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Abstract 

Characterization of Strigolactone Antagonists as Inhibitor of Striga 

hermonthica Seed Germination and the Discovery of a Nitric Oxide 

Responsive Protein in Arabidopsis thaliana 

Randa Alhassan Zarban 

Plants have evolved different communication mechanisms that convey information 

encoded in chemical signals, both internally and to surrounding organisms. Two such 

signals are strigolactones (SLs) and nitric oxide (NO). SLs are plant hormones that shape 

plant architecture according to nutrition availability and mediate interactions with 

beneficial arbuscular mycorrhizal fungi. For this second purpose, plant roots release SLs 

into the soil where they also trigger seed germination in root parasitic weeds, such as Striga 

hermonthica. Attachment of Striga causes severe damage to crops yield, particularly in 

sub-Saharan Africa. One way to control this threat to food security in infested African 

regions is to develop SL antagonists, which can inhibit Striga germination. Recently, we 

have shown that Triton X-100 can bind to the Striga SL-receptor, HYPOSENSITIVE to 

LIGHT 7 (ShHTL7). In addition, triazole urea compounds have been shown to specifically 

bind to Oryza sativa SL-receptor DWARF-14 (OsD14), blocking SL signalling. Here we 

used the structures of Triton X-100 and triazole urea to design two isomers and 

putative ShHTL7 inhibitors: KK023-N1 and KK023-N2. We demonstrate that these 

compounds antagonize SL signalling in S. hermonthica via specific binding to ShHTL7, 

and that application of KK023-N1 results in a 38% reduction in Striga germination under 

greenhouse conditions. Furthermore, we discovered a histidine residue (H51) in ShHTL7, 

which may be involved in SL perception in addition to known residues. Substitution of 

H51 to asparagine (N) led to a significant reduction in ShHTL7 hydrolysis activity, 

indicating the importance of this H residue. Our work provides a starting point for 
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designing new series of SLs inhibitors to combat Striga, and improve food security 

worldwide. 

NO is a gaseous signaling molecule involved in regulating plant development and adaptive 

responses to biotic and abiotic stresses. In this work, we characterized AtLRB3, a Light 

Response Bric-a-Brac/Tramtrack/Broad Complex (BTB) family protein, and showed that 

it contains a Heme Nitric Oxide/Oxygen (H-NOX) domain that can sense NO, providing 

an evidence of the existence of NO binding proteins in planta. 
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Chapter 1. 

 

1.1 Strigolactone (SL) and SL-dependent seed germination of Striga 

hermonthica  

1.1.1 SL biosynthesis, perception and biological functions  

1.1.1.1 Introduction 

Strigolactones (SLs) are a class of phytohormones that regulate many aspects of plant 

growth and development. Root exudates containing SLs act as signals to promote the 

symbiotic interaction between plants and mycorrhizal fungi in the soil and as germination 

stimulants of root-parasitic seeds (Butler, 1994; Al-Babili and Bouwmeester, 2015). 

Strigol, the first discovered natural SL, was isolated from root exudates of cotton 

(Gossypium hirsutum) over 50 years ago (Cook et al., 1966). The donated name of SL 

comes from the fact that it controls the germination of root-parasitic plants of the genus 

Striga (Butler, 1994; Al-Babili and Bouwmeester, 2015; Jia et al., 2018). So far, 

approximately 30 SLs have been identified in root exudates of diverse plant species 

(Yoneyama et al., 2018).  

Natural SLs are terpenoid lactones derived from carotenoids and characterized by the 

presence of methylbutenolide ring (D-ring) that is linked to a second moiety by enol ether 

bridge in the R-configuration (Al-Babili and Bouwmeester, 2015; Jia et al., 2018). Based 

on the structure of their second moiety, they are classified into canonical or non-canonical 

SLs. Canonical SLs, such as strigol and orobanchol, contain tricyclic lactones (ABC-ring), 

while non-canonical SLs, such as methyl carlactononate and zealactone, lack the ABC-ring 

and have a structurally different second moiety instead (Al-Babili and Bouwmeester, 2015; 



16 
 

Jia et al., 2018). Moreover, canonical SLs are distinguished by the stereochemistry of the 

B/C ring junction and divided into strigol-like (C-ring in β -orientation) and orobanchol-

like (C-ring in α -orientation) (Figure 1. 1) (Al-Babili and Bouwmeester, 2015; Jia et al., 

2018). The structural diversity of the second moiety of SLs and the occurrence of different 

modifications such as methylation or hydroxylation are contributing to the occurrence of 

diverse SLs (Jia et al., 2018). Despite the structural diversity of SLs, the D-ring and the 

enol-ether bridge are the most important elements for the SLs bioactivities (Mangnus et 

al., 1992; Boyer et al., 2012; Mashiguchi et al., 2021).  

 

Figure 1.1. Chemical classification of SLs structures. Natural SLs are divided into 

canonical SLs; I (strigol-type), and II (orobanchol-type), which contain the tricyclic ABC-

lactone, and non-canonical SLs (III). In inset, GR24 the commonly used synthetic SL 

analogue (Jia et al., 2018).  
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1.1.1.2  SL biosynthesis  

Extensive studies on mutants deficient in carotenoid biosynthesis and application of 

carotenoid biosynthesis inhibitors, such as fluridone, suggested that SLs are produced from 

carotenoids (Matusova et al., 2005; Mashiguchi et al., 2021). In addition, dwarf and highly 

branched mutants in Arabidopsis, rice, pea, and petunia have revealed conserved 

components in the SL biosynthetic pathway (Dun et al., 2009; Beveridge and Kyozuka, 

2010; Tang and Chu, 2020; Mashiguchi et al., 2021). The breakthrough in the elucidation 

of SL biosynthesis was the identification of carlactone (CL) as endogenous precursor of 

SLs in plants (Alder et al., 2012; Seto et al., 2014). Briefly, four enzymes are involved in 

the SL biosynthesis: a cis/trans-isomerase D27, two carotenoid cleavage dioxygenases 

CCD7 (MAX3) and CCD8 (MAX4), and a CYP450 monooxygenase clade711 MORE 

AXILLARY GROWTH 1 (MAX1). The core pathway of SL biosynthesis begins in the 

plastid with the enzymatic conversion of all-trans-β-carotene into the corresponding 9-cis-

isomer by D27 (an iron-binding protein) (Alder et al., 2012; Bruno and Al-Babili, 2016; 

Abuauf et al., 2018). Next, CCD7 stereo-specifically cleaves the C9'-C10' double bond of 

9-cis- β-carotene forming 9-cis-β-apo-10′-carotenal and β-ionone. 9-cis-β-apo-10′-

carotenal is then converted into the central intermediate CL by the action of CCD8 (Alder 

et al., 2012; Bruno and Al-Babili, 2016). CL is the substrate of MAX1(s), which convert it 

into different SLs such as carlactonoic acid (CLA), 4-deoxyorobanchol (4DO), and 

orobanchol in the cytosol (Figure 1.2) (Abe et al., 2014; Zhang et al., 2014; Yoneyama et 

al., 2018). MAX1s are divided into three subfamilies: A1 type, including Arabidopsis 

thaliana MAX1 (AtMAX1) and Oryza sativa MAX1 (OsMAX1), which convert CL to 

CLA (Yoneyama et al., 2018), A2 type, including Os900, which are involved in the 
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conversion of CL into 4DO (Zhang et al., 2014), and A3 type, including Os1400, which 

are involved in the conversion of 4DO to orobanchol (Zhang et al., 2014; Yoneyama et al., 

2018).  Further enzymes, such as Lateral Branching Oxidoreductase (LBO) and CYP722, 

are also involved in SL biosynthesis in different species and contribute to the structural 

diversity (Brewer et al., 2013; Wakabayashi et al., 2019; Wakabayashi et al., 2020; Wang 

et al., 2021).  

 

Figure 1.2. SL biosynthesis. All-trans- β-carotene is isomerized by D27 into 9-cis-β-

carotene that is cleaved by CCD7 to produce 9-cis-β-apo-10'-carotenal and β-ionone. 

CCD8 transforms 9-cis-β-apo-10'-carotenal into carlactone (CL), which is further modified 

by cytochrome P450 enzymes to produce different type of canonical and non-canonical 

SLs. LBO (lateral branching oxidoreductase) and a postulated methyl transferase are also 

involved in the biosynthesis of SLs (Wang et al., 2021). 

 

 

The regulation of SL biosynthesis depends on multiple factors. One of the important factors 

is the availability of nutrients, especially phosphate. Phosphate deficiency stimulates SL 
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biosynthesis and release into the rhizosphere. The exudation of SLs in the soil induces the 

association with AM fungi (described below) and this association improves the uptake of 

the phosphate by roots of host plants (Akiyama et al., 2005; Al-Babili and Bouwmeester, 

2015; Mashiguchi et al., 2021).   

 

1.1.1.3 SL biological activities  

1.1.1.3.1 SL roles in the rhizosphere 

After biosynthesis, SLs can be secreted in the soil where they trigger seed germination of 

parasitic weeds and induce hyphal branching of arbuscular fungi (AMF) to develop 

symbiotic interaction with the host plant (Bouwmeester et al., 2003; Akiyama et al., 2005). 

Almost 50 years ago, SLs were discovered as a stimulant for seed germination of the root 

parasitic plants of the Striga, Orobanche, Phelipanche genera (Cook et al., 1966; 

Bouwmeester et al., 2003). Seeds of root-parasitic plants perceive the released SLs in soil 

as an indicator for the presence of their host, which in turn initiate their germination and 

the formation of the radical and haustorium. The germinated parasitic seeds then attach to 

their host’s roots, infiltrating them and diverting nutrients and water, which cause 

considerable damages to the host plants (Parker, 2009; Xie et al., 2010; Yoneyama et al., 

2010). SLs were found to facilitate the early symbiotic interaction between plant roots and 

the AMF, in addition to triggering Striga germination (Akiyama et al., 2005). The spores 

of AMF are capable to grow in the absence of the host; however, their hyphal growth and 

branching required the presence of SLs (Giovannetti et al., 1996), which is an important 

stage for the AMF to complete their life cycle. When SLs are secreted from the host roots, 

the hyphal branching of AMF is highly induced allowing the penetration and the start of 
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the symbiosis (Giovannetti et al., 1996; Akiyama et al., 2005) (Figure 1.3). Furthermore, 

SLs can induce the symbiotic interaction with other soil microbes, such as nitrogen-fixing 

rhizobial bacteria (Marzec, 2016). 

 

 

 

Figure 1.3. The effect of SLs on the development of AMF. Secretion of SLs in the 

rhizosphere promotes the symbiotic interaction with AMF by inducing their hyphal 

branching, formation of hyphopodium and secretion of chitins (Adapted from (Liao et al., 

2018)). 

