL receptor. In that paper, this loop was 

referred to as the activation loop. For this thesis, the same terminology has be used. 

 



112 

 

 

Figure 4.12: Molecule A and B of DAD2-N242I compared with WT-DAD2 

A and C) show the movements observed in the two molecules, A (shown in blue) and B (shown in green), of 

DAD2-N242I protein compared with the WT-DAD2 structure (shown in magenta; PDB ID: 4DNP; (Hamiaux 

et al., 2012)), respectively. B) and D) show the movements of loops A and M (in Å, shown with black dotted 

lines) in molecule A and B compared with WT. Other small movements were also observed in αL1 lid helix, 

αL3 lid helix and the hairpin. The movement of the two loops were observed to be larger in molecule A than in 

molecule B. Further, molecule A shows more movement in αL3 helix and hairpin in comparison to WT-DAD2. 

Molecule B shows more movement in αL1 helix and the hairpin in comparison to WT-DAD2. 

 

 

 
 

Figure 4.13: Root mean square deviation (in Å) of residues of molecule A and B of DAD2-N242I protein 

RMSD (Å) between the residues of molecule A (blue) and molecule B (orange) of DAD2-N242I protein. The 

residues that show small movements between the two molecules are shown with a dotted box. 
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In molecule A, the movements of these two loops when compared with WT are of larger 

amplitude than observed in molecule B, with displacements of up to 2.6 Å observed for the 

residues I242 and I243 of the M loop between the WT and the mutated structures (see Figures 

4.12 and 4.13). As mentioned above, the N242I mutation (and hence loop M) sits at the 

interface of neighbouring molecules in the crystal packing (see Figure 4.9) and movements 

of this particular loop, as observed in the crystal, may be artificially triggered or constrained 

by the crystal packing. On the other hand, it is also possible that the introduced N242I 

mutation is directly involved in increasing the flexibility of the M loop that in turn allows the 

movements observed for that loop in the crystal to occur. More indirectly, the movement 

observed in the A loop could result from the movement of the adjacent M loop, which shifts 

sideways, causing the A loop to move out by a short distance.  

Apart from these two loops, other small movements were also observed in the N-terminus of 

the protein, in residue 87, hairpin and the lid regions (αL1 and αL3) of the DAD2-N242I 

molecules in comparison to the WT receptor (Figure 4.13). Like the two loops, these regions 

also show different amplitudes of movements in the two mutant protein molecules of the 

ASU (see Figures 4.12 and 4.13). In molecule B, the N-terminus shows more movement in 

comparison to molecule A (Figure 4.13). While the movement of residue 87 in molecule A 

is more than molecule B (Figure 4.13). In molecule B, the αL1 lid helix is slightly shifted 

compared to WT, while the same helix in molecule A has a similar conformation to that of 

the WT receptor (Figures 4.12 and 4.13). Likewise, the αL3 lid helix is slightly displaced 

compared to WT in molecule A, whereas the same helix in molecule B is similar to the WT 

(Figure 4.12). The movement of the hairpin was also larger in molecule B than in molecule 

A (Figure 4.12). These observations suggested that like the two loops, these regions might 

have some flexibility. However, since these regions are distant from the introduced mutation, 

it is unclear whether these observed movements reflect intrinsic flexibility of the receptor or 

whether they may be indirectly triggered by the presence of the mutated residue. 

Based on this examination, it was proposed that the N242I mutation affects the flexibility of 

the two core loops and that other regions of the mutant protein such as the lid helices and the 

hairpin also have some degree of flexibility. These observations are in agreement with the 

increased overall thermal destabilisation observed in DSF assays for DAD2-N242I when 

compared to WT, in both the presence and absence of SL (Lee, 2019). A more detailed 

analysis of the AtD14-D3-ASK1 crystal structure (Yao et al., 2016) also supports our 

observations. In that structure, the Arabidopsis receptor, AtD14 has undergone significant 
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conformational changes in the lid domain, loop A, loop M and the N-terminus of the protein 

on binding the D3-ASK1 complex (Figure 4.14A and B; (Yao et al., 2016)).  

 

Figure 4.14: Conformational changes in the Arabidopsis D14 receptor on forming a complex with rice 

D3 and Arabidopsis ASK1 proteins 

A) Changes in receptor conformation on binding the D3-ASK1 complex where it undergoes a conformational 

change that leads to closure of the catalytic cavity as the lid helices move closer to each other (lid shown in 

yellow), resulting in the receptor’s closed conformation. In this figure, the open conformation of the receptor is 

depicted by WT-DAD2, which is shown in surface representation (magenta with a yellow lid; PDB ID: 4DNP, 

(Hamiaux et al., 2012)). The closed conformation is depicted by the AtD14 receptor shown in surface 

representation (light blue with a yellow lid). The structure of AtD14 was obtained from the crystal structure of 

AtD14-D3-ASK1 complex (PDB ID: 5HZG; (Yao et al., 2016)). B) Major structural changes in the AtD14 

structure. The αL1 helix extends by incorporating some of the residues of the αL2 helix. The αL2 helix converts 

to the coil (shown in red). All the lid helices move close to each other. Loop A (shown in yellow) becomes 

disordered while loop M moves towards it slightly (also shown in yellow). 

 

In the lid domain, the αL1 helix extends in length as some of the residues of αL2 helix are 

now a part of the αL1 helix. The αL2 helix relaxes to form a coil (referred hereafter as the 

αL2 coil). The αL3 helix becomes slightly shorter in length, as a few of its residues became 

part of the αL2 coil. Altogether, these movements expose the surface residues present beneath 

the αL3 helix, which together with the αL2 coil, form the interaction surface for D3 binding. 

Further, all the three lid helices and the coil have moved towards each other, closing the 

entrance of the cavity. In the core domain, the A loop has been flipped outwards and has 
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become disordered, while the M loop has moved slightly towards the A loop, a movement 

somewhat similar to the one we observed in our DAD2-N242I mutant structure (Figure 4.15). 

 

Figure 4.15: Movements in loop A and M in molecule A and B of DAD2-N242I protein 

A and B depicts the movements of loop A and M of molecule A (orange) and B (green) of DAD2-N242I 

compared with AtD14 (light blue) from the AtD14-D3-ASK1 complex (PDB ID: 5HZG; (Yao et al., 2016)).  

 

Based on these observed structural changes, a probable mechanism for the formation of the 

receptor-F-box complex can be hypothesised, where the receptor, after binding and 

hydrolysing SL, closes the entrance of the catalytic cavity with the reaction intermediate 

covalently bound within the cavity and forms the interaction surface for the F-box protein to 

bind. The cavity closing and the formation of the interaction surface is achieved by a 

combination of the above mentioned structural changes. The hydrolysis of SL causes the 

formation of a reaction intermediate that binds within the catalytic cavity through covalent 

interactions with one or two catalytic residues, one of which (His247) is present on the M 

loop. Once the product is covalently bound, the A loop, harbouring the catalytic aspartic acid 

(Asp218) is flipped outwards likely to prevent the release of the bound intermediate. As a 

result of this outward flip movement, the M loop is pulled slightly inwards towards the A 

loop, as it is connected to the A loop through the beta sheet, β7. The movement of these loops 

may further allow the movement of the lid helices that undergo their respective structural 

changes and move towards each other, thereby closing the entrance of the cavity and forming 

the major (αL2 coil and the residues from N-terminal end of protein) and minor (residues for 

the αL3 helix) interaction surfaces for D3 binding.  

Therefore, it appears that the movements of the two loops and lid helices are essential for the 

formation of the interaction surface. In particular, movement of the A loop is likely to play a 

crucial role in the formation of the interaction surface as its flipping out is what allows the 

lid helices to move. Such a mechanism is also consistent with recently reported results where 

the inhibition of the WT receptor by an inhibitor has been suggested to occur via the locking 

of this loop (Hamiaux et al., 2018). This suggestion was based on examination of the inhibitor 
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bound receptor structure, where the carboxylic group of the inhibitor, tolfenamic acid, 

interacts with the Ser219 residue, located on the top of the A loop. This direct interaction was 

proposed to lock the movement of the loop such that it traps the receptor in its native 

conformation and prevents it from undergoing any conformational changes that could allow 

it to interact with the F-box protein (Hamiaux et al., 2018).  

In the DAD2-N242I mutant, the A loop likely plays a similar role, and the gained flexibility 

of the M and A loops observed in this crystal structure may allow the A loop to flip outwards, 

triggering the downstream conformational changes that would allow interaction between the 

mutated receptor and PhMAX2A in the absence of SL. To test this hypothesis and obtain a 

clearer picture of the cascade of events that trigger the observed auto-activation of the 

mutated DAD2-N242I mutant, we next undertook MD simulations of both the WT and 

mutated receptors. These results are presented in Section 4.2.5.  

4.2.5 DAD2-N242I shows flexibility in some parts of its structure  

MD simulations were performed to investigate the conformational dynamics of the WT and 

the DAD2-N242I proteins (see Section 2.25 of Chapter 2 for method). As mentioned above, 

the DAD2-N242I proteins was thought to exhibit additional structural flexibility than the WT 

receptor, especially in the two loops, A and M, as a result of the mutation present at position 

242. Therefore, MD was chosen as the method to assess firstly, the overall flexibility of the 

two proteins, secondly, to determine if indeed the two loops, A and M, of the DAD2-N242I 

mutant display more flexibility than those of WT receptor and lastly, to investigate how the 

mutation contributes to that flexibility. The overall flexibility of the WT and the N242I 

models were assessed through RMSD analysis, visual inspection of the MD trajectories and 

by cluster analysis (see Section 2.25.3 of Chapter 2 for methods). Flexibility related to 

specific regions was investigated via RMSF analysis.   

The overall mobility of the two proteins within the simulation was primarily assessed by 

RMSD analysis. As described previously, the RMSD provides an account of how much the 

model deviates from its initial structure as the simulation progresses. In this analysis, the 

deviation of the model is depicted as a plot that shows the root mean square deviation in the 

positions of the backbone atoms in relation to the simulation time. On investigating these 

plots, the WT and the N242I models were found to show only a slight deviation from their 

respective initial structures over the 500,000 ps of the production simulation (Figure 4.16). 

The maximum deviation was observed in the first 100,000 ps, after which marginal 

differences were observed in the deviation, suggesting that both proteins attain 

conformational states that only change slightly as the simulation proceeds (Figure 4.16). 



117 

 

Based on these observations, it was inferred that the two models display a low level of overall 

conformational flexibility during the simulation with both models showing either very small 

or no differences in their overall flexibility and dynamics, based on their respective RMSD 

profiles. Despite the apparent similarities in their overall dynamic properties, we next 

investigated whether the two models exhibit more local variations that may explain their 

different biological properties.  

         

Figure 4.16: Root Mean Square Deviation (RMSD) analysis for the WT and the N242I trajectories 

RMSD of the backbone atoms of the whole protein (in nm) for the WT (cyan) and N242I (violet) trajectories 

versus the simulation time (500,000 ps).  

For this purpose, we firstly visually inspected the WT and N242I trajectories in the VMD 

visualisation software. The trajectories contain all the structures that are sampled throughout 

the simulation and their inspection can provide visual insight about the overall and local 

dynamics (i.e. movements) shown by a model in a simulation. To this end, structures within 

the trajectory of the respective model were aligned using the RMSD trajectory tool of VMD 

and only a subset of those, that is the first frame/structure, every 100th frame and end frame 

of the trajectory was selected to be displayed using the timestep representation (see Section 

2.25.3.4 of Chapter 2 on details of viewing the trajectories in VMD). Viewing the trajectories 

in this way provides a visual representation of the overall deviation in the model and also 

provides insight into its flexibility.  

The WT and N242I trajectories had similar overall movements (Figure 4.17), except in a few 

regions such as the αL2 helix-loop-αL3 helix in the lid domain and the N-terminus of the 

protein. These regions showed more deviation from their initial positions in the N242I 

structures than in WT structures, suggesting that these regions might possess additional 

WT 

N242I 
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flexibility in the N242I model.  By contrast, no obvious difference was observed in the 

movements of the two loops, A and M, between the WT and the N242I structures, suggesting 

that these two loops display similar flexibility in the two models. 

 

Figure 4.17: Examination of WT and N242I trajectories in Visual Molecular Dynamics (VMD) software 

A subset of structures present within the WT (left) and N242I (right) trajectories. All the structures were aligned 

in VMD using the RMSD trajectory tool and only a subset (i.e., first, every 100th and last structure) of 

trajectories are presented here coloured with the timestep representation that uses blue, white and red colours 

to represent the start, middle and the end of the trajectory, respectively. The αL2 helix-loop-αL3 helix region 

of the lid domain is shown by a black box and the N-terminal end of the mutant protein is shown by a green 

box. 

Based on the inspected trajectories, it was inferred that the two models display similar 

dynamics (i.e. movements) with a slight difference in their local flexibility, especially in parts 

of the lid domain and the N-terminal end of the protein. More evidence pertaining to their 

slightly different flexibilities was provided by the results of the cluster analysis. As described 

in Chapter 2 (Section 2.35.3.3), cluster analysis groups the different conformational states 

displayed by a protein, during a simulation, based on similarity (e.g. based on their RMSD; 

(Phillips et al., 2011; Abramyan et al., 2016)). The currently occupied cluster is then plotted 

against the simulation time series. In this plot, each cluster is represented as a horizontal 

series of lines, where each line represents a structure from the trajectory. In addition, a so 

called “middle structure” is also generated as representative for each cluster. This structure 

represents the overall conformational state that is sampled within a cluster. For this study, 

both the plots and the middle structures were examined.  

The cluster algorithm of Gromacs generated 26 clusters for the N242I model (refer to 

Appendix 8.7 for the cluster details) and 15 clusters for the WT model (refer to Appendix 8.7 

for cluster details) using a specific RMSD cut-off of 0.15 nm (see Section 2.25.3.3 of Chapter 

2 for method). Of the identified clusters, only the 20 most populated clusters were plotted 



119 

 

against the simulation time-series. However, for WT, the plot was generated using the 15 

identified clusters.  

The clustering results suggest that N242I displays a higher degree of flexibility than WT, 

based on the observed number of clusters, their size and the duration for which they were 

present in the simulation. For WT, the most populated cluster, cluster 1, is populated for 84% 

of the simulation (~420,000 ps) and is continuously occupied for a long periods of time, 

whereas, the other clusters were only present transiently (Figure 4.18A). In comparison, 

N242I adopted several metastable conformations during the course of the simulation, which 

was revealed by the appearance of several relatively long lived clusters throughout the 

simulation (Figure 4.18B). Furthermore, in comparison to WT, the most stable conformation 

adopted by N242I, as represented by cluster 1, was only present for ~230,000 ps (i.e. 46%) 

of the total simulation. 