 

 

 

1.1.1.3.2 SLs roles as endogenous hormones 

The growth of axillary buds is controlled and suspended before growing into a branch, 

which is a universal homeostatic process in plants, and this process is partially regulated 

by SLs (Umehara et al., 2008; Umehara et al., 2015). SLs deficient mutants in diverse plant 

species, such as petunia (Petunia hybrida), pea (Pisum sativum), Arabidopsis (Arabidopsis 

thaliana), and rice (Oryza sativa) (reviewed in (McSteen, 2009), are highly branched. 

Hormonal and grafting studies revealed that these mutants are actually deficient in SL 

biosynthesis or perception (Barbier et al., 2019). Application of a SL analog, such as GR24, 

to these mutant plants decelerates the branching phenotype and inhibits the outgrowth of 
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axillary buds (Gomez-Roldan et al., 2008; Umehara et al., 2008; Dun et al., 2009; Barbier 

et al., 2019). In addition, SL deficient mutants exhibit a delay in their leave senescence 

process, while application of exogenous GR24 leads to acceleration in the leaf senescence 

(Ueda and Kusaba, 2015; Yamada and Umehara, 2015). Also, SL plays a role in shaping 

root architecture by enhancing the growth of primary roots and root hairs and reducing the 

formation of lateral roots (Ruyter-Spira et al., 2011; Al-Babili and Bouwmeester, 2015) 

(Figure 1.4).  

 

Figure 1.4. Functions of strigolactones in plant development. a. stimulation of internode 

growth, b. increasing of leaf senescence, c. enhancement of  primary root growth and root 

hair elongation, d. induction secondary root growth and stem thickness, e. reduction of the 

outgrowth of axillary buds, f. inhibition of adventitious root formation and g. inhibition of 

lateral roots formation (Al-Babili and Bouwmeester, 2015). 
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1.1.1.4 SL perception and signal transduction 

Studies with high tillering and dwarf mutants led to identifying some conserved 

components in SL biosynthetic and signaling pathways in Arabidopsis, rice, and pea. 

(Gomez-Roldan et al., 2008; Umehara et al., 2008). Some of these mutants (Arabidopsis 

max2, the rice d3, and pea rms4) belong to a group of orthologue genes of the F-box 

proteins family. F-box family proteins are involved in hormone-signaling pathways, which 

mediate the ubiquitination-dependent target protein degradation process in plants. The 

involvement of an F-box protein indicates that signaling of SLs is also mediated by the 

ubiquitination process (Wang et al., 2015; Tang and Chu, 2020). The rice d14 mutant, 

which is highly-tillered and showed a dwarf phenotype, was characterized as SLs 

insensitive, suggesting that D14 acts in SL signaling and not biosynthesis (Arite et al., 

2009). The D14 gene encodes an α/β-fold hydrolase domain-containing protein (Arite et 

al., 2009), which possesses the conserved catalytic amino acids serine-aspartate-histidine 

in its catalytic pocket and is composed of 8-stranded-parallel β sheets with one antiparallel 

(β2) and arranged as 12435678. These β sheets are connected by 6-α helices (A-F α). The 

number of the β-sheets and α-helices varies between different folds. The catalytic residues 

are located within this arranged fold (Figure 1.5) (Casas-Godoy et al., 2018). 
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Figure 1.5. Scheme of the structure of α/β-hydrolase fold. The α/β-hydrolase fold 

consist of 8-stranded β-sheet connected by α-helices, and the catalytic triad consists of a 

nucleophilic residue (Ser), an acidic residue (Asp), and a histidine (His). The β strands are 

indicated by arrows, the α-helices by spirals and the catalytic residues are shown in red 

circles (modified from (Casas-Godoy et al., 2018). 

 

 

D14 has a dual function as a receptor and a hydrolase for SLs, which can convert SLs to 

another active intermediate (Arite et al., 2009; Mashiguchi et al., 2021). Petunia 

DECREASED APICAL DOMINANCE2 (DAD2) protein was the first characterized D14 

orthologue (Hamiaux et al., 2012). Resolving the crystal structure of DAD2 elucidated 

most of the structural similarities within the D14 family. DAD2 contains the conserved 

hydrolytic amino acids in the bottom of its internal hydrophilic pockets. In addition, this 

pocket can accommodate SLs and its synthetic analog GR24 for hydrolyzing GR24 to 

formyl tricyclic lactone (ABC-FTL) and hydroxymethyl butenolide (HMB/ hydroxylated 

D-ring) (Hamiaux et al., 2012) (Figure 1.6).  
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Figure 1.6. Hydrolysis of the SL analog GR24 by D14 proteins. D14 hydrolyzes GR24, 

a SL synthetic analog, into two moiety ABC and D rings (modified from (Mashiguchi et 

al., 2021)). 

 

This catalytic activity of D14 family enzymes is highly conserved in different plants. (Zhao 

et al., 2013; Seto et al., 2019). A crystal structure of the rice D14 incubated with the SL 

analog GR24 unraveled that the hydrolysis product D-ring was bound to the protein pocket 

but far from the catalytic triad (Nakamura et al., 2013). Later, RAMOSUS3 (RMS3), a pea 

D14 orthologue, was shown to form a covalent bond with D-ring, suggesting that the 

formation of the D14-D-ring complex is crucial for the SL signaling and transduction 

pathway (de Saint Germain et al., 2016). In the same pathway another protein, D53, was 

characterized from a rice SL-insensitive mutant, which was found to suppress the SL 

signaling pathway by interacting with D14 in a SL-dependent manner as a downstream 

signaling repressor (Jiang et al., 2013; Zhou et al., 2013). Additionally, D53 interacts with 

the F-box protein (D3) that mediates the proteasomal degradation of D53 (Zhou et al., 

2013). Similar to D3, SUPPRESSOR OF MAX2 1 (SMAX1)-LIKE6 (SMXL6), SMXL7, 

and SMXL8 were identified as D53 orthologues in Arabidopsis to suppress SL signaling 

(Wang et al., 2015).  
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Recent studies have revealed major steps in SL signal transduction (Waters et al., 2017; 

Shabek et al., 2018; Marzec and Brewer, 2019; Blázquez et al., 2020). Briefly, the 

hydrolysis activity of D14 is mediated by a conserved Ser-His-Asp catalytic triad and 

targets the enol-ether of SLs, which releases the variable moiety of  SL ligands, such as 

ABC-rings, and retains the D-ring covalently bound to the His residue. The formation of 

this covalently linked intermediate receptor molecule (CLIM) is accompanied by striking 

conformation changes of D14, promoting the interaction with the F-box protein MAX2 

(D3 in rice), a component of Skp1/Cullin/F-box (SCF)-type E3 ubiquitin ligase (Jiang et 

al., 2013). The formation of a protein complex, D14-SCFMAX2/D3, is facilitating    the 

association with the transcriptional repressors, such as the Arabidopsis SMXL6 or the rice 

D53, and channels them into the proteasome-mediated degradation pathway triggering the 

SLs responses (Figure 1.7) (Zhou et al., 2013; Mach, 2015; Wang et al., 2015; Wang et 

al., 2021).  

The CLIM-complex plays an important role in the interaction of D14 with D3 (Kagiyama 

et al., 2013; Yao et al., 2016). The crystal structure of AtD14 revealed the differences of 

the two states of D14 in its apo and bound structures (CLIM-complex). The apo structure 

of AtD14 possesses four α-helices that form an open V-shaped lid structure and a loop 

containing the catalytic Asp acid (Asp loop). In addition, the catalytic Ser is found in the 

bottom of this pocket, which contributes to the hydrolysis of SLs by initiating nucleophilic 

interaction with D-ring of SL (Kagiyama et al., 2013). In the bound structure, D14 

undergoes conformational changes and becomes highly disordered. The V-shaped lid 

exhibits a closed state and shrinking in its size with losses in the Asp loop. Moreover, a 

covalent intermediate with 5 carbon units was shown to be bound to the catalytic His by 
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both LC-MS/MS and in crystallographical analysis of D14. This intermediate is assumed 

to be a D-ring derivative that forms a bridge between the Ser and His of the active pocket. 

Accordingly, D14 was considered as a non-canonical receptor for SLs, as it acts as a 

receptor and a signal mediator through its hydrolysis capacity (Yao et al., 2016). 

 

Figure 1.7. Scheme of SL signaling. D14 binds and hydrolyzes SLs, releasing the ABC-

moiety and covalently binding the D-ring, to form the D14-CLIM complex. Formation of 

this complex induces the configuration changes of D14 which promotes the interaction 

with D3 (MAX2) and SLs repressors (SMXLs/D53), leading to polyubiquitination and 

degradation of repressor proteins (Wang et al., 2021).  

 

However, Seto et al. reported that the hydrolysis of SL is not necessary for signal 

transduction. They showed that the intact SL is sufficient to induce the required 

conformational changes within the D14 for its interaction with downstream proteins 

included D3/Max2 and D53/SMALs (Seto et al., 2019) (Figure 1.8). Additionally, the 
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disordered Asp loop is large enough to accommodate the intact SL molecule, contradicting 

to the study of Yao et al. (2016). They also proposed that D14 returns to active apo structure 

and hydrolyzes the SL after the signal transduction (Seto et al., 2019).  Similarly, X-ray 

crystallographic analysis of D3 showed that the C-terminal helix (D3-CTH) domain 

possesses two states: one has more flexible conformation (disclosed) that is interacting with 

D14 in a SL-dependent manner (Shabek et al., 2018). Although the disclosed structure 

indicated the presence of intact SL molecule bound to D14, the conformational changes of 

D14 in this model are not required for SL signal transduction, which is different from the 

model proposed by Seto et al, 2019 and Yao et al, 2016.  The second state is the binding 

of closed D3-CTH (less fixable confirmation) to the ClIM-D14, which is assumed to 

mediate in SL signaling and D53 degradation. 

 

 

 

 

 

 

 

Figure 1.8. Two models of SL perception by D14. (A) The apo-D14 structure exhibited 

enlarged V-shaped lid. Upon SL hydrolysis by D14, the D-ring binds covalently and 

triggers the conformational changes of D14 required for signal transduction (Yao et al., 

2016). (B) The intact SL molecule induces the conformational changes of D14, then D14 

returns to its apo-state and hydrolyzes SL (Seto et al., 2019). Adapted from (Mashiguchi 

et al., 2021). 
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1.1.2. Striga hermonthica distribution, impact and biology  

1.1.2.1 Striga and its geographical distribution  

Striga species are obligate hemiparasitic plants that parasitize the root systems of important 

crops. There are 42 known Striga species, out of which three, Striga hermonthica, S. 

asiatica, and S. gesnerioides, are of the greatest economic importance. These three species 

show host specificity; S. hermonthica and S. asiatica parasitize on cereals and sugarcane 

(Saccharum officinarum), while the main host of S. gesnerioides is cowpea (Vigna 

unguiculata) (Scholes and Press, 2008; Pennisi, 2010; Parker, 2012; Kountche et al., 2016; 

Jamil et al., 2021).  

S. hermonthica, commonly known as “Purple Witchweed”, is one of the major biotic 

constraints to agriculture system and cereal production in sub-Saharan Africa (Musselman 

et al., 2001; Parker, 2009; Pennisi, 2010; Rodenburg et al., 2016). It is estimated that 

around 50 million hectares of arable land are infested by Striga in Africa (Gressel et al., 

2004; Ejeta, 2007; Westwood et al., 2010). Striga is characterized by exceptional fertility, 

producing up to 200,000 seeds per plant, which remain viable in the soil for more than ten 

years (Ejeta, 2007; Jamil et al., 2012). This longevity has led to a huge accumulation of 

seeds in infested fields, which represent the main obstacle in the long-term management of 

Striga (Hearne, 2009; Atera et al., 2012; Kountche et al., 2019). 

Geographically, S. hermonthica has been reported in almost 40 countries, with high 

distribution in the semi-arid regions of sub-Saharan Africa (Ejeta, 2007; Parker, 2012). The 

origin of S. hermonthica is believed to be from the Nuba hills of Sudan and Simien 

Mountains of Ethiopia where this weed is endemic on sorghum and pearl millet (Ejeta, 



29 
 

2007; Kountche et al., 2016). S. hermonthica has adapted to warm, dry climate with erratic 

rainfall and low soil fertility (Ejeta, 2007) (Figure 1.9). 

 

Figure 1.9. S. hermonthica distribution in Africa.  S. hermonthica is widely distributed 

in agriculture areas of central, eastern and western Africa. Southern regions of the continent 

are less impacted by this weed (Ejeta, 2007). 

 

 

  

1.1.2.2 S. hermonthica economic impact 

In term of global food security, S. hermonthica is one of the seven most severe agronomical 

constrains to global food production (Pennisi, 2010). Striga decimates key food crops and 

grains such as maize (Zea mays), sorghum (Sorghum bicolor), rice (Oryza sativa), and 

pearl millet (Pennisetum glaucum) (Ejeta, 2007; Scholes and Press, 2008), imposing a 

significant burden on food availability of more than 300 million people and causing annual 

losses of around $7-10 billion (Gressel et al., 2004; Ejeta, 2007; Scholes and Press, 2008; 

Atera et al., 2012). In heavily infested fields, the yield losses range from 65% to 100 %, 

especially during drought seasons (Atera et al., 2012). Consequently, farmers are forced to 

leave their fields or cultivate less important crops (Atera et al., 2012). 
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1.1.2.3 S. hermonthica biology 

Although known as purple witchweed, members of the Striga genus are annual plants with 

attractive purple, red, pink, white or, yellow flowers. They are about 30-100 cm long with 

asymmetrical flowers, opposite leave arrangement, and distinct bend in the corolla tube 

(Musselman et al., 2001). S. hermonthica is characterized by high fertility and produces a 

very high number (up to 200,000) of very tiny dust-like seeds (0.3 mm) (Figure 1.10 A 

and B). S. hermonthica lacks a functional root system that would allow obtaining water 

and nutrient from soil.  Therefore, it is completely dependent on its host to cover its needs 

(Ejeta, 2007; Hearne, 2009). (https://www.cabi.org/isc/datasheet/51849).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. S. hermonthica plants and seed morphology. (A) S. hermonthica infested 

pearl millet in Burkina Faso (Picture taken by Dr. Mohammed Jamil). Adult plants have 

up to 100 flowers and produces hundreds of thousands of tiny seeds (B) (Hearne, 2009).  

 

 

 

https://www.cabi.org/isc/datasheet/51849
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1.1.2.4 S. hermonthica life cycle 

As per definition, S. hermonthica is an obligate root-parasitic plant, and its lifecycle is 

highly synchronized and intimately connected to that of its host. The life cycle and 

development of Striga can be divided into two stages; (i) underground stage (holo-

parasitic) including seed ripening, conditioning, germination, radical and haustorium 

formation, attachment and pre-emergence shoot like tissue; and (ii) above-ground growth 

and development (hemi-parasitic) including shoot and stem formation, vegetative 

structures emergence, maturation and seed production stages (Figure 1.11). Seeds of S. 

hermonthica can remain dormant for more than 10 years, which could be considered a 

ripening period (Musselman et al., 2001; Runo and Kuria, 2018; Bouwmeester et al., 2020). 

Seeds break their dormancy after-ripening in a process known as conditioning. Certain 

environmental requirements have to be met in this process, including humidity and high 

temperature. Typically, the conditioning period of S. hermonthica is from 7 to 14 days, and 

the optimal temperature is between 23-34 ºC (Musselman et al., 2001). Upon conditioning, 

parasitic seeds will only germinate if they sense the presence of host plants. A specific 

signaling stimulant is released by host roots, which directs the parasitic seeds through their 

germination process. The most known and studied stimulant for S. hermonthica is 

strigolactones (SLs) (discussed in section 1.1.1). If no host is present, the seeds will re-

enter a second dormant stage (Butler, 1994; Matusova et al., 2005; Fernández-Aparicio et 

al., 2020). After perception of a stimulant, seeds germinate and initiate the formation of a 

small radical (up to 1 cm in length) toward the host’s root in 12 to 42 hours (Bouwmeester 

et al., 2020). 
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Figure 1.11. S. hermonthica life cycle (illustrated by Xavier Pita, KAUST). Seeds 

breaktheir dormancy during the conditioning stage when they are exposed to favorable 

conditions of warm temperature and moisture. Seeds germinate and initiate radical 

formation once they detect host-derived germination stimulants, i.e. strigolactones.  The 

radical develops a specialized organ, the haustorium, which establishes the connection and 

attachment to the vascular system of host roots. Striga grows belowground for several 

weeks and then emerges above the ground. The mature plants flowers and produces a huge 

number of seeds (Bouwmeester et al., 2020).  

 

 

The radical growth is further inhibited to allow the differentiation of the haustorium, a 

swollen-round structure. This mechanism is mainly induced by haustorium-inducing 

factors (HIFs), such as 2, 6-dimethoxy-1,4-benzoquinone (DMBQ) derived from the host 

root (Estabrook and Yoder, 1998; Cui et al., 2018; Jamil et al., 2021). DMBQ was first 

identified in root exudates of infected sorghum (Chang and Lynn, 1986), and its origin 

might be related to lignin biosynthesis or degradation (Cui et al., 2018). DMBQ induces 

the proliferation of root hairs, cell division and expansion at the radical tips to trigger the 
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formation of haustorium (Chang and Lynn, 1986), a special invasive organ that attaches to 

the host roots. Once attached to the roots surface, the haustorium forms a wedge-like 

structure followed by penetration of the host root cortex and endodermis. Some of the 

haustorium cells differentiate inside the root tissues to establish a xylem-xylem connection 

(Scholes and Press, 2008; Yoshida et al., 2016; Cui et al., 2018; Wada et al., 2019) allowing 

the direct absorption of water and nutrients from the host vasculature (Cui et al., 2018; 

Bouwmeester et al., 2020; Fernández-Aparicio et al., 2020; Jamil et al., 2021). Once this 

connection is established, Striga grows belowground for a few weeks, and then their small 

cotyledon emerges. Thereafter, the parasite continues growing upward by depleting their 

host resources to produce adventitious roots attaching to the same host root or another host 

plant by means of secondary haustoria (Westwood et al., 2010). Eventually, Striga 

seedlings emerge above the ground starting their hemi-parasitic stage and photosynthesis. 

However, Striga has a low capacity for photosynthesis due to low CO2 fixation rate and 

small number of chloroplasts in leaf cells (Press et al., 1987; Wickett et al., 2011). In 

addition, the transcript level of chlorophyll and photosynthetic genes in Striga is relatively 

low compared to facultative hemi-parasitic plants (Wickett et al., 2011), indicating even 

above the ground Striga seedlings are likely to depend on their host to a certain degree for 

obtaining photosynthetic products  (Joel et al., 2007; Wickett et al., 2011). Striga plants 

continue growing and flower around four weeks after emergence (Berner et al., 1995). 

Striga is out-crossing species, which shows high genetic variations and diversity. After 

pollination, seeds are maturated and later spread into the soil, where they can stay dormant 

for many years waiting for the host-released stimulant to start a new life cycle (Berner et 

al., 1995; Spallek et al., 2013; Kountche et al., 2016; Bouwmeester et al., 2020).   
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1.1.3 SL perception in root-parasitic plants 

1.1.3.1 Identification of SL receptors in S. hermonthica  

As an allelochemical compound, SLs induce the germination of root parasitic plants. 

However, the mode of perception and mechanisms in parasitic plants is still unclear, and 

massive efforts have tried to elucidate this process. The close homologs of D14, 

KARRIKIN-INSENSITIVE2 (KAI2)/ HYPOSENSITIVE to LIGHT (HTL)/D14-like, are 

members of the α/β-hydrolase family. However, KAI2 binds karrikins (KARs) that mimic 

a yet unidentified, natural signaling molecule, instead of SLs. KARs are smoke derived 

compounds that contain a D-ring, but without the enol ether bridge characteristic of SLs, 

and are known to trigger seed germination in many plant species, but not root parasitic 

plants (Scaffidi et al., 2014; Waters et al., 2017). Besides the striking similarity of their 

receptors, KARs and SLs share major signal transduction components, including the F-box 

protein (MAX2 in Arabidopsis) (Waters et al., 2017; Blázquez et al., 2020). The usage of 

different functional and structural tools coupled with genome sequencing and de novo 

genome assembly led to the identification of a set of D14/KAI2 homologs in root parasitic 

plants including S. hermonthica. Interestingly, most of these genes belong to the KAI2 

family that is present in much higher copy number in parasitic genomes, compared to D14 

(Conn et al., 2015). The KAI2 family in root parasitic plants is divided into three clades: 

KAI2 conserved (KAI2c), KAI2 intermediate (KAI2i), and KAI2 divergent (KAI2d). KAI2d 

possesses an enlarged cavity similar to that of D14 and shows a response to the SL analog 

GR24. Concluding that parasitic plants contain SL receptors that had evolutionary diverged 

from KAI2 via gene duplication and gained new functions, replacing the KARs by SLs as 
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the germination stimulants and host recognition signals (Conn et al., 2015). In the genome 

of S. hermonthica, 11 KAI2/HTL paralogues have been identified as S. hermonthica 

HYPOSENSITIVE TO LIGHT (ShHTL1-11). Phylogenetic analysis of these different 

ShHTLs showed that these genes are classified into different clades, distinct from the HTL 

clades of non-parasitic plants (Figure 1.12), which are the conserved clade (ShHTL1/ 

group 1), intermediate clade (ShHTL2 and ShHTL3/ group 2), and divergent clade 

(ShHTL4 to ShHTL11/group 3 and 4) (Conn et al., 2015; Toh et al., 2015). Later, a 

complementation study based on the expression of the 11 ShHTLs in Arabidopsis loss-of-

function HTL/KAI2 mutant (htl-3) confirmed the germination activity in response to SL in 

different degrees (dependent on the clade). In addition, the transgenic Arabidopsis seeds 

expressing different ShHTLs (ShHTL4 to ShHTL9) showed high germination rate in 

response to minimal concentrations of SL but not to KAR. Interestingly, the conserved 

clade (ShHTL1) and intermediate clade (ShHTL2 and 3) showed no hydrolytic activity 

toward SL, but possess a slightly higher affinity to KAR, which confirms that some of 

ShHTLs act as receptors of SLs for seed germination (Toh et al., 2015). Among the several 

Striga SLs receptors, ShHTL7 is the most sensitive receptor to SLs, and the expression of 

ShHTL7 alone in Arabidopsis kai2 mutant, was sufficient to induce seeds germination, 

which is therefor assumed to be a crucial player in regulating Striga seed germination (Toh 

et al., 2015).  
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Figure 1.12. Phylogenetic tree analysis of S. hermonthica HTL/KAI2 and D14 

homologs together with homologs from non-parasitic plants. S. hermonthica genome 

contains 11 genes nested in one distinctive clade. The circle represents AtHTL/KAI2 (Toh 

et al., 2015).  