 

Figure 4.18: Cluster analysis of WT and N242I simulations 

Cluster time series plots showing the number of clusters versus the simulation time (in ps) for the WT model 

(A) and N242I model (B). Each cluster is represented by a specific colour and a collection of lines where each 

line in the cluster denotes a structure from the trajectory. Clusters are ordered from most (1) to least (20) 

populated.  

The examination of all the conformational states displayed by N242I and WT further 

provided evidence for the increased flexibility of the N242I model. As seen in Figure 4.19A 

and B, the examination of the different WT clusters suggested that the model did not deviate 

much from its initial structure. Whereas, in contrast, for N242I, each cluster showed local 
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deviation from the initial structure specifically in the αL2 helix-loop-αL3 helix region of the 

lid domain and the N-terminal end of the protein (Figure 4.19C and D). The two loops, A and 

M, which were initially thought to be more flexible in N242I, showed a similar extent of 

movements in both the models, although their movements during the simulations are of a 

similar nature to those hypothesised earlier from our structural analysis (that is outwards 

movement for the A loop and sideways movement for the M loop; see Section 4.2.4.1 for 

more detail and Figure 4.19). 

The simulation results indicate that N242I is more flexible than WT, although by a small 

degree and that the αL2 helix-loop-αL3 helix region of the lid domain and the N-terminal 

end have a higher degree of flexibility in the mutated protein. By contrast, the two loops (A 

and M) showed similar flexibility in both the WT and the N242I simulations. Further 

evidence pertaining to the observed flexibility of these specific regions was obtained from 

the results of the RMSF analysis, which showed that the residues comprising the αL2 helix-

loop-αL3 helix region of the lid domain (residues 162-173; Figure 4.20A, B and F) and the 

N-terminal domain (residues 3-12; Figure 4.20A, B and C) had movements of greater 

amplitude in the N242I simulation than in WT. The residues comprising the loop A and M, 

however, showed no particular difference in their overall fluctuation (Figure 4.20G and H). 

In addition, a few other residues of the N242I protein also displayed more movement in 

comparison to the WT protein. These included those residues forming the C-terminal end of 

the protein (residues 257-263) and some from the α/β hydrolase core domain (residues 53 to 

56 and 232 to 235; Figure 4.20). 

 

 



121 

 

 

Figure 4.19: Examination of all the middle structures of WT and N242I in PyMOL 

A) Middle structures (shown in different colours) from all 15 clusters of WT showing the overall structural 

deviation during the simulation. B) Middle structures from the 1st, 4th and 15th cluster of WT (shown in green, 

cyan and magenta, respectively), which represent the cluster that are most, moderately and least populated, 

respectively, showing how the most stable conformation (cluster 1) differs from the less stable conformation 

(cluster 4 and 15). C) Middle structures (shown in different colours) from all 20 clusters of N242I showing the 

overall structural deviation during the simulation. D) Middle structures from the 1st, 4th and 20th cluster of N242I 

(shown in green, cyan and magenta, respectively), which represent the cluster that are most, moderately and 

least populated, respectively, showing how the most stable conformation (cluster 1) differs from the less stable 

conformation (cluster 4 and 20). The αL2-loop-αL3 helix region of the lid domain (shown in the white box) and 

the N-terminal end of the protein (shown in the yellow box) shows the maximum deviation throughout the 

simulation in the N242I model. 
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Figure 4.20: RMSF analyses from the WT and N242I simulations 

A) Regions in the N242I protein that show maximum fluctuation in their residues in the RMSF analysis in 

comparison to WT. The αL2 helix-loop-αL3 helix region of the lid domain is shown in red, the N-terminal end 

in blue, C-terminal end in light blue and the regions in the α/β hydrolase core domain are shown in orange. B) 

RMSF plot for all residues of WT (cyan) and N242I (violet) during MD simulation. C) to H) RMSF of residues 

comprising the N-terminus, C-terminus, α/β hydrolase core domain, lid domain, loop A and loop M, 

respectively.  
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The gained flexibility of the αL2 helix-loop-αL3 helix region of the lid domain was thought 

to be somewhat related to the N242I mutation as the M loop, which contains the mutation, is 

situated immediately below this region (Figure 4.21C). The αL2 helix-loop-αL3 helix region 

of the lid domain plays an important role in the SL-dependent interaction between the 

receptor and the SCF complex as it forms a part of the interaction surface where the D3 

protein has been shown to bind to the AtD14 receptor ((Yao et al., 2016); see Figure 4.21A 

and B)). 

 

Figure 4.21: Location of the αL2 helix-loop- αL3 helix and the M loop 

A) The AtD14-D3-ASK-1 complex (sourced from PDB, PDB ID: 5HZG; (Yao et al., 2016)) showing the 

location of the αL2 helix-loop-αL3 helix region of the lid domain (red), interaction surface for D3 binding 

(orange) and the M loop (green). B) Zoomed image of the interaction surface formed between the AtD14 

receptor (blue) and the D3 (magenta) protein where the αL2 helix-loop-αL3 helix region of the lid domain (red) 

is part of the interaction surface. C) The location of the M loop (magenta), the N242I mutation (green) and the 

αL2 helix-loop-αL3 helix region (red) in the N242I structure.  

Based on the role played by the αL2 helix-loop-αL3 helix region in the receptor-SCF 

complex, it is possible that the flexibility of this region is what allows DAD2-N242I to 

interact with PhMAX2A, independently of SL. The slight flexibility of this region probably 

exposes important residues of the interaction surface, such as E173 and R177 (see chapter 1, 

Section 1.5.2 for key interaction residues), that would allow PhMAX2A to interact with the 

receptor. The flexibility observed in the other regions, however, were perplexing as these 
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regions are quite far away from the mutation site and are not directly involved in the receptor-

SCF complex interaction. It was therefore proposed that the mutation might also have a more 

global effect on the mutant receptor structure, allowing such regions of the protein to gain 

some more flexibility.  

All in all, the results for the WT and N242I models from MD simulation indicate that in the 

dynamic state, the mutant receptor displays more flexibility than the WT receptor. 

Furthermore, the most flexible region of the mutant receptor structure, that probably allows 

the hormone-independent interaction between the N242I receptor and PhMAX2A protein, is 

the αL2 helix-loop-αL3 helix region of the lid domain and not the two loops (A and M) as 

postulated by us previously. The flexibility of the αL2 helix-loop-αL3 helix region is likely 

to be a direct effect of the mutation as this region is located immediately above the M loop 

which carries the N242I mutation. Moreover, in addition to a direct effect, the N242I 

mutation is also likely to have a more global effect on the mutant protein structure, as some 

regions that are located more distantly from the mutation site also showed enhanced 

flexibility over WT.  

4.3 Chapter conclusion  

Overall, the results presented in this chapter, together with the results for thermal stability, 

hydrolytic activity and protein-protein interactions of DAD2-N242I (Lee, 2019), provide an 

understanding on how a single mutation is sufficient to enable the SL receptor to interact 

with the F-box protein, PhMAX2A, independently of SL hydrolysis. In the case of the 

DAD2-N242I mutant, the mutation not only triggers an enhanced flexibility in the αL2 helix-

loop-αL3 helix region of the lid domain, but also seems to have a more global effect on the 

overall protein dynamics, affecting other regions of the protein structure that are situated far 

away from the actual site of the mutation. It would next be beneficial to crystallise this mutant 

receptor in complex with the PhMAX2A protein, in the absence of SL, to learn how the 

gained flexibility, specifically in the αL2 helix-loop-αL3 helix region of the lid domain and 

the other regions, facilitates the binding of the F-box protein onto the mutant receptor, 

without the presence of SL. Attempts were made to express the PhMAX2A protein to obtain 

a sufficient amount of protein that could be used for crystallisation trials, the results for which 

are described in Chapter 6.  
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5 Structural analysis of the DAD2-D166A mutant 

5.1 Introduction  

Following from the previous chapter, in this chapter, the structure of the other mutant of 

DAD2, referred hereafter as DAD2-D166A, was examined. This mutant, like the DAD2-

N242I mutant, was selected for crystallisation as it displays altered protein-protein 

interactions while retaining WT-like hydrolytic activity. As described previously, the motive 

behind the structural examination of these mutants was to gain insight into how the hydrolytic 

activity of the receptor and the protein-protein interaction abilities contribute to the formation 

of the receptor-SCF complex. In addition, as this mutant carries a mutation in a residue that 

is conserved across the different SL receptor orthologues, the examination of its structure 

was thought to provide valuable information on the receptor function which could be 

applicable to SL receptors from other species. A brief description of this mutant and its 

unique characteristics are provided in the following sub-section.  

5.1.1 Characteristics of the DAD2-D166A mutant  

The DAD2-D166A mutant was created by Dr Bart Janssen, from this laboratory, using site-

directed mutagenesis. This residue was specifically targeted for mutagenesis for two reasons, 

first, because the D166 residue is highly conserved amongst the different orthologues of 

DAD2 (Figure 5.1), and second, because of its location within the lid domain, where this 

residue is not directly interacting with the α/β hydrolase core domain (Figure 5.2) and may 

potentially be involved in the receptor-SCF interaction.  

The mutant was screened like the DAD2-N242I mutant for its protein-protein interaction, 

hydrolytic activity and thermal stability, which were also performed by Bart Janssen. The 

following paragraph summarises the key findings from his work to provide background for 

the structural work on DAD2-D166A mutant conducted here.  

The D166A mutation is in the lid domain of the protein within the loop (referred hereafter as 

the D loop) that connects the αL2 lid helix to the αL3 lid helix. At this position, the negatively 

charged aspartic acid residue has been replaced by a hydrophobic alanine residue (Figure 5.2 

A). As a result of this mutation, this mutant shows severely reduced interaction with 

PhMAX2A in the presence of SL while retaining its WT-like, SL-dependent interaction with 

PhD53A. The mutation, however, does not affect the hydrolytic activity of DAD2, which is 

similar to the WT receptor (Figure 5.3). In terms of thermal stability, the DAD2-D166A 

mutant has a melting temperature similar to WT in the absence SL, however, in the presence 

of SL, this mutant exhibits a lower melting temperature than WT, suggesting it is slightly 
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more destabilised than the WT protein in the presence of SL (Figure 5.3; also see Figure 4.4 

in Chapter 4 for WT thermal stability).  

 

Figure 5.1: Partial sequence alignment of proteins related to DAD2 

Partial protein sequence alignment of DAD2/D14 clade (1-5), HTL/KAI2 clade (6-9) and DAD2-like clade (10-

11) from different plant species depicting the conserved D166 residue (shown by the violet box). 1) Petunia 

hybrida (DAD2), 2) Arabidopsis thaliana (ATD14), 3) Oryza sativa (OsD14), 4) Pisum sativum (RMS3), 5) 

Striga hermonthica (ShD14), 6) Arabidopsis thaliana (HTL/KAI2), 7) Oryza sativa (HTL/KAI2), 8) Petunia 

axillaris (HTL/KAI2), 9) Vitis vinifera (HTL/KAI2), 10) Arabidopsis thaliana (DAD2-like) and 11) Oryza 

sativa (DAD2-like). The protein sequences for specific proteins can be found using the gene ID mentioned after 

the species name on the left side of the figure. The protein sequences for Petunia axillaris (HTL/KAI2; 8) can 

be found in Appendix 8.8. For alignment tree refer to supplementary data from Hamiaux et al. (2018). 

 

 
 

Figure 5.2: Structure of the WT-DAD2 receptor showing the location of the mutation in the DAD2-

D166A mutant 

A) The WT-DAD2 structure (PDB ID: 4DNP; (Hamiaux et al., 2012)) showing the location for the mutated 

residue, D166 (shown in stick representation in blue colour), for the DAD2-D166A mutant. The residue is 

situated within the loop (referred here as D loop and shown in magenta) that connects the αL2 lid helix to the 

αL3 lid helix. B) Residues A162 and E173 (shown in stick representation and coloured by atom type (green for 

carbon, red for oxygen and blue for nitrogen)) of the αL2 and αL3 helices interacting with H246 and R36 of the 

α/β hydrolase core through hydrogen bonds (H-bonds; shown as black dotted lines). The residues comprising 

the D loop do not interact with the α/β hydrolase core domain. 
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Figure 5.3: Protein-protein interactions, hydrolytic activity and thermal stability of DAD2-D166A 

A) The interaction between DAD2-D166A and PhMAX2A in the presence and absence of GR24 using the yeast 

two-hybrid β-galactosidase assay. B) The interaction between DAD2-D166A and PhD53A, determined in the 

presence and absence of GR24 using the yeast two-hybrid β-galactosidase assay. C) The hydrolytic activity 

displayed by DAD2-D166A and DAD2. D) The melting curve (top) and second derivatives (bottom) for DAD2-

D166A. Thermal stability was tested in the presence and absence of GR24 via the DSF assay. The dotted lines 

depict the melting temperature (Tm) exhibited DAD2-D166A. This figure has been generated using the data 

generated by Janssen (2017).  

 

Based on these findings, the DAD2-D166A was selected for crystallographic analysis to 

determine how the mutation only affected the interaction with PhMAX2A, while maintaining 

its ability to interact with PhD53A and having similar hydrolytic activity to the WT receptor.  
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5.2 Results and discussion 

5.2.1 Purification of DAD2-D166A protein 

The DAD2-D166A mutant was purified by Bart Janssen up to the second round of nickel 

affinity chromatography and then stored at -80ºC. As part of this study, prior to crystallisation 

trials, the frozen protein was thawed and applied to SEC to exchange the buffer of the protein 

(to 20 mM Tris-HCl pH 8 and 150 mM NaCl) and to remove any aggregated protein that 

might be present in the sample. As seen in Figure 5.4, the sample contained a small amount 

of aggregated protein, which eluted first off the column. The cleaved protein was a 

homogenous solution, which was evident from a single, uniform peak observed on the 

purification chromatogram (Figure 5.4). Further, SDS-PAGE analysis of one of the fractions 

from this peak showed that the cleaved protein was of high purity (data not shown). This 

protein sample was therefore considered suitable for use in crystallisation experiments.  

            

Figure 5.4: Chromatogram for DAD2-D166A protein purification using SEC 

The chromatogram for the DAD2-D166A protein purification using SEC, showing the presence of aggregated 

protein and cleaved DAD2-D166A protein within the sample.  