 

 

 

1.1.3.2 SL perception in root-parasitic plants 

Elucidation of SL perception in parasitic plants is still a challenging task, which requires 

genetic testing and analysis of loss-of function mutants of different parasitic plants. It is 

speculated that the perception of SLs is similar to that of higher plants employing D14.  

Interestingly, the F-box protein, MAX2, is well conserved in the S. hermonthica genome, 

and Arabidopsis max2 mutant was rescued by complementation with ShMAX2  (Liu et al., 

2014), suggesting that ShMAX2 has a role in SLs signaling perception and transduction 

and might be involved in promoting parasitic seeds germination (Liu et al., 2014; Toh et 

al., 2015). ShHTL7 interacts equally with ShMAX2 or AtMAX2 in SL dependent manner 

to suppress branching and axillary buds outgrowth (Liu et al., 2014; Xu et al., 2018).  
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In addition, ShHTL7 can hydrolyze GR24 and form CLIM structures bound to its His 

residue in the catalytic triad (Yao et al., 2017). Therefore, seed germination in S. 

hermonthica is conserved (similar to non-parasitic plants) and occurring most likely via 

the interaction of specific ShHTLs (divergent) and ShMAX2 with SLs. The discovery of 

SMAX1/SMAX-Like in Arabidopsis (D53 paralogue) (Stanga et al., 2013; Soundappan et 

al., 2015) will be helpful for connecting the different putative components involved in SL 

perception in Striga via ShHTL7. SMAX1 is a negative regulator of the KAR pathway 

(AtHTL/KAI2), acting downstream of MAX2, which is believed to be the target for 

degradation in a KAR-dependent manner to induce seed germination (Soundappan et al., 

2015). Hence, it was hypothesized that SL induces seed germination via interaction of 

ShHTL7/ShMAX2 complex mediating the degradation of SMAX1 (Figure 1.13) 

(Soundappan et al., 2015; Bunsick et al., 2020; Khosla et al., 2020). Similar to that of D14 

models proposed by Seto et al, some reports have demonstrated that few non-hydrolyzed 

SL analogs could also induce Striga seed germination (Uraguchi et al., 2018). However, 

most of the active compounds, such as sphynolactone-7 (SPL-7) (Uraguchi et al., 2018) 

and MP1 (Jamil et al., 2018), inducing Striga seed germination were shown to be 

hydrolyzed by ShHTL7, suggesting that SL hydrolysis is essential to induce this process. 
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Figure 1.13. Scheme of S. hermonthica seed germination (hypothesis).  SL is perceived 

by Striga ShHTLs receptors, triggering the assembly of MAX2 complex and likely 

stimulating seed germination through degradation and inactivation of SMAX1 (modified 

from (Bouwmeester et al., 2020). 

 

 

1.1.4 Different ligand specificity between SL receptors  

Recently, differences in the binding properties and ligand affinity of SL receptors are 

supposed to be due to the active pocket size and the arrangement of helices at the entrance 

of the catalytic pocket, as indicated by crystallography and in silico modeling (Xu et al., 

2016; Xu et al., 2018). HTLs of the divergent clades (ShHTL4-ShHTL9) have larger 

pockets than KAI2, which could explain the high capacity of these proteins to interact with 

wide range of SLs (Toh et al., 2015; Tsuchiya et al., 2015; Xu et al., 2018); however, the 

binding affinity within the same clade shows considerable differences. (Xu et al., 2018; 

Zhang et al., 2020). The αD1 and αD2, the components of the V-shape cape domain, 

located at the entrance of the catalytic pocket possess different residues composition that 

contributes to the active pocket size and volume (Xu et al., 2018), which determines the 

ligand specificity. Despite the structural similarity of ShHTL4, 5 and 7, ShHTL7 evolved 

with an enlarged binding pocket with less bulky small residues. In addition, αD1 helix of 

ShHTL7 appears to be pushed outward making a larger pocket than that of ShHTL4 and 

ShHTL5 (Xu et al., 2018). Mutagenesis studies of ShHTL7, which aims at mimicking other 

ShHTLs and KAI2 receptors, led to decreased hydrolytic activity and binding affinity of 
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ShHTL7 (Xu et al., 2018). Indeed, introducing ShHTL7 into Atkai2 mutants triggers seed 

germination in response to pM concentration of GR24 (Toh et al., 2015). Surprisingly, 

introducing three key amino acids from ShHTL7 into the non-SL receptor KAI2, enhances 

its ability to sense SLs and transformed it into a functional SL receptor. These three 

substitutions provoke the large size of ShHTL7 and enhance the flexibility of the active 

pocket to accommodate SLs with better downstream signaling components interactions 

(Arellano-Saab et al., 2021).  

 

1.1.5 Striga management and control approaches  

S. hermonthica is difficult to control due to multiple factors that contribute to the severity 

of Striga problem (Scholes and Press, 2008), including accumulated soil seed banks, seed 

longevity, complex life cycle, and genetic variation (Berner et al., 1995; Nickrent and 

Musselman, 2004; Joel et al., 2007; Huang et al., 2012). Extensive efforts have been 

invested to develop new and successful approaches to control Striga infestation (Jamil et 

al., 2021). Unfortunately, S. hermonthica remains a major agricultural problem knowing 

the fact that most of the damage caused by Striga takes place underground before the 

emergence of the parasitic seedlings (Parker and Riches, 1993; Eplee and Norris, 1995; 

Haussmann, 2000).  

Many promising strategies to control Striga have been proposed and discussed in literature. 

One of these approaches is based on the cultivation  of crops that harbor resistance against 

Striga infestation, in which the host crop arrests the attachment and prevents further 

development of the Striga haustorium (pre or post attachment resistance) (Hearne, 2009; 

Mandumbu et al., 2018). Resistance to Striga has been found to occur naturally in many 
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cereal varieties including rice, sorghum, millet and maize (Jamil et al., 2021). Another 

approach adapted by farmers is based on agronomical practices including cultivation of 

false host plants like cotton and legumes to trigger germination of Striga seeds. This 

strategy induces Striga seed germination but due to the incompatible attachment, the Striga 

seedlings die (Atera et al., 2012; Goldwasser and Rodenburg, 2013).  

Physical removal by hand pulling is one of the oldest and cheapest techniques used to 

control Striga (Goldwasser and Rodenburg, 2013). It should be employed before the Striga 

starts flowering, however, it is not reducing the overall damage to the host much and it is 

time-consuming (Ayongwa et al., 2010). Many other strategies and management methods 

used to control Striga are extensively discussed in a recent review by (Jamil et al., 2021) 

(Figure 1.14). In this work my focus is on the current chemical approaches to control Striga 

germination based on SL agonists or antagonist compounds, which will be discussed 

below.   

 

1.1.5.1 Chemical approaches (Herbicides and Suicidal Agents)  

Chemical herbicides are one of the most efficient ways to control and inhibit weeds 

emergence and spread  (Fedtke and Duke, 2005). Multiple herbicides have been developed 

to be selective and less harmful to the environment and to crops. In Striga research fields, 

coating of maize or cowpea seeds with imidazolinone herbicides has shown promising 

results in reducing Striga emergence and led to a significant increase in yield (Menkir et 

al., 2010; Chikoye et al., 2011; Lado and Hussaini, 2018). However, multiple 

environmental and genetic factors should be taken into consideration to avoid the risk of 

inducing Striga resistance (Ransom et al., 2012).   
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The dependency of Striga on host-released SLs for seed germination opens the potential to 

use these compounds as a suicidal germination agent. This approach, which is supposed to 

be pursued in the absence of host, has recently gained a lot of attention and few suicidal 

agents have been already tested in farmer’s field in Africa (Samejima et al., 2016; 

Zwanenburg et al., 2016; Kountche et al., 2019). In this method, SL analogues are applied 

which will induce seed germination and radical formation. However, the growth of the 

Striga seeds is arrested by the absence of the host root (Samejima et al., 2016; Zwanenburg 

et al., 2016; Kountche et al., 2019). Several SL analogs have been synthesized and 

evaluated in lab, greenhouse, or field (Xie et al., 2010; Boyer et al., 2012; Jamil et al., 2018; 

Uraguchi et al., 2018; Jamil et al., 2019; Kountche et al., 2019). For instance, the analogs 

methyl-phenlactonoates (MPs), including MP1, MP3, and MP16, were recently tested in  

lab, greenhouse and field trials in Burkina Faso, which showed promising results in 

significantly reducing  Striga emergence (Jamil et al., 2018; Kountche et al., 2019; Jamil 

et al., 2020) Recently, sphynolactone-7, (SPL-7) a selective SL agonist, was found to 

induce Striga seed germination at femtomolar concentrations under lab conditions 

(Uraguchi et al., 2018). Despite the availability of a large number of synthetic SL 

analogues, only few of them have been assessed for suicidal activity under real infested 

fields (Samejima et al., 2016; Kountche et al., 2019). 

 

1.1.5.2 SL biosynthesis and perception approaches for Striga control  

Recent studies have deciphered major steps in SL biosynthesis and signal transduction, 

(Waters et al., 2017; Shabek et al., 2018; Marzec and Brewer, 2019; Blázquez et al., 2020) 

which paves the way for developing alternative approaches to reduce the host-released SLs 
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or inhibit SL perception of S. hermonthica. Some of the carotenoid biosynthesis inhibitors, 

such as fluridone or norflurazon, drastically inhibited carotenoids biosynthesis in rice 

leading to reduction in SL production and Striga infection (Jamil et al., 2010; Zheng et al., 

2020). However, inhibition of the carotenoid biosynthesis pathway has a negative impact 

on plant growth and development (Jia et al., 2018; Felemban et al., 2019; Zheng et al., 

2020). Triazole-derivative and related structures, TIS13, TIS108, and KK05 have been 

synthesized with high potency to decrease SL production without affecting the host (Ito et 

al., 2011; Ito et al., 2013; Kawada et al., 2019). 

In addition, the inhibition of SL receptors by developing specific SL antagonists is another 

promising approach for understanding SL perception, combating root parasitic plants, and 

regulating plant architecture (Ito et al., 2011; Hameed et al., 2018; Nakamura et al., 2018). 

The identification and characterization of SL receptors in Striga (Toh et al., 2015) have 

opened the possibility of developing of Striga specific inhibitors, which can be used even 

in the presence of the host. Especially, ShHTL7 demonstrated high sensitivity to SLs, 

which is a key receptor for sensing SL and inducing seed germination, making it the best 

target for chemical inhibition (Toh et al., 2015). A high-throughput screening for chemicals 

with potential SL antagonist activity and capacity to block ShHTL7 have been performed 

(Holbrook-Smith et al., 2016). As a result, soporidine (SOP) was identified to harbor an 

inhibition activity toward ShHTL7 (Holbrook-Smith et al., 2016; Tsuchiya et al., 2018). 2-

methoxy-1-naphthaldehyde (2-MN) was also shown to be a SL perception inhibitor using 

Ligand Scout and available information on D14 (Mashita et al., 2016). Another SL 

perception inhibitor are β-lactones (TFQ0022) that has been shown to irreversibly inhibit 
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AtD14 (Xiang et al., 2017) and DL1 which also compete with SL signal and induced 

branching phenotype in Arabidopsis and rice (Yoshimura et al., 2018). 

Recently in the frame of elucidating the structure ShHTL7, we discovered by serendipity 

that Triton X-100 binds strongly, and non-covalently to the active pocket of this Striga SL 

receptor (Hameed et al., 2018). Further biochemical and biological assays confirmed that 

Triton X-100 is a potent inhibitor of ShHTL7, but not of its paralogue D14, the host SL 

receptor, and reduces the Striga seed germination in bioassay (Hameed et al., 2018). 

Meanwhile, Nakamura et al. (2019) developed a series of triazole urea compounds, such 

as KK094, as efficient and covalent inhibitors of D14. These compounds target Ser residue 

of the active site that mediates SL hydrolysis activity. Therefore, these compounds caused 

irreversible modifications to OsD14 and inhibited SL perception in rice (Nakamura et al.,  

2019). KK094 has also an inhibitory activity towards Striga seed germination with a low 

binding affinity to ShHTL7 (Nakamura et al., 2019). However, neither Triton X100 nor the 

triazole urea compounds developed by Nakamura et al. are suitable for field application, 

because of the nature of the former as a detergent and its possible toxicity and effect of the 

latter one on host plants. Structures of some of the above mentioned SL antagonist are 

depicted in Figure 1.15.  
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Figure 1.14. Control methods for Striga infestation. Different methods have been used 

by farmers and researcher to either decrease or prevent Striga infection and accumulation 

of its seeds in fields (Jamil et al., 2021).  

 

 

 

Figure 1.15. Chemical structures of some SL antagonists/ inhibitors.  
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1.2 Nitric Oxide as plant signaling molecule  

Nitric oxide, also called nitrogen monoxide or NO, is an air pollutant gas with minor 

toxicity (Mustafa et al., 2009; Domingos et al., 2015). As gas and a reactive free radical, 

NO was not expected to possess biological importance in cell communication and signaling 

(Fukuto et al., 2012; Levine et al., 2012).  However, many studies shows its involvement 

in a wide range of physiological processes in animals and plants (Mustafa et al., 2009). Its 

gaseous nature allows free and rapid diffusion through the cellular membrane to reach its 

target and execute its function.  

 

1.2.1 Nitric Oxide biosynthesis  

In mammals, NO is synthesized by nitric oxide synthases (NOSs), which utilizes the 

conversion of L-arginine to L-citrulline and NO in the presence of O2 and NADPH (Figure 

1.16.) (Bredt, 1999; Calabrese et al., 2007). 

 

Figure 1.16. Biosynthesis of NO. Nitric oxide synthase (NOS) oxidizes L-arginine to L-

citrulline, releasing NO. The enzyme requires NADPH as co-factor (Calabrese et al., 2007). 

 

 

Three NOS isoenzymes including endothelial NOS (eNOS), neuronal NOS (nNOS), and 

inducible NOS (iNOS) are well characterized in mammals. Both eNOS and nNOS are 
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tissue-specific, as indicated by their names, while iNOX is induced by inflammation and 

pro-inflammation effectors (Stuehr, 1999; Simontacchi et al., 2015).   

The first endogenous production of NO in plants was reported in 1994, which occurs non-

enzymatically via light-mediated reduction of nitric dioxide (NO2) to NO gas by 

carotenoids to reduce the damage of NO2 (Cooney et al., 1994). Moreover, nitrite (NO2
–) 

is converted to NO at low pH during seed germination in the apoplast (Bethke et al., 2004). 

However, NO can be also produced enzymatically in the cytosol via the reduction of nitrate 

(NO3
–) to nitrite (NO2

–) by nitrate reductase (NR) using NADPH as a cofactor. NO can be 

also produced from the conversion of (NO2
–) by nitrite NO reductase (Ni-NOR) enzymes 

(Wilkinson and Crawford, 1993; Domingos et al., 2015; Sanz et al., 2015; Brouquisse, 

2019). In addition to NR, mitochondrial electron transport reductase was shown to play a 

major role in NO synthesis by the reduction of NO2
– using NADH as a cofactor (Figure 

1.17) (Planchet et al., 2005; Asgher et al., 2017). Yet, the source of NO production by NOS 

in plants is still under investigation. NOS homologue(s) has not been identified, despite the 

vast roles and functions of NO in plants in various aspects (Simontacchi et al., 2015). 

Nevertheless, the possibility that a new form of NOS has evolved in plants cannot be 

discarded (Correa-Aragunde et al., 2013). For example, the application of NOS inhibitors 

led to suppression of NO production and reduction in the NO-mediated-response to stress 

stimuli (Zeidler et al., 2004; Domingos et al., 2015; Simontacchi et al., 2015; Brouquisse, 

2019). Arabidopsis thaliana NOS1 (AtNOS1) was the first characterized plant enzyme to 

produce NO by converting L-arginine to citrulline. In addition, Atnos1 mutant exhibited 

low NO production, while its phenotype can be rescued by NO (Guo et al., 2003). However, 
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other studies failed to confirm the NOS-like activity of AtNOS1, which led to renaming 

this enzyme to AtNOA1 (NO-associated 1) (Zemojtel et al., 2006).  

 

Figure 1.17. NO synthesis by enzymatic and non-enzymatic mechanisms. NO can be 

synthesized enzymatically by nitic oxide synthase (NOS), nitrate reductase (NR), or by the 

mitochondrial electron transport reductase, using L-arginine, nitrate (NO3
–), or nitrite 

(NO2
–) as substrates, respectively. Alternatively, NO can be produced non-enzymatically 

by light or acidic conditions.  

 

 

1.2.2 Nitric Oxide functions in plants 

NO plays several regulatory roles in growth, development, and immune response to 

different environmental stimuli in plants (Palavan-Unsal and Arisan, 2009; Domingos et 

al., 2015; Brouquisse, 2019). During the seed stage, NO can induce seed germination and 

maintain low levels of O2 to prevent the oxidative damage of lipids and DNA as well as to 

increase amino acids synthesis during germination (Brouquisse, 2019; Palma et al., 2019). 

Besides, NO was reported to reduce primary root growth and hypocotyl elongation 
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(Wimalasekera et al., 2011; Sanz et al., 2015; Castillo et al., 2018). Moreover, NO levels 

are reduced during fruit ripping,  which has been used for commercial purposes as 

exogenous NO application increases the resistance to chill damage, browning, and the 

shelf-life of fruits (Palma et al., 2019).  

In addition, several studies have revealed the role of NO in plants biotic and abiotic stress 

responses that help to cope with environmental changes and pathogens attacks. During 

nutrient deficiency, NO contributes to enhancing root growth and root clusters for the 

uptake of water and minerals (Buet et al., 2019). Similarly, NO can reduce the oxidative 

damage of plants cells, which is caused by increased levels of heavy metals, due to its 

antioxidant activity (Buet et al., 2019; Terrón-Camero et al., 2019). Additionally, NO plays 

a role against pathogens such as Pseudomonas syringae and Botrytis cinerea. (Mur et al., 

2012; Mur et al., 2019), by prompting the transcription of pathogen-defense genes and the 

production of antimicrobial factors (Bellin et al., 2013; Wendehenne et al., 2014). 

Furthermore, NO was found to be released by plants to control the symbiotic interaction 

with the mycorrhizal fungi and Rhizobia, particularly during nitrogen fixation (Berger et 

al., 2019; Martínez-Medina et al., 2019).  

 

1.2.3 NO signal transduction and the Heme-Nitric oxide/Oxygen domain (H-NOX)  

The signal transduction of NO is mediated via two mechanisms: (i) post-translation 

modifications (PTMs) of the target protein or (ii) the cGMP-mediated pathway. PTMs by 

NO results in the S-nitrosylation of a cysteine residue, the nitration of tyrosine residue, 

or nitrosylation of metalloproteins (Abat and Deswal, 2019). S-nitrosylation occurs 

widely in many plant species and regulates protein activity and protein-protein 
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interactions (Spadaro et al., 2010) (Abat and Deswal, 2019). The cGMP-mediated 

pathway is stimulated by the binding of NO to the heme-protein, soluble guanylate cyclase 

(sGC) (Herzik et al., 2014; Yu et al., 2014; Abat and Deswal, 2019). The binding of NO to 

the ferrous (Fe+2) of the heme moiety results in the dissociation of the heme with a 200 fold 

increase in sGC activity which converts GTP to cGMP, activating numerous downstream 

functions via phosphorylation through protein kinases (Tsai and Kass, 2009; Yu et al., 

2014; Abat and Deswal, 2019).  

sGC belongs to a family of heme-proteins containing a conserved Heme-Nitric 

oxide/Oxygen domain (H-NOX) that enables to sense NO (Boon et al., 2005), which occurs 

across many organisms from archaic bacteria to mammals (Wang et al., 2010; Plate and 

Marletta, 2012; Wong et al., 2021). The sequence of H-NOX domain 

(Hx(12,14)Px(14,16)YxSxR) consists of a conserved histidine residue (H) that acts as the 

proximal site to bind the iron of the heme group (Pellicena et al., 2004). The binding of 

NO to heme moiety leads to the dissociation of the bond between the proximal His residue 

and the formation complex with the distal ligand (Figure 1.18) (Pellicena et al., 2004; 

Herzik et al., 2014).  
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Figure 1.18. NO binding and activation of H-NOX proteins. Heme moiety (orange 

square) is distorted from planarity by interacting with the proximal H (blue pentagon) and 

P (green pentagon) residues of the H-NOX domain. NO binding (blue and red circles) leads 

to the dissociation of the H-Fe+ bond and pushing P away, which results in a more relaxed 

and planer heme. This will attribute to the structural changes within the protein binding 

pocket, leading to the activation of the protein (Herzik et al., 2014). 

 

 

Computational approaches using the consensus sequence of the conserved H-NOX domain 

led to the discovery of several novel NO-sensing proteins in plants, especially Arabidopsis 

thaliana (Domingos et al., 2015; Wong et al., 2018; Wong et al., 2021). This approach will 

be discussed in details in Chapter 4.  
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1.4 Objectives 

The objectives of this dissertation are as the following:   

1.4.1 Design and characterization of strigolactone antagonists that specifically inhibit 

Striga seed germination.  