5.2.2 Crystallisation of the DAD2-D166A mutant 

Crystallisation experiments were performed as described in Chapter 2, Section 2.20. The 

initial screens were performed using the commercially available screens from Molecular 

Dimensions, USA (for method see Section 2.20, Chapter 2). In these early screens, DAD2-

D166A formed crystals in several conditions of the Morpheus screen (A1, A8, A9, A12, D8, 

F8 and H8; drop consisting of 1 µL of 5 mg/mL protein + 1 µL of reservoir solution). Of 

those, condition A9, comprising 0.1 M Trizma-bicine buffer pH 8.5, 0.06 M divalents 

(mixture of 0.03 M magnesium chloride (MgCl2) and 0.03 M calcium chloride (CaCl2)) and 

30% v/v PEG 550 MME*-PEG20000 precipitant mix 1 (comprising of 20% PEG 550 MME 

and 10% PEG20000), formed promising initial mono-crystals (Figure 5.5). 

 *Molecular Dimensions used PEG 500 MME instead of PEG 550 MME. 
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Figure 5.5: Crystals of DAD2-D166A protein obtained in different conditions of the Morpheus screen 

from Molecular Dimensions 

A) The needle-like crystals obtained in the A5 condition of the screen (0.1 M buffer 2 pH 7.5, 0.06 M divalents 

(mixture of 0.03 M magnesium chloride and 0.03 M calcium chloride), 30% v/v PEG 550 MME-PEG 20000 

precipitant mix 1 (comprising of 20% PEG550 MME and 10% PEG 20000). B) The needle clusters obtained in 

condition A8 of the screen (0.1 M buffer 2 pH 7.5, 0.06 M divalents (mixture of 0.03 M magnesium chloride 

and 0.03 M calcium chloride) and 37.50% v/v MPD-PEG1000-PEG3350 precipitant mix 4). C) The amorphous 

looking crystals obtained in condition A9 of the screen (0.1 M buffer 3 pH 8.5, 0.06 M divalents (mixture of 

0.03 M magnesium chloride and 0.03 M calcium chloride) and 30% v/v PEG550 MME-PEG 20000 precipitant 

mix 1). D) Multi-layered crystals of DAD2-D166A used for data collection.  

The A9 condition was further refined to obtain crystals suitable for data collection. In the 

refined screens, various concentrations of protein (5, 6 and 7.36 mg/mL) and PEG 500 MME-

PEG 20000 precipitant mix percentage (12% PEG MME 500 and 6% PEG 20000), 14% PEG 

MME 500 and 7% PEG 20000, 16% PEG 500 MME and 8% PEG 20000, 18% PEG MME 

500 and 9% PEG 20000, 20% PEG MME 500 and 10% PEG 20000 and 22% PEG 500 MME 

and 11% PEG 20000) were tested. The drop was setup using 1 µL each of respective protein 

solution and the reservoir solution. Further, because of unavailability of Trizma base, the 

buffer used for these screen was made by mixing Trizma-acetate and Bicine reagents. In the 

refined screen, crystals were obtained for all the three protein concentrations in 0.1 M 

Trizma-acetate-bicine buffer pH 8.5, 0.06 M divalents (mixture of 0.03 M magnesium 

chloride and 0.03 M calcium chloride) with different percentage of the precipitant mix (18% 

PEG 500 MME and 9% PEG 20000, 20% PEG MME 500 and 10% PEG 20000, and 22% 

PEG 500 MME and 11% PEG 20000). The crystals were small in size (~60 µm) and appeared 

to be uneven or multi-layered (Figure 5.5D). Nonetheless, a few of these crystals were 

selected for the collection of diffraction data.  
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5.2.3 Data collection and processing 

The diffraction data for the DAD2-D166A crystals were collected at the Australian 

synchrotron, on the MX1 beamline as described in Section 2.22 in Chapter 2. The images 

were collected on a Quantum 210r (ADSC) detector for every 1º rotation, from 0º to 360º, 

along an axis perpendicular to the X-ray beam (Figure 5.6).  

 

                  Figure 5.6: Diffraction image of a DAD2-D166A crystal 

The diffraction images obtained for the DAD2-D166A crystal on the ADSC detector. 

 

Indexing and data integration were performed in iMosflm as described in Section 2.23.1 of 

Chapter 2. The generated .mtz coordinate file was then processed similar to the DAD2-N242I 

datasets (See Section 2.23, Chapter 2). The statistics monitored during these steps included 

mean I/σ (I), CC½, completeness and multiplicity (depicted later in Table 5.2). The high 

resolution cut-off was selected based on the values of CC½ and of mean I/σ (I) (CC½ > 0.7 

and mean I/ σ (I) > 1.6). The cubic crystal form was resolved to a resolution of 1.52 Å. Phases 

for the structure factors were obtained by MR using the crystal structure of WT-DAD2 (PDB 

ID: 4DNP; (Hamiaux et al., 2012)) as a model in PHASER (see Section 2.23.2 of Chapter 2). 

PHASER generated a MR solution (i.e. the initial model) for each of the datasets comprising 

two molecules of the mutant protein per ASU. The MR solution qualities were judged by the 

LLG and TFZ scores, both of which were high (13255.6 and 86, respectively), suggesting 

that the given solution was correct. The models generated by PHASER were then refined 

using RFMAC. After 10 cycles of restrained refinement, initial drops in the R-factor/Rfree 

values were observed (Table 5.1). 

Table 5.1: R-factor and Rfree values for the initial DAD2-D166A model after the first round of 

refinement 

Dataset 

R-factor 

before 

refinement 

R-factor 

after the first 

round of 

refinement 

Rfree 

before 

refinement 

Rfree 

after the first 

round of 

refinement 

DAD2-D166A 33.58% 24.74% 33.22% 27.19% 
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The model was further refined by successive rounds of refinements using COOT/REFMAC 

until acceptable geometry and convergence were achieved. Table 5.2, summarises the data 

collection and refinement statistics for the DAD2-D166A dataset. The final crystal structure 

was submitted to PDB database (see Appendix 8.9 for validation report). 

Table 5.2: Data collection and refinement statistics for the DAD2-D166A crystal. Values in parenthesis 

belong to the last resolution shell. 
  

 DAD2-D166A 

Space group P1 

Cell parameters  

  

a (Å) 36.69 

b (Å) 56.53 

c (Å) 68.04 

α (ᵒ) 94.47 

β (ᵒ) 94.67 

γ (ᵒ) 108.83 

Data collection  

Wavelength (Å) 0.953 

Number of images 360 

Oscillation angle (ᵒ) 1 

Detector distance (mm) 100 

Mosaicity (ᵒ) 0.81 

Mathews Coefficient (Å3 Da-1) 2.08 

Number of molecules per ASU 2 

Solvent (%) 40.48 

Total reflections 291626 

Unique reflections 75017 

Resolution range (Å) 
30.21-1.52 

(1.55-1.52) 

Rmerge 0.089 (0.66) 

CC1/2 0.997 (0.72) 

I / σ (I) 7.8 (1.6) 

Completeness (%) 91.6 (91.6) 

Multiplicity 3.9 (3.9) 

Bwilson  (Å2) 9.8 

Refinement  

Resolution (Å) 1.52 

Reflections 74863 

Total number of atoms 4938 

TLS group 
2 (one per 

monomer) 

Rwork/ Rfree 
17.1/ 19.9 

 (26.1/ 27.3) 

R.M.S.D bond (Å) 0.0092 

R.M.S.D angle (ᵒ) 1.5128 

Average B factors (Å2; all atoms) 19.9 

Ramachandran statistics (%)  

Residues in favour region 98.5 

Residues in allowed region 1.5 

Residues in outlier region 0 
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5.2.4 Examination of the DAD2-D166A crystal structure 

The DAD2-D166A crystal structure was refined to a resolution of 1.52 Å with P1 crystal 

symmetry (see Table 5.2 for statistics). The crystal structure was comprised of two molecules 

of the mutant protein (termed here as A and B) in the ASU (Figure 5.7). Additional electron 

density corresponding to a PEG molecule, which was a component of the crystallisation 

condition, was also detected within the cavity of one of the molecules of the ASU (molecule 

A, Figure 5.7). Each molecule of the ASU forms crystal contacts with eight other symmetry-

related molecules, giving rise to the triclinic unit cell (Figure 5.8).  

Both the DAD2-D166A molecules depict the canonical WT-like structure with an α/β 

hydrolase core domain and an open lid domain, which is connected to the core domain via a 

short β hairpin (Hamiaux et al., 2012). The mutated alanine residue, at position 166, is 

exposed to the solvent in both molecules of the ASU (see Figure 5.9C and D). Electron 

density around the mutated residue was well defined in molecule A (Figure 5.9A). Whereas, 

in molecule B, the electron density was incomplete for that residue as well as for the 

neighbouring G164 and A165 residues, suggesting that this exposed loop is partially 

disordered (Figure 5.9B). Further, no change was noticed in the positions of the catalytic 

residues compared with the WT protein. This was not unexpected given that the mutant 

receptor displays WT hydrolytic activity (See Section 5.1.1 for details and Figure 5.10). 

 

Figure 5.7: Crystal structure of DAD2-D166A 

The two molecules of the DAD2-D166A protein (A and B) packed within a single ASU of the crystal. Molecule 

A is shown in magenta and molecule B in cyan. The PEG molecule is shown in stick representation in green 

colour. 
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Figure 5.8: Crystal packing of DAD2-D166A 

A) The triclinic unit cell (green box) of the DAD2-D166A crystal, showing the resolved ASU with two 

molecules, A (magenta) and B (cyan) of the DAD2-D166A protein. B) The symmetry related molecules (shown 

in cartoon representation in different colours) along with the two DAD2-D166A protein molecules of the ASU 

(shown in surface representation in white colour). C) The arrangement of the eight different symmetry related 

molecules (numbered 1-8 and shown in cartoon representation in different colours) around molecule B of the 

DAD2-D166A protein (shown in surface representation in white colour). Each molecule of the ASU makes 

crystal contacts with eight other symmetry related molecules to form the triclinic unit cell.  
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Figure 5.9: Location of the D166A residue in molecule A and B of DAD2-D166A crystal structure 

A) and B) The final sigma A-weighted electron density map contoured at 1 σ, represented as cyan mesh, around 

the alanine residue of molecule A and B, respectively, as observed in COOT during model building. C) and D) 

The location of the D166A residue (shown in stick representation in white colour) within molecule A (magenta 

in figure C) and molecule B (cyan in figure D), respectively, along with other symmetry related molecules 

(shown in different colours in the two figures). In both molecules, D166A residue is exposed to the solvent.  

 

 
 

Figure 5.10: Catalytic residues of DAD2-D166A molecule A and molecule B compared with that of WT 

A) The catalytic residues of molecule A of DAD2-D166A (shown in stick representation in magenta colour) 

and WT (shown in stick representation in cyan colour). B) The catalytic residues of molecule B of DAD2-

D166A (shown in stick representation in green colour) and WT.  

 

In the initial inspection of the DAD2-D166A structure, the mutant protein displayed a 

structure very similar to the WT receptor, with no evidence of conformational change. 

Therefore, a more detailed comparison with the WT structure was performed to identify any 

small changes that may exist between the two protein structures. This comparison was 
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performed in a similar manner as that conducted previously for DAD2-N242I, where the 

structure of each molecule of the ASU was aligned against that of the WT (PDB ID: 4DNP; 

Hamiaux et al., 2012) using the GESAMT algorithm in the Superpose program from the 

CCP4 suite (Krissinel & Henrick, 2004). The examination of the aligned structures in 

PyMOL (Schrodinger, 2015) showed overall that the WT and the mutant protein structures 

are extremely similar, with only minor differences being observed in the αL1 helix, αL3 helix 

and the D loop of the lid domain of the mutant protein molecules in comparison to those of 

WT (Figure 5.11).  

 
 

Figure 5.11: Structural comparison of the two molecules of DAD2-D166A protein with WT-DAD2 

protein 

A) The structural comparison of molecule A (shown in magenta) with WT-DAD2 (shown in blue) and B) The 

structural comparison of molecule B (shown in cyan) with WT-DAD2. The structure of WT-DAD2 was 

obtained from the PBD database (PDB ID: 4DNP; (Hamiaux et al., 2012)).  

 

Based on the structural examination of the mutant receptor and in the absence of obvious 

structural differences that could have been triggered by the mutation, it was difficult to 

explain how the D166A mutation causes the receptor to show reduced interaction with the 

PhMAX2A protein in the presence of SL. To gain an understanding of the possible role of 

the D166A mutation, we next examined the location of this residue in the orthologous protein 

AtD14 that has been crystallised both in the unbound (open) state (Zhao et al., 2013) and in 

the D3-bound (closed) state (Yao et al., 2016).  

In the open state, the D166 residue is located within the D loop that connects the αL2 helix 

and αL3 helix of the lid domain, while in the closed state, this residue becomes a part of the 

newly formed extended coil (see Figure 5.12A). Superposition of the AtD14 structures in the 

open and closed states shows that the position of D166 (D167 in AtD14) moves by 
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approximately 19 Å during the observed conformational change (Figure 5.12B). Further, it 

goes from being completely exposed, in the open state, to being completely buried in the 

closed state (Figure 5.12A), where its side chain forms two H-bonds with the main chain 

atoms of the following valine residue (Figure 5.12C). 

 
 

Figure 5.12: Location of the D167 residue in the open and closed conformation of AtD14 receptor 

A) The open (shown in surface and cartoon representation in blue) and closed conformation (shown in surface 

and cartoon representation in magenta) of the AtD14 receptor. In the two conformations, the D167 residue 

(shown in red) goes from being exposed, in the open conformation, to being completely buried in the closed 

conformation. The D loop is shown in green. Its new formed αL2 coil in the closed conformation is shown in 

yellow. The open conformation is depicted by the apo AtD14 structure sourced from PDB (PDB ID: 4IH4 (Zhao 

et al., 2013)) and the closed conformation is represented by the AtD14 structure from the AtD14-D3-ASK1 

complex, sourced from PDB (PDB ID: 5HZG; (Yao et al., 2016)). B) The displacement of the D167 residue, 

which moves by approximately 19 Å from the open (blue) to the closed (magenta) conformation of the receptor. 

C) The D167 residue forms two H-bonds (shown as black dash lines) with the backbone atom of the adjacent 

valine residue, V168.  

 

The D166 residue, thus directly contributes to the conformational change observed between 

the open and the closed state of the receptor. Conversely, although D166 is located within 

the major interaction surface where the F-box protein has been reported to bind the receptor 

(Yao et al., 2016), it’s now buried side chain makes no direct interaction with the recruited 

F-box protein (Figure 5.13). Sequence alignments (see Figure 5.14) and 3D modelling of 

DAD2 in the closed form show that the large majority of the residues undergoing a 

conformational change and forming the receptor/F-box interface are strictly conserved 

amongst the different receptor orthologues. 
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Figure 5.13: Interaction between the AtD14 receptor and the rice F-box protein, D3 

The residues involved in the AtD14-D3 interaction shown in stick representation in orange, the major interaction 

interface (yellow), formed on the AtD14 receptor (magenta) and the D3 protein in cyan. The D167 residue 

(shown in stick representation in red) and other residues of the D loop (shown in green) are not directly involved 

in the AtD14-D3 interaction but form a part of the interaction surface. The figure was created using the crystal 

structure of the AtD14-D3-ASK1 complex, sourced from PDB (PDB ID: 5HZG; (Yao et al., 2016)). 