Our previous knowledge about different SL signal inhibitors, mainly Triton X-100 and 

triazole urease compound KK094, led us to synthesize a chimeric inhibitor in two isomers. 

The inhibitory activity of these isomers, KK023-N1 and KK023-N2, were validated using 

different approaches including germination and biochemical assays (Chapter 2). 

1.4.2 Characterization and understanding of the molecular basis of ShHTL7 

Understanding the role of the key residues in ShHTL7 binding pocket and their contribution 

to the enzyme hydrolysis activity and enhanced sensitivity. Different mutations targeting 

S95, H246 and H51 were introduced into ShHTL7 and the hydrolysis activity of each 

variant was evaluated by in vitro using YLG, a SL analog. In addition, transgenic lines 

expressing different ShHTL7 variants were generated and will be evaluated on the level of 

their phenotype and response to SL (Chapter 3). 

1.4.3 Spectral characterization of a candidate NO-binding protein, AtLRB3. 

By applying the search motif of conserved H-NOX sequence to identify novel NO-binding 

proteins in Arabidopsis, we identified AtLRB3 and further characterized its response to 

NO, using UV/Vis spectroscopy (Chapter 4). 

 



52 
 

Chapter 2. 

 

Rational design of Striga hermonthica specific seed germination 

inhibitors 
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One sentence summary: Design and characterization of strigolactone antagonists that 

specifically inhibit Striga seed germination.  
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2.1 Abstract  

Striga hermonthica is an obligate hemiparasitic weed that grows on cereal roots. It is a 

severe threat to global food security, causing enormous yield losses, particularly in Sub-

Saharan Africa. The rapidly increasing Striga seed bank in infested soils is a major obstacle 

in controlling this weed. Striga seeds require host derived strigolactones (SLs) for 

germination, which opens up the possibility of using corresponding antagonists as 

germination inhibitors. Recently, we demonstrated that the common detergent Triton X-

100 is a specific inhibitor of Striga seed germination, which binds non-covalently to its 

receptor, HYPOSENSITIVE to LIGHT 7 (ShHTL7), but does not block the rice SL 

receptor, DWARF14 (OsD14). Moreover, triazole ureas, the potent covalently binding 
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antagonists of rice SL perception with much higher activity towards DWARF14, showed 

a good inhibition of Striga but conversely, they are less specific. Considering that Triton 

X-100 is not suitable for field application and by combining structural elements of Triton 

and triazole urea, we developed two hybrid compounds, KK023-N1 and KK023-N2 as 

potential Striga-specific germination inhibitors. Both compounds blocked the hydrolysis 

activity of ShHTL7 but did not affect that of OsD14. Binding of KK023-N1 diminished 

ShHTL7 interaction with ShMAX2, a major component in SLs signal transduction, and 

increased ShHTL7 thermal specificity. Docking studies indicate that KK023-N1 binding is 

not covalent but caused by hydrophobic interactions. Finally, in vitro and greenhouse tests 

unraveled specific inhibition of Striga seed germination, which led to around 38% 

reduction in Striga infestation in pot experiments. These findings reveal that KK023-N1 is 

a potential candidate for combating Striga and a promising basis for further rational design 

and development of further Striga-specific herbicides. 

 

2.2 Introduction  

Striga hermonthica, commonly known as "Purple witchweed," is a root-parasitic plant 

considered one of the major biotic constraints to food production in Sub-Saharan Africa 

(Musselman et al., 2001; Parker, 2009; Pennisi, 2010; Rodenburg et al., 2016). The 

infestation of cereals, such as maize, pearl millet, sorghum, and upland rice by Striga 

results in enormous yield losses. It can lead to complete crop failure, imposing a significant 

burden on the food security of more than 300 million people and causing economic costs 

of around seven billion US dollars annually (Gressel et al., 2004; Ejeta, 2007; Atera et al., 

2012). It is estimated that 50 million hectares of arable lands in Africa are infested by Striga 
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(Gressel et al., 2004; Ejeta, 2007). Striga is characterized by exceptional fertility that gives 

rise to thousands of seeds per plant with 10-15 years of longevity in soil (Ejeta, 2007; Jamil 

et al., 2012), building up large seed reservoirs in infested fields and appearing as one of the 

main obstacles in the long-term management of Striga (Kountche et al., 2019). Albeit the 

employment of a number of mechanical, cultural, biological, and chemical control 

measures by local farmers, Striga is still a major problem for agriculture in sub-Saharan 

Africa (Eplee and Norris, 1995; Joel et al., 2007; Aly, 2012; Jamil et al., 2021). Hence, 

there is an urgent demand for control strategies that can deplete accumulated seed bank in 

infested soils or specifically inhibit the germination of Striga seeds (Ejeta, 2007; Cardoso 

et al., 2011; Zwanenburg et al., 2016; Jamil et al., 2018; Kountche et al., 2019; Jamil et al., 

2020).   

Like other root parasitic plants, Striga is an obligate parasite that needs a host to survive 

(Xie et al., 2010). To ensure that emerging seedlings have access to a suitable host, seeds 

of these weeds germinate only upon sensing host-released signaling molecules, mainly 

strigolactones (SLs) (Bouwmeester et al., 2003; Al-Babili and Bouwmeester, 2015). SLs 

are a group of carotenoid derived plant hormones consisting of a lactone ring (D-ring) 

coupled with an enol ether bridge to a second variable moiety (Jia et al., 2018; Wang et al., 

2021; Moreno et al., 2021). They are released into the rhizosphere to attract symbiotic 

mycorrhizal fungi and play pivotal roles in various aspects of plant development and 

response to biotic and abiotic stress (Gomez-Roldan et al., 2008; Umehara et al., 2008; 

Agusti et al., 2011; Kapulnik et al., 2011; Ruyter Spira et al., 2011; Ha et al., 2014; Decker 

et al., 2017; Fiorilli et al., 2019).  
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In Striga, the receptors responsible for SL-induced seed germination are supposed to be 

evolutionarily derived from a KAI2 receptor and have arisen through gene duplication 

and new functionalization replacing the karrikin ligand by SLs (Conn and Nelson, 2016; 

Xu et al., 2016). Among the several Striga SL receptors, Striga hermonthica 

HYPOSENSITIVE To LIGHT (ShHTLs), ShHTL7 is the most sensitive to SLs. It is 

assumed to play a crucial role in regulating Striga seed germination (Tsuchiya et al., 

2015). 

The dependency of germination on host-derived signals, such as SLs, opens up the 

possibility of combating root parasitic weeds by applying germination stimulants in the 

absence of a host (Samejima et al., 2016; Jamil et al., 2018). This "suicidal germination" 

strategy has been tested recently in field and showed very promising results in alleviating 

Striga infestation (Samejima et al., 2016; Jamil et al., 2018; Jamil et al., 2020; Kountche 

et al., 2019). In addition, the inhibition of SL receptors, i.e. DWARF14 (D14) and KAI2-

derived receptors, in parasitic and non-parasitic plants by specific SL antagonists is a 

promising approach for understanding SL perception, combating root parasitic plants, and 

regulating plant architecture (Ito et al., 2011; Hameed et al., 2018; Nakamura et al., 2019). 

Recently, we have elucidated the high-resolution atomic structure of ShHTL7 and 

discovered, by serendipity, that the common detergent Triton X-100 is a non-covalent, 

specific ligand of this receptor, which competes with the SL ligand and acts as SL 

antagonist (Hameed et al., 2018). Several tests and modeling confirmed the specificity of 

Triton X-100 in binding to ShHTL7 among other Striga and non-parasitic plant SL 

receptors (Hameed et al., 2018). In addition, the application of Triton X-100 reduced Striga 

seed germination in vitro without affecting seed germination or rice growth. These results 
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support the idea of using Triton X-100 as a lead compound to design specific and more 

efficient Striga seed germination inhibitors for combating this weed (Hameed et al., 2018). 

At the same time, Nakamura et al. (2019) reported the development of efficiently covalent 

inhibitors of D14, taking advantage of the nucleophilicity of the active site Ser residue that 

mediates SL hydrolysis. This nucleophilicity is generally known for serine hydrolases and 

enables covalent modification and, hence, covalent inhibition of these enzymes by using 

reactive electrophiles. Based on studies showing that N-heterocyclic urea structures 

targeting the serine in the active site are efficient inhibitors of serine hydrolases, Nakamura 

et al. (2019) prepared a set of triazole urea chemistries and tested their effect on D14 

mediated SL perception and signal transduction. Activity tests and structure studies 

revealed the triazole urea compound KK094 as a potent, covalent inhibitor of the rice D14 

(Nakamura et al., 2019). KK094 also inhibited the ShHTL7 receptor; however, with much 

lower efficiency, and reduced the rate of Striga seed germination (Nakamura et al., 2019). 

In the present work, we developed new, specific types of ShHTL7 inhibitors, KK023-N1 

and -N2, by combining structural elements of Triton X-100 and triazole ureas. The 

developed compounds, particularly KK023-N1, showed promising activity in blocking 

ShHTL7 and inhibiting Striga seed germination. In contrast to Triton X-100 and KK094, 

the newly developed inhibitors did not show any negative effect on rice as host plant.  

These findings show that KK023-N1 is a promising Striga-specific seed germination 

inhibitor that can be used for combating Striga in African agriculture.    
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 2.3 Results   

 2.3.1 Design, synthesis, and structure of KK023-N1 and KK023-N2  

Previously, the structure of ShHTL7, co-crystallized with Triton X-100, showed that the 

hydrophobic tail of the ligand, which includes the phenoxy group, interacts with several 

amino acids in the receptor cavity (Hameed et al., 2018). These interactions provide the 

basis for the tight binding of Triton X-100 and its blocking/inhibition activity, together 

with those that take place with the polyethylene repeats at the outer rim of the ShHTL7 

binding pocket. Building upon this work, we co-crystallized ShHTL7 with the triazole urea 

derivative KK007, after incubating them together, and soaked the obtained crystal in 1 mM 

Triton X-100 solution. Thus, we determined a crystal structure that showed ShHTL7 bound 

to Triton X-100 and, in addition, to KK007, which was covalently linked to the catalytic 

Ser95 (Figure 1 A-C; Table 2.1). This structure showed that Triton X-100 left enough 

space in the active site to accommodate small covalent ligands targeting Ser95, and, hence, 

suggested that the combination of both moieties might generate efficient and Striga-

specific inhibitors. Therefore, we attached the alkyl benzene moiety, which corresponds to 

the hydrophobic tail of Triton X-100 without the methyl groups, to the triazole urea 

scaffold, which led to the two compounds KK023-N1 (4-(3-(4-

methoxyphenyl)propyl)indolin-1-yl)(2H-1,2,3-triazole-2yl)methanone) and KK023-N2 

(4-(3-(4-methoxyphenyl)propyl)indolin-1-yl)(1H-1,2,3triazole-1-yl)methanone). 

Attempts to introduce the methyl groups present in Triton X-100 into these hybrid 

structures were not successful. The synthesis scheme of KK023N1 and -N2 is depicted in 

(Figure 2.2A), and the chemical structures of KK094, Triton X-100, and the two isomers 

are in (Figure 2.2B).  NMR analysis of the two compounds is shown under (Figure 2.2).   
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Figure 2.1. Crystal structure of ShHTL7 bound to KK007 and Triton X-100. (A) 

Crystal structure of ShHTL7 (gray) bound to KK007 (green stick) and Triton X-100 

(yellow stick) (B) 2FoFc omit map (gray mesh) of the active site of ShHTL7S95 (gray stick) 

covalently bound to KK007 (green stick) contoured at 1 σ cutoff (C) 2FoFc omit map (gray 

mesh) of the bound Triton X-100 (yellow stick) contoured at 1 σ cutoff. 

 

Figure 2.2. Synthesis of KK023-N1 (4-(3-(4-methoxyphenyl)propyl)indolin-1-yl)(2H-

1,2,3-triazol-2-yl)methanone) and KK023-N2 (4-(3-(4-

methoxyphenyl)propyl)indolin-1-yl)(1H-1,2,3-triazol-1-yl)methanone). (A) The 

synthesis scheme (steps 1-6) of Triton X-100/1,2,3-triazole ureas based inhibitors. (B) 

Chemical structures of KK023-N1 and KK023-N2 isomers. NMR analysis of KK023-N1 

and N2. HRMS for each compound is analyzed by ESI mode, M+H was detected. Though 

the chemical formula of both compounds is C21H22N4O2. Triazole part of KK023-N1 binds 



60 
 

to N-acyl moiety to form asymmetrical substituent, while that of KK023-N2 binds to N-

acyl moiety to form symmetrical substituent.  

(KK2023-N1)1H-NMR (500 MHz, CDCl3) δ: 8.32 (d, J = 1.4 Hz, 1H), 7.94 (m, 1H), 7.74 

(d, J = 1.4 Hz, 1H), 7.22 (t, J = 8.0 Hz, 1H), 7.16-7.04 (m, 2H), 6.98 (d, J = 8.0 Hz, 1H), 

6.86-6.78 (m, 2H), 4.60 (t, J = 8.0 Hz, 2H), 3.77 (s, 4H), 3.08 (t, J = 8.0 Hz, 1H), 2.64-2.56 

(m, 4H), 1.94-1.86 (m, 2H). 13C-NMR (126 MHz, CDCl3) δ: 157.69, 145.76, 141.61, 

138.66, 133.75, 132.73, 130.49, 129.12, 127.77, 125.30, 124.85, 114.93, 113.64, 55.10, 

51.56, 34.41, 32.10, 31.35, 27.03. HRMS calcd for C21H22N4O2: 363.1816, found 

363.1879. 

KK2023-N21H-NMR (500 MHz, CDCl3) δ: 7.92 (br s, 1H), 7.85 (s, 2H), 7.25-7.17 (m, 

1H), 7.12-7.07 (m, 2H), 6.95 (d, J = 7.5 Hz, 1H), 6.85-6.79 (m, 2H), 4.42 (t, J = 8.3 Hz, 

2H), 3.77 (s, 3H), 3.05 (t, J = 8.3 Hz, 2H), 2.71-2.55 (m, 4H), 2.00-1.78 (m, 2H). 13C-

NMR (126 MHz, CDCl3) δ: 157.69, 146.28, 141.70, 138.53, 136.15, 133.85, 130.39, 

129.16, 127.80, 124.98, 114.93, 113.66, 55.15, 51.22, 34.43, 32.13, 31.38, 26.95. HRMS 

calcd for C21H22N4O2: 363.1816, found 363.1857. 

 

 

 

 

2.3.2 KK023-N1 and KK023-N2 are specific inhibitors for ShHTL7   

To test the activity of the two compounds, we performed competition assays using 

Yoshimulactone Green (YLG) as an SL analog that produces a fluorescence signal upon 

hydrolysis by the SL receptors D14 and ShHTLs (Tsuchiya et al., 2015).  ShHTL7 

efficiently hydrolyzed YLG, which was detected as an increase of the green fluorescence 

over time (Figure 2.4A).This activity was completed using SL analog GR24 with an IC50 

of 0.27 µM (Figure 2.3A). Then, we tested if KK023-N1 and N2 will competitively inhibit 

ShHTL7–mediated YLG hydrolysis. As a result, KK023-N1 and N2 inhibited ShHTL7 

hydrolysis activity with an IC50 of 1.78 and 2.15 µM, respectively (Figure 2.3B, C), and 

this inhibition was concentration dependent. Under the same conditions, Triton X-100 and 

KK094 inhibited ShHTL7 activity with an IC50 of 0.45 µM and <25 µM, respectively 

(Figure 2.4B and C). Furthermore, to check for the specificity of KK023-N1 and KK023-

N2, we also evaluated their effect on the rice OsD14 SL receptor. Interestingly, neither of 

the two isomers could inhibit the hydrolytic activity of OsD14 (Figure 2.3E, F), whereas 
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GR24 showed an IC50 of 2.59 µM (Figure 2.3D), indicating the high specificity of the two 

inhibitors toward the Striga ShHTL7 receptor. Likewise, we tested if KK023-N1, the more 

potent inhibitor, inhibits the Striga KAI2-derived SL receptor ShHTL5 that hydrolyzes 

YLG (Figure 2.4D).We observed only weak inhibition of the hydrolysis activity of 

purified ShHTL5, albeit the high sequence similarity to ShHTL7 (Hameed et al., 2018; Xu 

et al., 2018). Indeed, the application of KK023-N1 at a 50 µM concentration led to only a 

20% reduction of ShHTL5 hydrolysis activity, indicating an IC50 > 50 µM (Figure 2.4 E). 

The specificity of KK023-N1 towards ShHTL7 could be seen from in-silico docking of 

KK023-N1 to ShHTL7, where it could bind non-covalently in the lowest-energy model 

between the helices α3-α4 at the entrance of the ShHTL7 binding pocket, primarily through 

hydrophobic interactions with Thr157 and Ile161 (Figure 2.5 A-D). This model provides 

a rationale for the loss of binding by KK023-N1 towards OsD14 and ShHTL5 due to the 

presence of bulky amino acids such as Tyr and Trp in their ligand cavity, which hinders 

the binding of KK023-N1. 
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Figure 2.3. Inhibition of ShHTL7/OsD14 by KK023-N1 and KK023-N2. A 

concentration-dependent inhibition of ShHTL7-mediated YLG hydrolysis by (A) GR24 or 

by (B) KK023-N1 and (C) KK023-N2. Inhibition of OsD14-mediated YLG hydrolysis by 

(D) GR24 but not with KK023 isomers (E-F). Data are the means ± SD (n= 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. ShHTL7/ShHTL5-mediated YLG hydrolysis. (A and D) YLG hydrolysis by 

ShHTL7 or ShHTL5 at 10 minutes time intervals up to 120 minutes. Concentration 

dependent inhibition of ShHTL7- mediated YLG hydrolysis by (B) Triton X-100 

(IC50=0.47 µM) and (C) KK094 (IC50=>25 µM). (E) ShHTL5-mediated YLG hydrolysis. 
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It was not completely inhibited in the presence of KK023-N1. Maximum dose of KK023-

N1 (50 µM) led to only 20% inhibition of the protein activity. Data are means ± SE (n=3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Docking of KK023-N1 to ShHTL7. (A) Cartoon representation of ShHTL7 

(grey) docked with KK023-N1 (green stick) (B) Surface representation of ShHTL7 (grey) 

docked to KK023-N1 (green sphere) (C) Ligplot shows residual contacts of ShHTL7 to 

docked KK023-N1 (D) Contact residues (grey) of ShHTL7 to docked KK023-N1 (green 

stick). 

 

 

2.3.3 KK023-N1 decreased binding affinity between ShHTL7 and ShMAX2-CTH and 

increased ShHTL7 thermal stability   

We then investigated whether KK023-N1 interferes with the binding of ShHTL7 to the 

downstream signal transduction component ShMAX2. For this purpose, we first 

investigated if the C-terminal helix of ShMAX2 (ShMAX2-CTH) is sufficient for binding 

to ShHTL7 in the presence of the SL analog GR24, based on the known fact that the C-

terminal helix of D3 is sufficient for interaction with D14 in the presence of GR24 (Shabek 

et al., 2018). Using Microscale thermophoresis, we found that GR24 facilitates binding 

between ShHTL7 and ShMAX2-CTH with a Kd value of about 100 µM, and there was no 

binding in the absence of GR24 (Figure 2.6A and B).   
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Figure 2.6. Determination of Kd by MST for the interaction between ShHTL7 and 

ShMAX2-CTH. (A) The binding affinity between 20 nM of labeled ShHTL7 and 

ShMAX2-CTH was analyzed in the buffer and no direct interaction was detected between 

the two proteins in the absence of GR24. (B) Addition of 20 µM of GR24 appeared very 

active to induce the ShHTL7-ShMAX2-CTH interaction. (C) The binding affinity shifted 

upon the addition of KK023-N1 with a dissociation constant Kd= 663.13 ± 25.7 µM, 

indicating that KK023-N1 is blocking the GR24- dependent interaction between ShHTL7-

ShMAX2-CTH. Data are the means ± SD (n= 3). (D) GST pull down of His-ShHTL7 by 

CTH of ShMAX2 in the presence of GR24, Triton X-100 and KK023-N1. 

 

 

To determine whether KK023-N1 inhibits this interaction, we performed the measurement 

using ShHTL7 pre-incubated with KK023N1, which resulted in a significant reduction in 

the binding affinity (Kd = 663 µM), indicating that KK023-N1 blocks the ShHTL7 binding 

pocket and thus prevents the SL-dependent interaction with ShMAX2 (Figure 5C). 

Interaction between ShHTL7 and CTH of MAX2 in the presence of GR24 was further 

confirmed by GST pulldown. We found GST tagged CTH of ShMAX2 could pulldown 
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His-ShHTL7 in the presence of GR24, and KK023-N1 could inhibit such interaction; also, 

we have used Triton X-100 as control which confirmed that KK023-N1 is sufficient to 

inhibit ShHTL7 activity (Figure 2.6D). 

 To further confirm KK023-N1 binding to ShHTL7, we measured the thermal stability of 

the receptor, using GR24 as a comparison. The melting temperature of ShHTL7 decreased 

from 50 ºC to 43 ºC in the presence of high concentrations of GR24 (Figure 2.7A). In 

contrast, incubation with KK023-N1 did not affect the melting temperature of ShHTL7. 

Interestingly, the application of high KK023-N1 concentrations decreased the fluorescence 

of the SYPRO orange indicating an interaction and binding of this inhibitor to the protein 

in a concentration-dependent manner. Triton X-100 also showed the same pattern as 

observed for KK023-N1 with a reduction in the peak fluorescence, while incubation with 

KK094 did not change the fluorescence peak (Figure 2.7B - D).  