 

 
 

Figure 5.14: Residues of the SL receptor involved in interaction with the F-box protein are conserved 

amongst different orthologues 

Alignment of AtD14, DAD2, OsD14 and RMS3 protein sequences to show the conserved residues that is 

involved in the receptor-F-box interaction (shown by the blue box). The D loop residues are shown by the 

orange line with the D166 residue indicated by the black arrow. The interacting residues of the receptor are 

those that were reported in the recently published study by Yao et al. (2016). The alignment was generated 

using Geneious version 10.2.5. 

 

Altogether, this suggests that the D166A mutation impairs the conformational change 

required for the interaction with PhMAX2A, likely by preventing the receptor to attain the 

closed conformation. The replacement of D166 residue with an Ala probably prevents key 

electrostatic interactions that enable the receptor to adopt the closed conformation in which 

it can interact with the F-box protein. The interaction with PhD53A, on the other hand, seems 

to be unaffected in the mutant receptor, which suggests that the interaction surface used by 
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PhD53A to bind the receptor might be located elsewhere on the protein and that it is not 

affected by the presence of the mutation and/or by the conformational change required for 

PhMAX2A interaction. Other authors also suggest that the D53 protein likely binds 

elsewhere on the receptor, possibly on the loop that gets disordered in the AtD14 receptor 

when in complex with the SCF complex (Yao et al., 2016; Seto et al., 2019). However, as the 

exact surface for the PhD53A binding has not yet been discovered, it could not be predicted 

where this interaction partner might bind the receptor and whether the interaction would 

remain unaffected by the presence of the mutation.  

5.3 Chapter conclusion 

The examination of the DAD2-D166A crystal structure revealed that the mutation did not 

have any structural effects on the mutant protein in its open form, as it depicted a structure 

similar to WT. Consequently, it was difficult to explain why this mutant receptor shows a 

severely reduced interaction with PhMAX2A in the presence of SL. Based on the 

examination of the AtD14 structure in the open (Zhao et al., 2013) and closed states (Yao et 

al., 2016), it appears that the D166 residue is buried in the closed state of the receptor, 

suggesting it is not directly involved in the interaction with the D3 protein (see Figure 5.13). 

Rather, this residue likely plays a structural role in the conformational change of the receptor 

leading to the formation of the interaction surface used by the D3 protein to bind the receptor. 

The introduction of the alanine mutation at that position may therefore perturb or prevent the 

conformational change leading to the closed state. Moreover, the WT-like interaction of the 

mutant receptor with PhD53A suggests that the mutation likely did not affect the interaction 

surface used by this protein to bind the receptor or alternatively, did not affect the ability of 

the receptor to form a conformation that allows this interaction to occur. Because of a lack 

of knowledge of where and how the D53 protein binds the receptor, it was difficult to suggest 

how this mutant receptor is still capable of interacting with PhD53A in the presence of SL. 

To learn about the potential interaction surface for PhD53A binding, attempts were made to 

express and purify this protein in sufficient quantities to crystallise it in complex with the 

mutant receptor. Results for these trials are described in Chapter 6.  
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6 Expression, purification and crystallisation of PhMAX2A-PSK3 complex and 

PhD53A protein 

6.1 Introduction 

This chapter describes the results for the expression and purification of petunia’s F-box 

protein, PhMAX2A and petunia’s SL repressor, PhD53A. The aim of this work was to obtain 

sufficient quantities of these proteins to perform crystallisation experiments that would 

enable us to obtain the crystal structures of these proteins, individually or in complex with 

DAD2 or its mutants, DAD2-N242I and DAD2-D166A.  

As described in Chapter 1, the F-box protein MAX2 and its orthologues are proposed to 

function as part of the SCF E3 ubiquitin ligase complex that recruits and polyubiquitinates 

target proteins for the SL signalling pathway and assist in their proteolytic degradation via 

the 26S proteasome. Petunia encodes two F-box proteins, PhMAX2A and PhMAX2B both 

of which are thought to function as subunits of the SCF E3 ligase complex based on their 

reported interaction with the petunia Skp1 orthologue, PSK3 (Drummond et al., 2012). 

However, of the two F-box proteins, only PhMAX2A showed a strong interaction with 

DAD2 in the presence of GR24 as judged by yeast two-hybrid experiments (Hamiaux et al., 

2012), suggesting that in petunia, SL signalling is mediated by the SCFPhMAX2A complex. 

Similar to the F-box proteins, petunia also encodes two copies of the SL repressor, PhD53A 

and PhD53B. Of these two, PhD53A has been shown to interact with DAD2 in the presence 

of SL, suggesting that PhD53A is involved in the SL signalling pathway (Hamiaux et al., 

2018). Therefore, expression and purification trials were only performed for PhMAX2A and 

PhD53A.  

6.1.1 Strategies for stable expression of these proteins 

The expression of these proteins is known to be quite challenging and therefore obtaining 

sufficient quantities of these proteins for performing crystallisation experiments can be 

difficult. The F-box proteins are observed to be quite unstable without their associated 

proteins from the SCF E3 ligase complex. The D53 protein is a large multi-domain protein, 

making its expression and subsequent purification quite challenging. To overcome these 

challenges, several strategies were adopted in order to obtain sufficient amounts of the two 

proteins for crystallisation experiments.  

Co-expression with Skp1 protein orthologues has been shown to help in stable expression of 

F-box proteins such as TIR1, COI1 and D3 (Tan et al., 2007; Sheard et al., 2010; Yao et al., 

2016; Li et al., 2017), suggesting the Skp1 proteins help to stabilise the F-box proteins and 

allow their heterologous expression without the requirement for the presence of the other 
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protein partners from the SCF complex, such as Cullin and the RING finger protein. 

Expression trials of PhMAX2A were, therefore, performed both in the presence and absence 

of the petunia Skp1 orthologue, PSK3. In addition, PhMAX2A was expressed as a fusion 

protein with various cleavable N-terminal expression tags, such as His6-MBP, His6-GST and 

His6-SUMO. Expression tags are known to increase the solubility of proteins in a 

heterologous expression system and also aid in the proper folding of proteins (reviewed in 

(Esposito & Chatterjee, 2006; Paraskevopoulou & Falcone, 2018). Lastly, the PhMAX2A 

fusion proteins were expressed in several heterologous systems such as E. coli, yeast, insect 

cells and plants, to find the best system for expressing this protein in large quantities. Among 

these, the insect cell systems have been previously used for successful expression of TIR1, 

COI1 and D3 proteins (Tan et al., 2007; Sheard et al., 2010; Yao et al., 2016; Li et al., 2017). 

However, this system is quite challenging to work with because of the requirement for 

producing high titre baculovirus carrying genes encoding the target proteins and the 

dependence of having a successful infection of cells for expression of proteins. Therefore, 

other simpler systems such as E.coli and yeast were also tried. In the plant expression system 

where PhMAX2A was transiently expressed in N. benthamiana leaves, expression was 

performed without PSK3 as endogenous Skp1 orthologous protein was anticipated to be 

present in plants. Similarly to PhMAX2A, the PhD53A protein was expressed as a fusion 

protein with different cleavable tags (N-terminal His6-MBP and His6-SUMO and C-terminal 

His8-GFP). However, because of time limitations, expression trials for these constructs were 

only performed in the bacterial heterologous system.  
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6.2 Results and discussion 

6.2.1 Expression and purification of bacterial optimised His6-PhMAX2A from E. coli 

The PhMAX2A gene was codon optimised for expression in E. coli and this codon optimised 

version was tested for expression. PhMAX2A was expressed as a fusion protein carrying an 

N-terminal His6 tag in E. coli RG2 cells (see Section 2.18.1 of Chapter 2 for method) on its 

own, without the co-expression of PSK3 protein. SDS-PAGE analyses of the pre and post-

induction expression samples suggested that PhMAX2A was either not expressed at all or 

was poorly expressed in E. coli, as only a few faint bands were observed on the protein gel 

around the expected mass of the fusion protein (~80 kDa; Figure 6.1A). The crude lysate was 

purified by nickel affinity chromatography (see Section 2.19.1.2.1 of Chapter 2 for method), 

and SDS-PAGE showed an 80 kDa band in the elution fractions (Figure 6.1B, Elution 1 and 

2). These fractions were further purified using AEX and SEC (see Sections 2.19.1.3 and 

2.19.1.6 for methods; Figure 6.1C and D). The SEC fractions that contained the 80 kDa 

protein (lane 4 and 5) were then collected, concentrated and were further tested by western 

blot analysis to confirm if the isolated protein was His6-PhMAX2A.  

The western blot analysis was performed using an anti-His6 mouse IgG monoclonal primary 

antibody and two His-tagged proteins, His-TO1 (35 kDa in mass; P1 in Figure 6.1) and His-

SUMO-D14 (45 kDa in mass; P2 in Figure 6.1), as positive controls (see Section 2.10.7 of 

Chapter 2 for method). As seen in Figure 6.1F, the isolated 80 kDa protein was not detected 

by anti-His antibody (lane S1 and S2) on the western blot while the two positive controls 

were detected (P1 and P2). This suggested that the 80 kDa protein was a non-His tagged E. 

coli protein and not the His6-PhMAX2A fusion protein. Based on these results and the results 

of previous expression trials, it was concluded that PhMAX2A was not expressed in E. coli 

at detectable levels. Therefore, other heterologous systems were explored for expression of 

this protein. 
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Figure 6.1: Expression and purification of His6-PhMAX2A from Escherichia. coli 

A) SDS-PAGE electrophoretic analysis of expression samples (pre and post-induction). B) SDS-PAGE 

electrophoretic analysis of fractions collected after Ni2+ affinity chromatography showing the presence of 80 

kDa band in the elution fractions. C) SDS-PAGE electrophoretic analysis of fractions collected after the anion 

exchange chromatography. D) SDS-PAGE electrophoretic analysis of fractions collected after SEC showing 

purified 80 kDa band. E) SDS-PAGE electrophoretic analysis of SEC samples prior to transfer to PVDF 

membrane. F) Western blot analysis of the SEC samples, performed using anti-His6 mouse IgG monoclonal 

antibody (Roche) and Goat anti-mouse IgG (fab-specific) alkaline phosphatase antibody. The blot was stained 

with NBT/BICP substrate (Invitrogen). L: NovexTM sharp pre-stained protein standard (260-3.5 kDa; 

Invitrogen), P: pellet, C: crude, FT: Flow-through, S: sample applied to chromatographic column, SC: 

concentrated sample, S1: sample 4 from SEC; S2: sample 5 from SEC, P1: positive control 1 (His-TO1 protein, 

35 kDa in mass) and P2: positive control 2 (His-SUMO-D14 protein, 45 kDa in mass). SDS-PAGE gel 

electrophoresis was performed using NuPAGE 4-12% Bis-Tris protein gels (ThermoFisher Scientific) in 1X 

BoltTM MES SDS running buffer (ThermoFisher Scientific). 
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6.2.2 Expression and purification of the PhMAX2A-PSK3 complex from S. 

cerevisiae  

Small scale expression trials in S. cerevisiae were performed in 250 mL and 500 mL culture 

volumes, in rich and selective induction media for the constructs, His6-MBP-

PhMAX2A+PSK3, His6-SUMO-PhMAX2A+PSK3 and His6-GST-PhMAX2A+PSK3 (data 

not shown; see Section 2.18.2 for method). Expression was only detected for the His6-MBP-

PhMAX2A+PSK3 construct when it was subsequently purified by nickel affinity 

chromatography from the crude lysate that was obtained from homogenisation of 500 mL 

culture pellets grown in both rich and SC expression media (data not shown). The expression 

level in both culture media was low, although the expression in SC expression media was 

slightly better than the rich media (data not shown). Hence, successive expression-

purification trials for this construct were performed in SC expression media. The results for 

one of the expression-purification trials, from 1.5 L culture, is shown in Figure 6.2.  

As described above, the expression of this construct was quite low, as the putative bands for 

the His6-MBP-PhMAX2A (121.96 kDa in mass) protein or the PSK3 (17.56 kDa in mass) 

protein could not be clearly detected in the crude sample (Figure 6.2A). However, bands of 

these sizes were observed in the elution fraction (Figure 6.2A, Elution 2), because of the 

enrichment of the tagged protein during the purification. The putative bands of these two 

proteins were further analysed by mass spectrometry which confirmed that the 121.96 kDa 

band was the His6-MBP-PhMAX2A protein. However, the 17.56 kDa band did not contain 

any PSK3 protein (Figure 6.2B). It is possible a wrong band was identified as PSK3 and was 

sent for mass spectrometric analysis as lower molecular mass proteins are not well resolved 

in MOPS buffer.  
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Figure 6.2: Purification of His6-MBP-PhMAX2A and PSK3 proteins from Saccharomyces cerevisiae 

A) The SDS-PAGE gel electrophoretic analysis of fractions collected after the Ni2+ affinity chromatography 

showing the presence of purified His6-MBP-PhMAX2A and PSK3 in the elution fractions. L: NovexTM sharp 

pre-stained protein standard (260-3.5 kDa; Invitrogen), C: crude lysate and FT: flow-through. SDS-PAGE gel 

electrophoresis was performed using NuPAGE 4-12% Bis-Tris protein gel (ThermoFisher Scientific) in 1X 

BoltTM MES SDS running buffer (ThermoFisher Scientific). B) Sequence of His6-MBP-PhMAX2A protein 

showing the peptides identified by mass spectrometry, where green peptides were detected with high 

confidence, yellow peptides with moderate confidence, red peptides with low confidence and grey peptides 

were not detected.  

 

Nonetheless, the expression of this construct was scaled up to 9 L. The expressed proteins 

were then purified using a multi-step purification protocol, which was optimised over the 

course of all the expression-purification trials (see Table 2.14 in Chapter 2 for detail of 

protocol used and Section 2.19 of Chapter 2 for associated methods). Figure 6.3 shows the 

results for the SDS-PAGE analyses of the purified samples, obtained after each round of 

purification.  

As seen in Figure 6.3A, the expression of the two proteins was quite low and only a small 

amount of protein was recovered in the elution fraction. Subsequently, the His6-MBP tag (43 

kDa in mass) could be successfully cleaved off using the TEV protease and the cleaved 

PhMAX2A protein (~80 kDa in mass) could be purified with another round of affinity 

chromatography (Figure 6.3B). The cleaved protein was concentrated to prepare for the 

following SEC, however, during this step the overall concentration of the purified protein 

sample dropped by 60% (from 0.86 mg to 0.57 mg). As a result, after SEC, very little protein 

was recovered, which was not sufficient to perform crystallisation experiments (Figure 6.3C 

and D). The cleaved PhMAX2A protein was recovered in the 2nd peak, along with other 

contaminant proteins (peak 2; Figure 6.3C). The size of the recovered PhMAX2A protein 

was detected to be ~100 kDa based on the protein standards (β-amylase protein (200 kDa), 



145 

 

alcohol dehydrogenase protein (150 kDa), BSA protein (66 kDa), carbonic anhydrase protein 

(29 kDa)) that were previously purified using the same SEC column. This suggested that 

PhMAX2A protein was probably purified in complex with PSK3. 

Following this trial, attempts were made to reduce protein loss during concentration by 

testing various concentration devices made of different membranes. Changing concentration 

columns helped by slightly reducing the protein loss. However, the low expression and 

significant protein loss continued to pose difficulties in obtaining substantial quantities of 

these proteins for crystallisation experiments. Hence, other systems were explored for 

expression of these proteins.   
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Figure 6.3: Purification of His6-MBP-PhMAX2A+PSK3 from yeast cell lysate 

A) SDS-PAGE gel electrophoretic analysis of fractions collected after Ni2+ affinity chromatography showing the purified protein complex. B) SDS-PAGE gel electrophoretic analysis of 

fractions collected after second Ni2+ affinity chromatography showing the purified cleaved PhMAX2A protein. C) Chromatogram of SEC where UV trace for PhMAX2A+PSK3 sample is 

shown in red, UV trace for β-amylase protein (200 kDa) is shown in blue, UV trace for alcohol dehydrogenase protein (150 kDa) is shown in orange, UV trace for BSA protein (66 kDa) is 

shown in green and UV trace for carbonic anhydrase protein (29 kDa) shown in purple. D) SDS-PAGE gel electrophoretic analysis of fractions collected after SEC. L: unstained Precision 

PlusTM protein standard (BIO-RAD), C: crude yeast lysate, FT: flow-through, BC: sample before tag cleavage, AC: sample after tag cleavage and S: sample applied to a chromatographic 

column. The SDS-PAGE electrophoresis was performed using a Mini-PROTEAN ® TGX stain free TM precast gel (BIO-RAD) in 1X Tris-glycine-SDS buffer.  
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6.2.3 Transient expression of His6-MBP-PhMAX2A in N. benthamiana 

The different constructs designed for PhMAX2A were transformed in planta to test their 

expression for subsequent pull-down experiments by Revel Drummond, another member of 

the Snowden laboratory. Of all the three constructs tested by him, the expression of His6-

MBP-PhMAX2A construct was detected in plant samples without the co-expression of 

PSK3. Based on that observation, a transient expression method was trialled to see if it was 

possible to express His6-MBP-PhMAX2A protein in N. benthamiana leaves in sufficient 

quantities for further analyses.  

 Approximately 60 N. benthamiana leaves were infiltrated with Agrobacterium carrying the 

His6-MBP-PhMAX2A construct. Following infiltration, the leaves were homogenised and 

the lysate was purified to detect if the His6-MBP-PhMAX2A protein was expressed. 

As seen in Figure 6.4A, most of the expressed His6-MBP-PhMAX2A protein (121.96 kDa) 

was detected in the flow-though and wash samples (FT, Wash 1 and 2) and very little protein 

was detected in the elution fraction (elution 2). This suggested that most of the expressed 

His6-MBP-PhMAX2A protein was aggregated or miss-folded, preventing binding to the Ni2+ 

resin. Furthermore, the low amount of protein present in the eluted sample could not be 

cleaved, which further suggested that the protein was probably aggregated. Further attempts 

were made to express and purify the protein from more leaves and in different purification 

conditions (buffers containing 10% NP-40 detergent). However, similar results were 

observed in all those trials (Figure 6.4B). 

 
 

Figure 6.4: Purification of His6-MBP-PhMAX2A from N. benthamiana leaves 

A) SDS-PAGE electrophoretic analysis of fractions collected after N2+ affinity chromatography showing the 

expressed His6-MBP-PhMAX2A protein (121.96 kDa). B) SDS-PAGE electrophoretic analysis of fractions 

collected after N2+ affinity chromatography performed using buffers containing detergents. L: NovexTM sharp 

pre-stained protein standard (260-3.5 kDa; Invitrogen), FT: flow-through and S: sample applied to Ni2+ resins 

for purification. SDS-PAGE gel electrophoresis was performed using NuPAGE 4-12% Bis-Tris protein gel in 

1X BoltTM MES SDS running buffer (ThermoFisher Scientific). 
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The presence of aggregation suggested that PhMAX2A was likely not stable enough without 

the co-expression of PSK3 and that the endogenous level of the plant’s Skp1 protein was 

probably not sufficient to stabilise the expression of the fusion protein. Expression trials in 

plant leaves were not conducted further and efforts were made to obtain expression of 

PhMAX2A-PSK3 complex in an insect cell expression system. 

6.2.4 Expression and purification of PhMAX2A-PSK3 complex from Sf9 insect cells  

The insect cell expression system has been previously used for expression of other F-box 

proteins such as TIR1, COI1 and D3 (Tan et al., 2007; Sheard et al., 2010; Yao et al., 2016), 

where these proteins were co-expressed along with their binding partners, the Skp1 like 

proteins. Based on the success of these studies, PhMAX2A and PSK3 were co-expressed in 

the insect Sf9 cell system (for co-expression method see Section 2.18.3 of Chapter 2). 

Expression trials were conducted for three constructs of PhMAX2A (His6-MBP-PhMAX2A, 

His6-SUMO-PhMAX2A and His6-GST-PhMAX2A) along with PSK3 at MOIs of 0.01, 1, 4, 

6 and 9, where both the proteins were either expressed at the same MOI or different MOIs,  

in various culture volumes, 10 mL, 50 mL, 100 mL, 500 mL and 1000 mL. Further, the 

expression trials were performed in conjunction with nickel affinity chromatography to allow 

enrichment of the tagged protein in order to make the visualisation of the expressed proteins 

easier.  

Prior to the expression trials for PhMAX2A and PSK3, an expression-purification run was 

performed for a control protein, His-To1 (35 kDa in size), that had been previously expressed 

from Sf9 cells successfully in this laboratory. This control was used to check that the 

methodology chosen for the production of baculovirus could result in the expression of the 

desired protein. The expression was setup in a 10 mL culture volume at an MOI of 4 as 

described in Section 2.18.3 of Chapter 2 followed by nickel affinity chromatography as 

described in Section 2.19.1.2.2). The SDS-PAGE analysis of the purified samples showed 

that the 35 kDa His-To1 protein was successfully expressed and purified from the Sf9 cell 

system (Figure 6.5), suggesting that the methodology used for production of baculovirus was 

efficient in producing functional virus particles that could infect Sf9 cells to produce the 

desired protein. Therefore, for the PhMAX2A and PSK3 proteins, the same methodology 

was used for the production of high titre baculovirus and expression.  
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Figure 6.5: Purification of His-To1 protein from Sf9 insect cell lysate 

SDS PAGE electrophoretic analysis of fraction collected after the Ni2+ affinity chromatography showing the 

purified His-To1 protein in the elution fraction (E). Intervening lanes between L and FT have been removed for 

clarity. L: NovexTM sharp pre-stained protein standard (260-3.5 kDa; Invitrogen), C: crude lysate, FT: flow-

through, W: wash, E: elution and R: Ni2+ resins. SDS-PAGE gel electrophoresis was performed using NuPAGE 

4-12% Bis-Tris protein gel in 1X BoltTM MES SDS running buffer (ThermoFisher Scientific). 

 

Of all the constructs tested for PhMAX2A (data not shown), expression was only detected 

for His6-MBP-PhMAX2A construct when co-expressed with PSK3 at an MOI of 6.45 and 

0.095, respectively. However, the expression levels were low as also observed in the yeast 

system. The SDS-PAGE protein gel from this trial is shown in Figure 6.6 A, where the 121.96 

kDa His6-MBP-PhMAX2A protein and 17.56 kDa PSK3 protein can be seen in the elution 

fraction (Figure 6.6A). The bands of these proteins were further analysed by mass 

spectrometry, which confirmed that the 121.96 kDa protein was His6-MBP-PhMAX2A and 

the 17.56 kDa protein was PSK3 (Figure 6.6B).  

 
Figure 6.6: Purification of His6-MBP-PhMAX2A and PSK3 from a 1.5 L Sf9 cell pellet 

A) SDS-PAGE electrophoretic analysis of fractions collected after Ni2+ affinity chromatography showing the 

purified His6-MBP-PhMAX2A and PSK3 proteins from the cell lysate. B) Sequence of His6-MBP-PhMAX2A 

and PSK3 proteins showing the peptides identified by mass spectrometry, where green peptides were detected 

with high confidence, yellow peptides with moderate confidence, red peptides with low confidence and grey 

peptides were not detected. L: NovexTM sharp pre-stained protein standard (260-3.5 kDa; Invitrogen), P: insect 

cell pellet, C: crude lysate and FT: flow-through. SDS-PAGE gel electrophoresis was performed using 

NuPAGE 4-12% Bis-Tris protein gel in 1 X BoltTM MOPS buffer (ThermoFisher Scientific).  
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Following this result, co-expression trials were only performed for the His6-MBP-PhMAX2A 

and PSK 3 proteins. Further attempts were made to increase the expression of the two proteins 

by increasing the volume of the culture, increasing the titre of their respective baculovirus, 

expressing the two proteins at the same MOI and trying different insect cell lines such as 

those from Trichoplusia ni. (Hi5 cells) that often yield more protein (Scholz & Suppmann, 

2017). The increase in culture volume and co-expression of the two proteins at the same MOI 

(6 or higher) in Sf9 cells, seemed to improve the expression levels of the two proteins (data 

not shown). However, the protein production trials performed using Hi5 cells failed to 

produce the two target proteins (data not shown). Therefore, subsequent protein production 

trials were performed in Sf9 cells.  

Based on these observations, expression was scaled up to 1000 mL culture, where both the 

proteins were successfully co-expressed at an MOI of 9 and purified from the cell lysate 

(Figure 6.7A, elution 2). The purified His6-MBP-PhMAX2A and PSK3 proteins were then 

further processed using a multi-step protocol (see Table 2.14 in Chapter 2 for purification 

protocol and Section 2.19 of Chapter 2 for associated methods). The tag of the PhMAX2A 

protein was successfully cleaved and the cleaved protein along with PSK3 was subsequently 

purified (Figure 6.7B, C and D). However, like the yeast expression trials, the concentration 

of the recovered protein was quite low (0.375 mg/ mL in 300 µL volume).  
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Figure 6.7: Purification of His6-MBP-PhMAX2A and PSK3 from Sf9 insect cells 

A) SDS-PAGE electrophoretic analysis of fractions collected after Ni2+ affinity chromatography. His6-MBP-

PhMAX2A and PSK3 are purified from the cell lysate. B) SDS-PAGE electrophoretic analysis of the cleaved 

samples. The His6-MBP tag is cleaved off from PhMAX2A protein C) SDS-PAGE electrophoretic analysis of 

fractions collected after the second Ni2+ affinity chromatography. The cleaved PhMAX2A protein elutes in the 

flow-though (FT). D) SDS-PAGE electrophoretic analysis of fractions collected after SEC. The cleaved 

PhMAX2A protein is collected in one of the elution fraction along with PSK3. L: NovexTM sharp pre-stained 

protein standard (260-3.5 kDa; Invitrogen), P: insect cell pellet, C: crude lysate, FT: flow-through and S: sample 

applied for the chromatographic column. SDS-PAGE gel electrophoresis was performed using NuPAGE 4-12% 

Bis-Tris protein gel in 1 X BoltTM MOPS buffer (ThermoFisher Scientific).  

 

Further attempts were made to increase the amount of recovered protein by increasing the 

culture volumes to 3 L. Even so, not enough protein could be obtained to perform 

crystallisation experiments. Moreover, because of time limitations additional trials could not 

be performed. The small amount of recovered protein from all the trials was used for 

performing a few preliminary interactions experiments with the DAD2 receptor, although 

those also did not work (data not shown). Overall, the Sf9 insect cell system was observed to 

be the best system tested in this work for expressing the PhMAX2A-PSK3 complex. 

Although the expression levels in this system were still on the lower end, there was scope for 

further improvement, which could help to get high quantities of these proteins from this 

system. Some suggestions for improvement are summarised in the conclusion section of this 

chapter.  

6.2.5 Expression and purification of PhD53A from E. coli  

As mentioned in Section 6.1.2, the expression of PhD53A was thought to be quite challenging 

as it is a large multi-domain protein. In the initial trials, this protein was expressed as a fusion 

protein with cleavable N and C terminal tags. The three constructs created for this protein 
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included His6-MBP-PhD53A (164.53 kDa in mass), His6-SUMO-PhD53A (134.70 kDa in 

mass) and PhD53A-His6-GFP (151.10 kDa in mass). All expression tests were performed in 

combination with affinity purification as described for the other proteins (refer to Table 2.14 

in Chapter 2 for purification protocol details). Further, all trials were performed in a 1 L 

culture volume (For expression method see Section 2.18.1 of Chapter 2). 

The PhD53A- His6-GFP protein was the first to be expressed and purified. The SDS-PAGE 

gel of the purified samples was directly scanned for the GFP signal. As seen in Figure 6.8A, 

no band was detected for the PhD53A-His6-GFP fusion protein in any of the lanes of the gel. 

The only GFP signal that was detected was for the 28 kDa His6-GFP tag that was present in 

the elution fraction 2 and 3. Following the GFP scan, the gel was stained with coomassie 

stain, which further confirmed the presence of the GFP tag in the elution fractions (Figure 

6.8B). The presence of only the GFP tag in the elution samples suggested that the PhD53A 

protein was probably expressed and then degraded, as the tag was present at the C-terminal 

end of the protein.  

 
 

Figure 6.8: Purification of PhD53A-His6-GFP from Escherichia coli 

SDS-PAGE electrophoretic analysis of the fractions collected after N2+ affinity chromatography showing the 

presence of His6-GFP tag (28 kDa) when scanned for GFP fluorescence (A) and on the coomassie stained gel 

(B). L: SeeBlue TM plus2 pre-stain protein standard (191- 14 kDa; Invitrogen), P: E. coli cell pellet, C: crude 

lysate and FT: flow-through. SDS-PAGE gel electrophoresis was performed using NuPAGE 4-12% Bis-Tris 

protein gel in 1 X BoltTM MOPS buffer (ThermoFisher Scientific). 

 

In contrast to the PhD53A-His6-GFP protein, the His6-MBP-PhD53A protein expressed in E. 

coli; however, the expression level was low. As seen in Figure 6.9A, a band approximately 

165 kDa in mass was present in the elution fraction (Elution 2). The mass of this band 

suggested this was the His6-MBP-PhD53A fusion protein, which was further confirmed by 

mass spectrometry (Figure 6.9C). Likewise, His6-SUMO-PhD53A was probably also 

expressed and purified (see Figure 6.9B) from E. coli as a band having mass consistent with 
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the expected mass of this fusion protein was observed in the elution fraction. Following this 

trial, the expression of the His6-MBP-PhD53A construct was scaled-up to 3 L and the fusion 

protein was purified from the 3 L cell pellet. 

SDS-PAGE analysis of the purified samples showed that most of the PhD53A protein was 

degraded as a large amount of the His6-MBP tag, 43 kDa in mass, was detected in the elution 

fraction (Figure 6.10, Elution 2), while only a tiny amount of the full-length His6-MBP-

PhD53A protein was visible in the elution fraction (Figure 6.10, Elution 2). It was therefore, 

concluded that E. coli was probably not the most suitable host for expressing this multi-

domain protein and other systems such as insect cells should be tried for the expression of 

this protein in future work. 

 
 

Figure 6.9: Purification of His6-MBP-PhD53A and His6-SUMO-PhD53A from E. coli 

SDS-PAGE electrophoretic analysis of the fractions collected after N2+ affinity chromatography showing the 

presence of His6-MBP-PhD53A protein (165 kDa; A) and His6-SUMO-PhD53A (134 kDa; B). L: SeeBlueTM 

plus2 pre-stain protein standard (191- 14 kDa; Invitrogen), P: E. coli cell pellet, C: crude lysate and FT: flow-

through. SDS-PAGE gel electrophoresis was performed using NuPAGE 4-12% Bis-Tris protein gel in 1 X 

BlotTM MOPS buffer (ThermoFisher Scientific). C) Sequence of His6-MBP-PhD53A protein showing the 

peptides identified by mass spectrometry, where green peptides were detected with high confidence, yellow 

peptides with moderate confidence, red peptides with low confidence and grey peptides were not detected. 
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Figure 6.10: Degradation of His6-MBP-PhD53A protein  

SDS-PAGE electrophoretic analysis of the fractions collected after N2+ affinity chromatography showing only 

the presence of His6-MBP tag (43 kDa), indicating that PhD53A was degraded. L: NovexTM sharp pre-stained 

protein standard (260-3.5 kDa; Invitrogen), P: E. coli cell pellet, C: crude lysate and FT: flow-through. SDS-

PAGE gel electrophoresis was performed using NuPAGE 4-12% Bis-Tris protein gel in 1 X BoltTM MOPS 

buffer (ThermoFisher Scientific). 

6.3 Chapter conclusion  

After extensive work towards getting stable expression of these proteins, some success was 

achieved for PhMAX2A and its binding partner PSK3, as they expressed in plant, yeast and 

insect systems. However, the amount of recovered protein from these systems was quite low 

and was not suitable for crystallisation experiments. Further, because of time limitations, 

additional improvements could not be made to obtain high-level expression, even though 

some of these systems, such as insect cells and plants, had scope for further improvement. 

In insect cells, the low expression level may be because of the variability associated with the 

co-expression method. Using co-infection, the probability of an insect cell to be infected with 

both types of viruses that is one carrying the PhMAX2A gene and the other carrying the 

PSK3 gene is uncertain and may vary with each expression trial. Consequently, it is possible 

that some cells only produce one of the two proteins, while some end up producing the 

complex. As a result, the expression level for the stable complex would be quite low. This 

problem could be overcome by simultaneous expression of the two proteins by cloning their 

respective encoding genes within the pFastBacTM Dual expression plasmid (ThermoFisher 

Scientific) that carries two powerful promoters to allow high-level expression of both targets. 

In the plant expression system, PhMAX2A could be transiently expressed along with PSK3 

to compensate for low levels of the endogenous Skp1 orthologue and increase the likelihood 

of obtaining a stable complex.  

In contrast to PhMAX2A, PhD53A was successfully expressed in E. coli, although the 

protein was highly unstable and degraded rapidly. It is possible that because PhD53A is a 
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complex multi-domain protein, it may not fold properly and is unstable when expressed in E. 

coli. Alternative host systems such as yeast and insect cell lines, may, therefore, be more 

suitable for stable recombinant expression of PhD53A and should be investigated in the 

future. Alternatively, the mammalian system and cell-free expression system (reviewed in 

Hodgman and Jewett (2012) and Khan (2013)), could also be considered for expression. 

Expression of different domains of PhD53A simultaneously which could interact with each 

other to form the complete protein may help to achieve correctly folded protein and allow 

successful isolation of recombinant protein.  

Moreover, other orthologues of PhMAX2A and PhD53A, such as PhMAX2B and PhD53B 

or equivalents from other plant species (such as SMXL6, SMXL7, SMXL8, D53, D3 and 

MAX2) could also be tested for expression as they might be more stable and soluble than the 

proteins tested here. Alternatively, changing codon usage to better suit the host expression 

system being used could also help to improve protein yields (reviewed in Gustafsson, 

Govindarajan, and Minshull (2004)). 
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7 Concluding discussion 

The hydrolytic function of the SL receptor is essential for the initiation of SL signalling. 

Hydrolysis is required for the receptor to interact with its downstream signalling partners to 

modify plant development. Any disruption in hydrolysis abolishes the SL signal transduction 

pathway and leads to an increase in shoot branching. The mechanism by which hydrolysis 

mediates SL perception is still not completely understood.  

Based on the current literature, described in Chapter 1, it has been hypothesised that on 

binding and hydrolysis of SL, the receptor undergoes a conformational shift (based on the 

observed thermal destabilisation of the receptor in the presence of SL) and that this 

conformational shift is what enables its interaction with the SCF complex (Hamiaux et al., 

2012; Yao et al., 2016; de Saint Germain et al., 2016; Yao et al., 2018). However, we still do 

not have any evidence showing a conformational shift in the receptor upon binding and/or 

hydrolysis of SL. Contrary to this hypothesis, the finding of Zhao et al. (2015) from the HDX 

experiments using OsD14 and GR24, discussed in more detail in Section 7.2, suggests that 

SL may not affect the conformation of the SL receptor. That said, without the hydrolytic 

function, the receptor cannot interact with the SCF complex, suggesting that the hydrolysis 

does contribute to changes in the receptor conformation in some way.  

We conducted this study with the overall aim of addressing how the hydrolytic activity of the 

DAD2 receptor modifies the structure to allow it to interact with the SCF complex and to 

increase our understanding of the initial events of SL perception and signalling. The main 

research objectives of this study were, (1) To test if the DAD2 receptor functions in a similar 

way to AtD14, RMS3 and OsD14 to hydrolyse SL and generate the covalently bound D-ring 

and whether the DAD2 receptor releases the bound D-ring, and (2) To understand how the 

hydrolytic function of the receptor alters the receptor to allow it to interact with downstream 

signalling partners. To achieve these goals, several different approaches were taken in this 

study. The implications of these approaches and the results obtained in this research are 

discussed in the following sections along with possible suggestions that might guide future 

work to clarify the role of the hydrolytic function of the receptor in SL perception and 

signalling.  

7.1 DAD2 hydrolyses SL and covalently binds to the butenolide D-ring  

Other orthologues of DAD2, AtD14, RMS3 and OsD14, hydrolyse SL and covalently bind 

to the butenolide D-ring via their catalytic histidine residues (Yao et al., 2016; de Saint 

Germain et al., 2016; Yao et al., 2018). The D-ring bound receptor has been shown to be 

involved in the interaction with the SCF complex both in vitro and in vivo (Yao et al., 2016; 
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Yao et al., 2018), indicating that the hydrolytic activity of the receptor is likely the first step 

of the signal transduction pathway. In this study, using mass spectrometry, it was shown that 

DAD2 also hydrolyses SL and binds the D-ring covalently through its catalytic histidine 

residue (His246). This finding demonstrates that in petunia, the initial events associated with 

SL perception and signalling occur in a similar manner to those reported for other plant 

species where the hydrolysis of SL and covalent attachment of the D-ring to the catalytic 

histidine enables the receptor to interact with the SCF complex, leading to the formation of 

the multiprotein complex that allows further transduction of the signal.  

In addition to testing for the presence of covalent modification, a time-course study was also 

performed which suggests that DAD2 releases the bound D-ring and is capable of 

hydrolysing several molecules of SL. This finding was in contradiction to the findings of de 

Saint Germain et al. (2016) who suggest that RMS3, an orthologue of DAD2, functions as a 

single turnover enzyme (de Saint Germain et al., 2016). Hydrolysis by DAD2 is biphasic, 

with a rapid pre-steady state, similar to that of RMS3, AtD14 and OsD14 receptors and does 

not follow Michaelis-Menten kinetics (Tsuchiya et al., 2015; Hamiaux et al., 2018; Shabek 

et al., 2018; Lee, 2019). However, unlike RMS3, the kinetic reactions of DAD2, AtD14 and 

OsD14 do not plateau, instead they show a slow but steady increase, indicating that these 

receptors can continue to hydrolyse SL. Based on the kinetics assay results of OsD14, this 

receptor has been proposed to not function as a single turnover enzyme. Likewise, AtD14 

has also been shown to release the bound D-ring using LC-MS, indicating that AtD14 can 

hydrolyse multiple molecules of the SL without showing irreversible inhibition (Seto et al., 

2019). Consistent with these observations, the results of the time-course experiment also 

suggest that DAD2 can hydrolyse multiple molecules of SL. In the experiments presented 

here, DAD2 was observed to rapidly hydrolyse (-)-solanacol and became modified with the 

D-ring. The receptor exists in the modified state for most of the duration of the experiment, 

possibly because the receptor was still hydrolysing the 20 molar excess of (-)-solanacol. It 

was only after 960 min that the receptor was observed to exist in both an unmodified and a 

modified state. The presence of the unmodified receptor suggests that, at this stage, most of 

the (-)-solanacol is turned over by DAD2 and that the receptor was available for another 

round of hydrolysis. Taken together, these results imply that the DAD2 receptor is not a 

single turnover enzyme and that the release of the D-ring is the rate-limiting step of the 

catalytic reaction. Overall this work provides evidence indicating that DAD2 also perceives 

SL in a similar manner to the other SL orthologues to generate the covalently bound D-ring 

and that it does not get irreversibly inhibited by the bound D-ring, at least in the in vitro 
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conditions used here. Whether or not this happens in vivo still remains to be determined, 

although the results of Yao et al. (2016) do suggest it does happen in planta. 

The release of the D-ring by the receptor in the in vitro conditions, in the absence of D3 

protein, as tested in this study, suggests that the receptor likely does not undergo the major 

conformational change, from an open to a closed state, on binding and hydrolysis of SL was 

observed in the crystal structure by Yao et al. (2016). Rather the major conformational change 

(open to closed state) may be induced by the binding of the D3 protein to the receptor. It is 

possible that the binding of the D-ring within the cavity of the receptor is a mechanism to 

stall the hydrolysis for some time to allow protein-protein interaction and signalling to occur. 

Why such a delay in hydrolysis is required is unclear. 

In the AtD14-D3-ASK1 complex shown by Yao et al. (2016), the loop (A loop (Q214-A222)) 

bearing the catalytic aspartic acid residue (D218) is displaced outwards (away from the cavity 

entrance) and disordered, indicating that the AtD14 receptor, when bound to D3 protein, is 

altered and probably inhibited in its ability to perform hydrolysis. This interaction would also 

further prevent the release of the bound D-ring as the lid helices of the receptor undergo D3-

induced conformational change and move towards each other, closing the entrance of the 

cavity and trapping the D-ring inside. The trapping of the D-ring within the receptor in the 

presence of D3 protein would explain why the hydrolytic activity of the OsD14 and AtD14 

receptors is reduced in the presence of D3 (Yao et al., 2016; Shabek et al., 2018). The SL-

mediated interaction between the receptor, SCF complex and the target protein 

(PhD53A/D53/SXML6/7/8) leads to the formation of the multiprotein complex where the 

target protein is polyubiquitinated and later degraded by the 26S proteasome. Following the 

degradation of the target, the D-ring bound receptor-SCF complex might target another D53 

protein molecule or the D-ring could either be released by the receptor to reset itself for 

another round of hydrolysis or the D-ring bound receptor could be degraded by the SCF 

complex via the ubiquitin-proteasomal pathway, based on reported SL-dependent, D3/MAX2 

mediated degradation of the OsD14 and AtD14 receptor (Chevalier et al., 2014; Hu et al., 

2017). However, the exact fate of the bound D-ring is yet to be determined.  

7.2 SL-mediated thermal destabilisation and the associated conformational change 

or shift 

The current literature around destabilisation and conformational change, described in Chapter 

1, suggests that the interaction with SL possibly leads to a small conformational shift in the 

receptor structure that allows it to interact with the F-box protein of the SCF complex. The 

interaction with the SCF complex, in turn, induces a further conformational change in the 
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receptor as observed in the crystal structure obtained by Yao et al. (2016). However, at 

present, all the crystal structures of the SL receptor in complex with SL or its hydrolytic 

intermediates (Nakamura et al., 2013; Zhao et al., 2013; Zhao et al., 2015) are similar to the 

unbound structures, with no apparent structural change or shift. Moreover, in most of these 

crystal structures the electron density around the bound SL or its hydrolytic intermediates is 

not well-defined and can potentially fit small compounds from the crystallisation solution, 

making it difficult to assess if the bound ligand is indeed an SL or its hydrolytic products or 

any other small compound (Carlsson et al., 2018). That said it is also possible that the SL 

may not have an effect on the receptor conformation; instead the thermal destabilisation we 

observe in the receptor in the presence of SL is actually indicative of something else.  

In 2015, Zhao et al. reported that the OsD14 receptor shows increased conformational 

destabilisation in the presence of GR24 and D3 protein. This conclusion was drawn from the 

findings of their HDX experiments where the OsD14 receptor displayed increased deuterium 

exchange, indicative of conformational change, in the presence of GR24 and D3 protein 

(Zhao et al., 2015). However, in the presence of GR24 alone, the OsD14 receptor displayed 

a deuterium exchange similar to that observed in the absence of GR24 (Zhao et al., 2015), 

indicating that the presence of GR24 did not cause any conformational change in the receptor. 

These observations suggest that SL may not induce any conformational changes in the 

receptor per se, but instead helps the receptor to attain a state that enables its interaction with 

the SCF complex. Such a state is what results in the thermal destabilisation observed for the 

receptor in the presence of SL. 

However, at present, there is no direct structural evidence to support the above-mentioned 

hypothesis, mostly because of the challenges associated with the crystallisation of the 

receptor in the presence of SL (see section 1.5.2 of Chapter 1 for more details). Therefore in 

this study, instead of attempting to crystallise the receptor in complex with SL, I examined 

the crystal structures of two DAD2 mutants, DAD2-N242I and DAD2-D166A, in which the 

hydrolytic function of these receptors had been uncoupled from their ability to interact with 

the PhMAX2A protein. The following sections discuss the overall outcomes from the 

examination of these mutants and how these findings contribute to our knowledge of SL 

perception and signalling.  

7.2.1 Conclusions from structural examinations of DAD2-N242I and DAD2-D166A 

mutants 

DAD2-N242I was selected for structural examination because it shows more thermal 

destabilisation than the WT receptor, both in the presence and absence of SL, and hormone-
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independent interaction with PhMAX2A. DAD2-N242I also retains WT-like hydrolytic 

activity and SL-dependent interaction with the PhD53A protein. This mutant was therefore 

hypothesised to exist in a conformation similar to that expected for the WT receptor in the 

presence of SL. 

The inspection of DAD2-N242I using X-ray crystallography and Molecular Dynamics 

simulations revealed that this mutant, although displaying a conformation similar to the WT 

receptor (in the open state), exhibits increased overall flexibility compared to the WT 

receptor. This flexibility possibly allows it to mimic the effects of hydrolysis allowing it to 

interact with the F-box protein. Such increased flexibility, without inducing significant 

conformational change, is consistent with the observed decrease of thermal stability of the 

mutated receptor compared to the wild-type. These observations are also consistent with the 

findings of the HDX experiments conducted by Zhao et al. (2015).  

The increased flexibility of the DAD2-N242I mutant, specifically in the αL2 helix-loop-αL3  

helix region of the lid domain, appears to be sufficient to allow its interaction with the F-box 

protein without the presence of SL, likely as it relaxes the overall open conformation of the 

receptor (specifically around this region) enough for it to undergo F-box protein-mediated 

major conformational change (Figure 7.1B), likely similar to those observed in the AtD14-

D3-ASK1 complex from Yao et al. (2016). It is therefore proposed that such increased 

flexibility represents a dynamic state the WT receptor needs to attain in order to interact with 

the downstream signalling partners (Figure 7.1A).  

 

Figure 7.1: Different flexibility and conformational states displayed by DAD2, DAD2-N242I and DAD2-

D166A in the presence and absence of SL 

Different states of flexibility displayed by DAD2 receptor (A), DAD2-N242I (B) and DAD2-D166A (C) in the 

presence and absence of SL. In the absence of SL DAD2 displays normal flexibility (represented by the whole 

circle) while in the presence of SL, DAD2 shows increased flexibility (represented by a circle with dotted lines). 

DAD2-N242I, in the absence of SL, shows enhanced flexibility in some parts of its structure (represented by a 

circle with dotted lines drawn in the region which shows increased flexibility and is involved in the interaction 

with PhMAX2A) which allows it to undergo PhMAX2A-induced major conformational change. In the presence 
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of SL, it shows an overall increase in flexibility similar to that predicted for DAD2 in the presence of SL 

(represented by a circle with dotted lines) and it can still interact with PhMAX2A and undergo similar 

conformational changes like that observed in the absence of SL. DAD2-D166A in the absence of SL displays 

normal flexibility, while in the presence of SL there is an increase in overall flexibility (represented by a circle 

with dotted lines) similar to that predicted for DAD2 in the presence of SL, which allows it to interact with 

PhD53A but not with PhMAX2A. 

 

The increased flexibility of the DAD2-N242I mutant, however, does not seem to allow the 

receptor to interact with PhD53A protein independently of SL, likely because the N242I 

mutation directly affects the flexibility of the αL2 helix-loop-αL3 helix region of the lid 

domain and not the other regions that may be involved in, or required for, binding of the 

PhD53A protein. The DAD2-N242I mutant however, is able to interact with PhD53A in the 

presence of SL, indicating that the flexibility we observe in DAD2-N242I does not alter the 

ability of SL to induce interaction with PhD53A. 

Similar to DAD2-N242I, the DAD2-D166A mutant also retains WT-like interaction with 

PhD53A (in the presence of SL) but shows severely reduced interaction with PhMAX2A in 

the presence of SL. This mutant, unlike DAD2-N242I, displays similar thermal 

destabilisation as that shown by the WT receptor in the absence of SL and has a WT-like 

hydrolytic activity. It was hypothesised that the mutation in this protein had likely affected 

the interaction surface used by the PhMAX2A protein to bind the receptor. However, on 

structural examination, this mutant was found to have a structure very similar to the WT 

receptor without any conformational change around the lid domain, which forms the main 

interaction surface for PhMAX2A binding. Because of the lack of any conformational 

change, it could not be predicted with certainty as to why this mutant shows severely reduced 

interactions with the F-box protein. However, based on the location of this residue near the 

interaction surface and examination of the AtD14-D3-ASK1 complex (Yao et al., 2016), I 

postulate that the mutation somehow impairs the transition of the receptor from an open to 

the closed state. 

The WT-like hydrolytic activity of DAD2-D166A and normal interaction ability with 

PhD53A protein (in the presence of SL), suggests that this mutant in the presence of SL can 

attain a state with increased flexibility, similar to that predicted for the WT receptor, which 

allows it to interact with PhD53A but not with PhMAX2A. This suggests that perhaps 

PhD53A does not require or lead to any large conformational change in the receptor as that 

would allow PhD53A to bind DAD2-D166A even with its inability to transition from an open 

to a closed state (Figure 7.1C). The differential effects of the D166A mutation on PhMAX2A 

and PhD53A binding also suggests that these two proteins do not share the same interaction 

domain on the receptor. However, at present, the interaction domain between DAD2 and 
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PhD53A is unknown, although it has been suggested that the region around the A loop of the 

receptor could potentially be an area where D53 binds the receptor (Yao et al., 2016; Seto et 

al., 2019). The residues of this region could be mutated to assess whether this leads to loss of 

the receptor-D53 interaction, which could further help to determine if this surface is the actual 

interaction surface used by D53 to bind the receptor or not. However, if PhD53A uses the A 

loop to bind the SL receptor, then it is possible that in the case of DAD2-D166A, the presence 

of SL grants enough flexibility to the A loop of the receptor that it can easily bind PhD53A. 

Furthermore, because of the inherent flexibility the A loop, the binding of PhD53A does not 

necessarily require a significant change in the receptor’s conformation.  

7.2.2 Future work to test the flexibility of the SL receptor and to map the interaction 

surface for PhD53A 

Currently, we do not know the extent of flexibility that the WT receptor or DAD2-N242I 

attains in the presence of SL. Analysing the DAD2 and DAD2-N242I proteins in the presence 

and absence of SL using techniques that monitor the protein dynamics in real-time, such as 

nuclear magnetic resonance (NMR), could potentially help us to assess the extent of 

movements the SL molecule induces in the two proteins which can further provide a better 

understanding of how SL enhances the flexibility and dynamics of its receptor. At present, 

the size of the DAD2 protein sits within the higher end of the size range of proteins that can 

be analysed by NMR (proteins less than 20 kDa; reviewed in Yu (1999) and Sugiki, 

Kobayashi, and Fujiwara (2017)), which might make protein analysis using this method 

challenging. However, with the constant improvements in this field, it may be possible to 

analyse the dynamics of a protein of this size in the near future. Another method that could 

be used to study the flexibility of the SL receptor and the DAD2-N242I mutant is Hydrogen-

Deuterium Exchange (HDX) mass spectrometry. This method allows us to identify areas of 

maximum flexibility in a protein by monitoring the deuterium exchange rate exhibited by 

that region, where flexible regions show increased exchange rates compared to the less-

flexible regions. As part of this study, attempts were made to monitor the flexibility of the 

apo-WT and apo-DAD2-N242I proteins using this method. However, because of low 

sequence coverage and fast back-exchange of deuterium, we could not get a complete 

understanding of the flexibility of the entire protein.  

The above-mentioned methods could also be used to examine the DAD2-D166A mutant.  

Analysis of this mutant with MD simulations could allow us to compare the intrinsic dynamic 

properties of this mutant with that of the WT protein and of the DAD2-N242I mutant which 

could provide information as to whether a similar increase of flexibility is required for the 
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interaction between DAD2 and PhD53A. The HDX mass spectrometry method, on the other 

hand, can help to investigate whether PhD53A binding alters the conformation of the 

receptor. This technique could also be useful for mapping the region of the SL receptor that 

is directly involved in interactions with PhD53A. Alternatively, the creation of mutants of 

DAD2 that show hormone-independent interaction with PhD53A and their structural 

examination could also provide insight into the PhD53A-receptor interaction and its 

associated effects on receptor conformation, if any. 

7.3 Implications of current findings on SL-mediated protein-protein interactions 

between DAD2, SCFPhMAX2A and PhD53A 

At present, there are two studies that describe the SL-mediated protein-protein interaction 

between the receptor and the downstream signalling partners and the likely effects of these 

interactions on the conformation of the receptor. The first study, conducted by Yao et al. 

(2016), provides the first structural evidence for interaction between the D-ring bound 

receptor, AtD14 and the F-box protein, D3, where AtD14 undergoes a major conformational 

change mainly in the lid domain and the A loop after binding the D3 protein. Consistent with 

this work, the research findings for the current study also suggest that the DAD2 receptor 

probably interacts with PhMAX2A in a similar manner to that observed for AtD14 and D3 

proteins, where the DAD2 receptor is likely engaged in the interaction in its bound state (D-

ring bound) and likely undergoes similar conformational changes (blocked in the DAD2-

D166A mutant) as that observed for the AtD14-D3-ASK1 complex by Yao et al. (2016).  

The second study, conducted by Shabek et al. (2018), provides evidence for the interactions 

between the receptor, SCF complex and D53. In that study the interaction between the 

receptor, SCF complex and D53 is suggested to be regulated by the C-terminal helix of the 

F-box protein based on the ability of this region to exist in different conformations (dislodged 

or engaged) and the ability of the isolated α helix to inhibit the hydrolytic activity of the rice 

SL receptor, OsD14 on its own, and also in the presence of the D2 domain of the D53 protein. 

Based on these observations, the authors of the study suggested that the conformational 

flexibility of the C-terminal helix of the F-box protein regulates the binding of the receptor 

(in the D-ring bound and unbound state) and D53. According to their model, if the C-terminal 

helix of the F-box protein is in a dislodged state (not interacting with the residues of the F-

box motif), it can interact with the receptor that exists in an open conformation (capable of 

hydrolysing SL). This interaction leads to inhibition of the hydrolytic activity of the receptor 

until it recruits the target protein. The recruitment of D53 then activates the receptor to 

hydrolyse SL and at the same time, the SCF complex will polyubiquitinate D53 to mark it 
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for degradation. By contrast, if the C-terminal helix is in the engaged state (interacting with 

the residues of the F-box motif) the F-box protein can interact with the D-ring bound receptor 

and this complex would then degrade the receptor (Shabek et al., 2018). 

However, the findings from this study suggest that the recruitment of PhD53A requires both 

the presence of SL and increased flexibility of the receptor to allow its interaction with 

DAD2-D166A and DAD2-N242I mutant receptors. The increased flexibility can only be 

attained in the presence of SL. However, recently a mutant of the AtD14 receptor, 

AtD14D218A, impaired in its ability to hydrolyse SL (because of the mutation in its catalytic 

aspartic acid residue) was shown to interact with SMXL6 and MAX2-ASK1 complex in the 

presence of SL using a yeast two-hybrid assay (Seto et al., 2019). This mutant when 

expressed in the atd14 mutant background, was able to revert the mutant branching 

phenotype to that of WT (Seto et al., 2019). These observations suggest that this mutant even 

with impaired hydrolysis can interact with intact SL and the downstream proteins to 

transduce the signal in planta. However, it us not completely clear how this mutant binds SL 

and is still able to undergo the conformational changes needed to interact with the SCF 

complex, although Seto et al. (2019) propose that the closed conformation seen by Yao et al. 

(2016) has a modified binding pocket that could accommodate an intact SL. While this 

mutant receptor demonstrates that transmission of the SL signal is possible without 

hydrolysis of SL, it is worth noting that all species examined thus far appear to retain 

hydrolytic activity and a conserved catalytic triad (Delaux et al., 2012). 

Based on the observation we have thus far, I propose that PhD53A or D53 is recruited by the 

receptor after SL binding and hydrolysis and possibly simultaneously with the SCF complex. 

The interaction between PhD53A and the receptor would likely involve a flexible region of 

the receptor, like the A loop, which would allow PhD53A to bind the receptor without 

inducing a significant conformational change. The recruitment of the SCF complex onto the 

receptor-PhD53A complex induces the receptor to change in conformation to that observed 

in the crystal structure by Yao et al. (2016). The binding of PhD53A protein in this complex 

would stabilise the receptor conformation by bringing order to the disordered regions of the 

receptor such as the A loop. The hydrolytic activity of the receptor would stall after the 

receptor hydrolyses SL and becomes covalently bound to the D-ring allowing it to interact 

with PhD53A and the F-box protein. The interaction with the F-box protein further inhibits 

the hydrolytic activity of the receptor as it traps the D-ring within the cavity of the receptor 

because of the transition of the receptor into the closed state (as observed in the AtD14-D3-

ASK1 complex by Yao et al. (2016)). This would explain the inhibition of hydrolysis 
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observed by Shabek et al. (2018), in the presence of D3 and the D2 domain of D53. However, 

it is likely that the conformation of the receptor after the stabilisation differs from the 

conformation in which the receptor recruits PhD53A and the SCF complex (that is the closed 

state).  

 

Figure 7.2: Different conformations of the DAD2 receptor on SL-mediated interactions with the F-box 

protein, PhMAX2A and the target protein, PhD53A 

 

7.4 Conclusion and significance of this work 

Overall, the results presented in this thesis provide a new perspective on how the hydrolytic 

function of the receptor enables its interaction with the downstream signalling proteins to 

transduce the signal. Based on the evidence discussed in the above-mentioned sections, it 

appears that the initial events associated with SL perception are as follows: the DAD2 

receptor binds SL and hydrolyses it to covalently bind the D-ring; the presence of the D-ring 

modification slows enzyme activity and the protein becomes more flexible; the D-ring-bound 

flexible receptor interacts with PhD53A and this interaction probably just requires the 

flexibility of the receptor; the receptor interacts with the SCF complex via PhMAX2A, 

whereupon the conformation of DAD2 changes to a closed form similar to that observed by 

Yao et al., (2016); binding of both PhD53A and PhMAX2A stabilises the DAD2, possibly 

leading to a slightly different conformation to that observed for the receptor when bound only 

with the F-box protein; PhD53A is then polyubiquitinated and degraded by the 26S 

proteasome, ultimately leading to inhibition of shoot branching and other developmental 

effects (Figure 7.3).  
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Figure 7.3: Proposed SL signalling pathway 

Abbreviations: D: D-ring, E3: E3 ligase and Ub: ubiquitin. 

 

The current findings of this study highlight the contributions of hydrolysis in the receptor 

function and SL signalling, but at the same time they also show that a single mutation can 

bypass the requirement for hydrolysis for interaction with the SCF complex. This suggests 

that the α/β hydrolase can potentially signal without hydrolysis, yet all receptor orthologues 

studied thus far retain hydrolytic activity and the catalytic triad is absolutely conserved across 

all species (Delaux et al., 2012). One possible explanation of the retention of hydrolytic 

activity could be that plants require the hydrolytic activity of the receptor to remove excess 

SL from the system and there is no other enzyme that can perform this dedicated function 

and the α/β hydrolases have evolved to utilise this function both for signalling and for 

removal of the hormone.  

  



167 

 

8 Appendix 

8.1 Sequences of genes synthesised by GenScript® 

Sequence of His6-GST (EcoR1-Xbal-ATG-His-GST-TEV-Xbal) gBlock fragment 

AAGGAATTCTCTAGAATGCATCATCATCATCATCACATGTCCCCTATACTAGGT

TATTGGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTCTTTTGGAATATCTT

GAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATGAAGGTGATAAATGGCG

AAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATCTTCCTTATTATATTGA

TGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGTTATATAGCTGACAA

GCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGCTTG

AAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAA

GACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAA

ATGTTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGTAACC

CATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACATGGACCCAA

TGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTA

TCCCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGC

AGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGGATCTG

GTTCCGCGTGAAAATCTGTACTTCCAAGGCTCTAGAGAATTCAAGAGT 

Sequence of GFP gene gBlock fragment 

GAAGAATTCATGCATGTTAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCC

AATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGG

AGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCA

CTACTGGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCTCTTATGG

TGTTCAATGCTTTTCCCGTTATCCGGATCATATGAAACGGCATGACTTTTTCAAG

AGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGA

CGGGAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTA

ATCGTATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTCGGA

CACAAACTCGAGTACAACTATAACTCACACAATGTATACATCACGGCAGACAA

ACAAAAGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAACATTGAAGATG

GATCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCC

CTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTAAACTTTCGAAAG

ATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTG

GGATTACACATGGCATGGATGAGCTCTACAAACATCACCATCACCATCACCATC

ACTAGTAAGCTTGG  
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8.2 Detection of covalent modification in the DAD2 receptor after incubation with 

(rac)-GR24 and (-)-solanacol 

Prior to performing time-course analyses described in Chapter 3, Section 3.2.2, the DAD2 

protein was incubated with a 20 molar excess of (rac)-GR24 and (-)-solanacol to see if both 

strigolactone generated the same 96 Da, D-ring modification. For this analysis, the DAD2 

protein was incubated with these strigolactones for 30 min at RT and then analysed with 

whole protein LC-MS. Additionally, the DAD2 protein was also analysed on its own to check 

the mass of the unmodified protein peak. The figures below shows the whole protein LC-MS 

data for DAD2, DAD2 + (rac)-GR24 and DAD2 + (-)-solanacol samples. 
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Figure 8.2A: Whole protein LC-MS data for DAD2 control sample 

Whole protein LC-MS data for the DAD2 control sample. The top part shows the LC chromatogram, the middle part shows the MS spectra and the bottom part shows the deconvoluted 

protein peaks. The mass of the unmodified protein peak was found to be ~29779 Da. 
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Figure 8.2B: Whole protein LC-MS data for DAD2+(rac)-GR24 sample 

Whole protein LC-MS data for the DAD2 pre-incubated with (rac)-GR24 sample. The top part shows the LC chromatogram, the middle part shows the MS spectra and the bottom part shows 

the deconvoluted protein peaks. The mass of the 96 Da modified protein peak was found to be ~29875 Da. 
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Figure 8.2C: Whole protein LC-MS data for DAD2+(-)-solanacol sample 

Whole protein LC-MS data for the DAD2 pre-incubated with (-)-solanacol. The top part shows the LC chromatogram, the middle part shows the MS spectra and the bottom part shows the 

deconvoluted protein peaks. The mass of the 96 Da modified protein peak was found to be ~29875 Da. 
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8.3 Detection of 29969 Da DAD2 receptor peak in the time-course analyses 

Time-course analyses were performed using the whole protein LC-MS method to investigate 

when the D-ring is covalently bound to the DAD2 receptor and when the bound D-ring is 

released (Chapter 3, Section 3.2.1). For this, the DAD2 protein was incubated with 20 fold 

molar excess of (-)-solanacol for 0 min, 5 min, 30 min, 60 min, 120 min, 240 min and 960 min 

and then  analysed by whole protein LC-MS. During the analysis of the MS data, in addition to 

the unmodified protein peak (~29777 Da in mass) and modified peak (~29874 Da in mass), 

another peak was detected that had a mass of ~29969 Da. The mass of the peak suggested that 

the DAD2 protein was modified with an additional mass of ~192 Da. The figure below shows 

the presence of that peak in the different time-course samples. At any of the 5-240 min time 

points, less than 5% of the receptors are unmodified, while at the 960 min time point this ratio 

increased to ~25% when taking into account the receptors carrying one (His246) and two 

modifications (His246 + non-specific modification).   

 

Figure 8.3: Time-course analyses for detection of the covalently bound D-ring in the DAD2 receptor using 

whole protein LC-MS technique 

Time-course analyses data showing the presence of an additional 29969 Da protein peak (shown by black arrow) 

along with 29777 Da protein peak (belonging to unmodified protein; shown by blue arrow) and 29874 Da protein 

peak (belonging to DAD2 protein modified with a single, 96 Da D-ring; shown by pink arrow) detected by whole 

protein LC-MS method for the different time-course samples. The purified DAD2 protein was incubated with 20 

fold molar excess of (-)-solanacol at RT for different period of time (0 min, 5 min, 30 min, 60 min, 120 min, 240 

min, 960 min) followed by analysis by LC-MS system.  
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8.4 Validation report of DAD2-N242I crystal structure submitted to PDB database 
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8.5 DSF assays to test the thermal stability of the WT and DAD2-N242I proteins in the 

presence of MES and MES like compounds 

The DAD2-N242I mutant was crystallised with MES bound within its catalytic cavity, where 

it was observed to interact with catalytic residues Ser96 and His246 through H-bonds (see 

Section 4.2.4.1 of Chapter 4). The presence of MES within the cavity was thought to result 

because of a crystallisation artefact as this compound was present in large quantities within the 

crystallising solution. To investigate if MES or any sulfonic acid group containing compound 

(MES-like) potentially affect the thermal stability of two receptors, DSF assays were performed 

to test if MES or MES-like compounds could cause a shift in the melting temperature of the 

WT or the mutant receptor.  

Both the receptors were firstly tested against a fixed concentration of MES and eight other MES 

like compounds (HEPES, CHES, PIPES, MOPS, MOPSO, ANS, EPPS and CAPS). Following 

which, they were also tested against varying concentrations of MES compound (250 µM, 500 

µM, 1000 µM, 2000 µM, 40000 µM, 8000 µM, 16000 µM, 32000 µM, 64000 µM, 100000 µM 

and 128000 µM). The methods associated with these experiments are described in Section 2.24 

of Chapter 2.  

As seen in Figure 8.4A, MES and MES-like compounds were unable to cause any shift in the 

melting temperature of the WT and the mutant receptor. While (rac)-GR24 known to destabilise 

the SL receptor (Hamiaux et al., 2012); causes an ~10ºC shift in the melting temperature of the 

WT receptor in presence of GR24, from a melting temperature of ~56.85 ºC in absence of any 

ligand (i.e. in the presence of DMSO) to ~46.85ºC in presence of GR24. While, the N242I 

receptor showed a shift of ~13ºC in the melting temperature in presence of GR24, from a 

melting temperature of ~47.90ºC in absence of any ligand (i.e. in presence of DMSO) to 

~34.22ºC in presence of GR24.   

Additionally, in presence of increasing concentration of MES compound, no significant change 

were observed in the WT and the N242I melting temperatures (Figure 8.4B), suggesting that 

MES has a low affinity for WT and N242I and its presence within the cavity of the N242I 

mutant receptor was because of its presence at a higher concentration in the crystallisation 

solution.   
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Figure 8.5A: Thermal stability of WT and DAD2-N242I proteins in the presence of MES and MES-like 

compounds 

The DSF assay results for the WT (left) and DAD2-N242I (N242I; (right)). The figure on top represent the melting 

curves, while the figure on both depicts the derivatives of the melting curve. The thermal stability was tested using 

DSF assay that were performed using 10 µM of DAD2/ N242I protein in the presence of 250 µM of MES and 

MES-like compounds. MES is shown in red, HEPES in grey, CHES in light pink, PIPES in yellow, MOPS in sky 

blue, MOPSO in dark green, EPPS in black, ANS in light blue, CAPS in violet, GR24 in magenta, DMSO in green, 

MilliQTM ultrapure water (MQ) in blue and tolfenamic acid in orange. The dotted lines depict the melting 

temperature (Tm) exhibited by the two receptors in the presence of (rac)-GR24 (shown in magenta), DMSO (shown 

in green), MES (shown in red) and Tolfenamic acid (shown in orange).  
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Figure 8.5B: Thermal stability of WT and DAD2-N242I proteins in the presence of varying concentration 

of MES 

The DSF assay results for the WT (left) and DAD2-N242I (N242I; right). The figure on top represent the melting 

curves, while the figure on both depicts the derivatives of the melting curve. The thermal stability was tested using 

DSF assay that were performed using 10 µM of DAD2/ N242I protein in the presence of varying concentration of 

MES. 250 µM MES is shown in grey, 500 µM in olive green, 1000 µM in red , 4000 µM shown in yellow, 8000 

µM in black, 16000 µM in cyan, 32000 µM in light blue, 64000 µM in violet, 100000 µM is maroon, 128000 µM 

in purple, GR24 in pink, DMSO in green, water in blue. The dotted lines depict the melting temperature (Tm) 

exhibited by the two receptors in presence of (rac)-GR24 (shown in pink), DMSO (shown in green) and MES at 

concentration of 100000 µM as used in crystallisation experiments (shown in maroon).  
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8.6 Alignment of crystal structure of DAD2-N242I against the crystal structure of 

OsD14, ATD14 and DAD2 

The crystal structure of the DAD2-N242I was aligned against the crystal structure of OsD14, 

AtD14 and DAD2 to show the movement of the A and the M loop.  

 

Figure 8.6: Crystal structure of DAD2-N242I aligned against the crystal structure of OsD14, AtD14 and 

DAD2 to show movement of loops A and M in all the structures 

A) shows the structure of molecule A of DAD2-N242I protein (magenta) aligned against the structure of molecule 

A of OsD14 (green; PDB ID: 4IH9; (Kagiyama et al., 2013)), AtD14 (cyan; PDB ID: 4IH4; (Zhao et al., 2013)) 

and DAD2 (yellow; PDB ID: 4DNP; (Hamiaux et al., 2012)). B) Shows structure of molecule B of DAD2-N242I 

protein (magenta) aligned against the structure of molecule A of OsD14 (green), AtD14 (cyan) and DAD2 

(yellow). 

  



192 

 

8.7 Additional information about the results of cluster analysis  

The cluster analyses were performed to sample the different conformational states displayed by 

the WT and the N242I models during the MD simulations. The results for these analyses are 

presented in Section 4.2.5 of Chapter 4, in form of plots that represented the 20 most populated 

clusters for each of the model verses the simulation time-series. The tables below enlists all the 

clusters that were identified for each of the model and the number of structures that were 

grouped into them. 

Table 8.7A:  All the identified clusters for the WT model and the number of structures present within each 

of the cluster 

Cluster number  Structures  

1 655 

2 107 

3 66 

4 65 

5 45 

6 30 

7 12 

8 7 

9 4 

10 3 

11 3 

12 1 

13 1 

14 1 

15 1 

 

Table 8.7B: All the identified clusters for the N242I model and the number of structures present within each 

of the cluster 

Cluster number Structures  

1 355 

2 179 

3 129 

4 74 

5 60 

6 44 

7 33 

8 23 

9 20 

10 18 

11 10 

12 9 

13 9 

14 7 

15 7 

16 4 
17 3 
18 3 
19 3 
20 2 
21 2 
22 2 
23 2 
24 1 
25 1 
26 1 
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8.8 Protein sequence of petunia axillaris HTL/KAI2 protein 

Protein sequence of Petunia axillaris HTL/KAI2 protein mentioned in Figure 5.1 (number 8; 

Peaxi162Scf00264g00416.1) 

MGIVEEAHNVKIIGTGDRTIVLAHGFGTDQSVWKHLVPHLVDEFKVVLFDNMGAGT

TNPDYFDFERYSTLEGYAYDVIAILEELQIPSCIYVGHSVSAMIGAIASVSRPDLFTKLV

TVSGSPRYLNDVDYYGGFEQEDLDQLFEAMRSNYKAWCSGFAPLAVGGDMDSVAV

QEFSRTLFNMRPDIALSVLQIIFQSDLRHLLPHVTVPCHIIQSMKDLAVPVVVSEYLHQ

NFGGESIVEVMSTDGHLPQLSSPDVVIP 
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8.9 Validation report of DAD2-D166A crystal structure submitted to PDB database 
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Strigolactone” for the purposes of examination and subsequent deposit in the University of 

Auckland’s publicly available digital repository, ResearchSpace: 

The results associated with characterisation of DAD2-N242I mutant which includes, the results 

for Yeast two-hybrid β-galactosidase assay, hydrolytic activity assay, differential scanning 

flourimetry (DSF) thermal stability assay, described in Chapter 4 of my thesis. 

If you are happy to grant permission, please sign the authority at the bottom of this letter and 

return a copy to me. You may also add specific instructions regarding the attribution statement 

that I will include in my thesis, and any additional terms and conditions that you require. If you 

wish to discuss the matter further, please contact me at psha623@aucklanduni.ac.nz or 

telephone 0211059991. Thank you for your consideration of this request.  

Yours sincerely 

 

Prachi Sharma 
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I, as Copyright Owner of the material described above, grant permission for Prachi Sharma to 

copy the material as requested for the stated purposes, with no further action required.  

Signed:   (Hui Wen Lee)   Date: 14/6/2019 

Attribution statement  

Please note any specific instructions you would like included in my acknowledgement of 

Copyright Ownership:  None 

Terms and conditions  

Please note any terms and conditions of the permission:  None  
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