 

2.3.4 KK023-N1 and KK023-N2 inhibited Striga seed germination  

 The in vitro studies with the receptor ShHTL7 indicated that KK023-N1 and KK023-N2 

could inhibit Striga seed germination. To test this possibility, we applied KK023-N1, -N2, 

Triton X-100, and KK094 at varying concentrations along with GR24 (at 0.5 or 1.0 nM) 

on preconditioned Striga seeds (collected from Sudan). Both KK023-N1 and -N2 showed 

inhibition of Striga seed germination in a concentration-dependent manner. In general, 

KK023-N1 appeared more effective than KK023-N2 (Figure 2.8A and B). 
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Figure 2.7. Evaluation of ShHTL7 thermal stability and interaction with KK023-N1, 

GR24, KK094 and Triton X-100 using differential scanning fluorimetry (DSF). 

Melting temperature curve for ShHTL7 at varying concentrations of (A) KK023-N1 or (B) 

GR24 (C) KK094 OR (D) Triton X-100 as assessed by DSF. Protein unfolding was 

detected by the changes of fluorescence of SYBRO Orange dye. The inverse peak minima 

inferred to the melting temperature. Data are means (n=3) measured in parallel.   

 

 

 

Application of KK023-N1 between 20 to 40 µM concentrations led to around 22-51% 

reduction compared to the GR24 treatment (at 0.5 or 1.0 nM). KK094 showed complete 

inhibition at 80 µM, and the same trend has been reported previously (Nakamura et al., 

2019). However, Triton X-100 appeared weaker than KK023, showing a 20-35% reduction 

in Striga seed germination with a 20 µM concentration.  In another study, we also tested 

the inhibitory activity of KK023-N1 and -N2 on Striga seeds obtained from Kenya. We 

found considerable reduction (28-100%, depending on applied concentrations) in Striga 

seed germination by both inhibitors compared to control (Figure 2.9).    
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Figure 2.8. Effect of Triton, KK023-N1, KK023-N2 and KK094 on Striga hermonthica 

seed germination. Pre-conditioned Striga seeds were first pre-treated with the indicated 

concentrations of inhibitors for 24 h, and then mixture of each inhibitors at the indicated 

concentrations along with GR24 at (A) 0.5 nM and (B) 1 nM was applied for another 24 h. 

Germinated and non-germinated seeds were counted from each disc to calculate 

germination percentage. Data are means ± SE (n=5). The negative value on top of each bar 

is the percentage reduction of Striga seed germination over control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Effect of KK023-N1 and KK023-N2 on S.hermonthica seed germination 

(Kenya). Preconditioned seeds were first pre-treated with the indicated concentrations of 

inhibitors for 24 h, and then mixture of each inhibitor at the indicated concentrations along 

with 1 nM GR24 was applied for another 24 h. Germinated and non-germinated seeds were 

counted from each disc to calculate germination percentage. Data are means ± SE (n=5). 

The negative value on top of each bar is the percentage reduction of Striga seed 

germination over control. 

 

 

 



68 
 

2.3.5 KK023-N1 and KK023-N2 did not affect rice seeds growth or tillering 

In addition, we have assessed KK023-N1 and -N2 impact on rice seed germination and 

seedling development. For this purpose, we applied various concentrations (up to 100 µM) 

of both compounds on imbibed rice seeds and allowed them to grow for two weeks. We 

did not detect any effect on seed germination (Figure 2.10A and B). Furthermore, rice 

seedlings treated with KK023-N1 or KK023-N2 did not show any significant phenotypic 

difference to the control seedlings. Previously, Nakamura et al., 2019 demonstrated that 

KK094 inhibits SL perception by D14 and induces the emergence of second tillers by 

interrupting the SL signaling pathway. This raises the question of whether our compounds 

also interfere with D14 and promote bud outgrowth in rice. To test this hypothesis and the 

specificity of KK023 isomers toward Striga weeds, we firstly applied KK023-N1, Triton 

X-100, and KK094 (at 10, 50, and 100 µM) to WT plants. We did not observe any 

significant negative impact of all concentrations of KK023-N1 on plant height and rice 

tillering in WT, except at 100 µM concentration that led to a reduction in biomass (Figure 

2.11A, C, and E). However, the application of Triton X-100 at high concentrations caused 

a reduction in plant height and dry biomass. The negative impact of Triton X-100 on dry 

biomass was detected already at a concentration of 10 µM, Both KK023 and Triton X-100 

did not affect tillering in WT rice. In contrast, the application of KK094 led to a significant 

increase in rice tillering and a reduction in plant height and dry biomass in WT plants, 

demonstrating the negative impact of this compound on the growth of the host plant rice 

(Figure 2.11A, C, and E). To further validate the effect of KK023-N1, Triton X-100, and 

KK094 on SL perception and ultimately on rice tillering phenotype, we applied them in 

combination with 1.0 µM GR24 to seedlings of the SL deficient rice mutant d17 (Figure 



69 
 

2.11B). KK023-N1 and Triton X-100 did not block the GR24 effect on rice tillers (Figure 

2.11D), which indicated that D14 does not bind these two compounds, and their SL 

antagonistic activity is specific to Striga seed germination, whereas KK094 blocked D14, 

resulting in increased tillering phenotype (Figure 2.11D). 

 

 

Figure 2.10. Effect of KK023-N1 and KK023-N2 on rice seeds germination and 

seedlings growth. Rice seeds were germinated in 24-wells plate in 0.5 Murashige and 

Skoog (MS) medium along with various concentrations of (A) KK023-N1 and (B) KK023-

N2.  The growth of rice seedling was assessed for one week and no effect on plant height 

was observed under all treatments. Data are means ± SE (n=6). Means not sharing a letter 

in common differ significantly at P0.05. 

 

 

2.2.6 KK023-N1 reduced Striga emergence in infested rice under greenhouse 

conditions 

Next, we evaluated the effect of KK023-N1 application on Striga emergence in artificially 

infested pots planted with rice as a host crop (Figure 2.12A). Striga emergence was 
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recorded six weeks after rice planting. On average, we observed maximum Striga 

emergence (26 per pot) in the mock-treated pots, while pots treated with KK023-N1 (at 10 

and 100 µM) showed 20-16 Striga plants per pot, which corresponds to a 24-38% reduction 

in Striga emergence (Figure 2.12B). Also, the Triton X-100 treated pots exhibited a 

reduction in the Striga emergence (~ 13-25%). However, the number of emerged Striga 

plants was higher compared to the KK023 treatment. Plant height was recorded at the end 

of the study, and application of KK023-N1 showed even a positive impact on plant height, 

in contrast to Triton X-100 that caused a reduction of this feature (Figure 2.12C).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Effect of KK023-N1, Triton X-100 and KK094 on growth of rice seedlings 

(Nipponbare WT vs d17). (A-B) Phenotype of WT and d17 rice seedlings treated with 

varying concentrations of each compound (±GR24 in d17) for two weeks. Rice seedling 

showed normal growth under all treatments of KK023-N1 while high doses of Triton X-

100 and all doses of KK094 showed adverse effect on rice growth. (C) All the treatments 
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of KK023-N1 in WT and in d17 (±1µM GR24) did not affect plant height while high 

concentrations of Triton X-100 led to dwarfness (D) Both KK023-N1 and Triton X-100 

had no effect on rice tillering in WT (1 per plant) while application of KK094 in WT and 

d17 (±1µM GR24) led to production of second tiller. Increase in rice tillering by KK094 

both in WT (-GR24) and in d17 (+GR24) showed its ability of reducing SL activity in rice 

seedlings. (E) Total dry biomass of rice (root+ shoot) remained unaffected by lower doses 

of KK023-N1 (±1µM GR24 in d17) while high doses of KK023-N1 in WT and all doses 

of Triton X-100 and KK094 (Both WT and d17) caused reduction in total dry biomass. 

Data are means ± SE (n=4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Effect of KK023-N1 and Triton x-100 on Striga emergence in rice under 

greenhouse conditions. 10 and 100 µM of formulated KK023-N1 or Triton X-100 was 

applied twice per week up to 4 weeks period. The emergence of Striga plants was recorded 

after 5 weeks of planting of the rice seedlings and the number of emerged Striga seedlings 

was counted once a week for another 3 weeks. (A) Striga infestation on treated and non-

treated rice plants. (B) Percentage of reduction in Striga emergence in KK023-N1 and 

Triton X-100 application as compared to mock. (C) Compression of rice plants highest on 

Treated and no-treated pots.  Data are means ± SE (n=4). 
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2.4 Discussion 

The control of the noxious parasitic weed Striga has become a significant challenge for 

global food production, particularly in sub-Saharan Africa, despite the efforts deployed to 

combat it over the last decades. The persistence of the Striga problem compels scientists 

to develop new alternatives and more efficient methods for combating this weed. Suicidal 

germination, a strategy that takes advantage of the dependency of parasitic seeds on host 

released germination stimulants to diminish accumulated seed banks, has been recently 

demonstrated to be efficient in alleviating Striga infestation (Kountche et al., 2019; 

Uraguchi et al., 2018). However, this strategy can only be applied in the absence of the 

host, which means that farmers cannot plant their fields with cereals when cleaning off 

their soils. The development of specific-inhibitors of Striga seed germination offers a 

complementary approach for combating Striga, which can be applied in parallel to host 

crop cultivation. In this work, we combined the structure of Triton X-100 and the scaffold 

of triazole urea compounds (KK series; Nakamura et al., 2019) to develop novel 

chemistries with high efficiency in blocking Striga seed germination, and which are 

suitable for field application. Our combinatory approach led to the two isomers, KK023-

N1 and KK023-N2, as inhibitor candidates.   

We first characterized the inhibitory activity of the two candidates using in vitro YLG 

competition assays with purified ShHTL7 and D14 protein. The fluorescent substrate YLG 

has been widely used to measure the hydrolysis activity of SL receptors. The IC50 

determined for ShHTL7 in the presence of KK023-N1 or KK023-N2 were 1.78 and 2.15 

µM, respectively, which are much lower than that observed for OsD14. Additionally, both 

KK023-N1 and KK023-N2 did not influence the YLG hydrolysis by ShHTL5, despite the 
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high sequence similarity with ShHTL7. Structure analysis revealed that ShHTL7 possesses 

a large ligand-binding pocket among other SL receptors in parasitic and nonparasitic plants 

(Xu et al., 2018). The increase in the pocket volume is due to the movement of the αD1 

helix outward from the entrance of the pocket. Also, the ShHTL7 binding pocket is 

composed of non-bulky residues, compared to OsD14 and ShHTL5, and this explained the 

basis for the ligand selectivity (Hameed et al., 2018; Xu et al., 2018). The presence of the 

triazole urea scaffold in KK023-N1 and -N2 makes covalent binding to the active site 

serine in ShHTL7 likely, as shown for KK007 and the D14 inhibitor KK094 (Nakamura et 

al., 2019). However, our YLG competition assay (Figure 2.3 A-C) indicated that KK023-

N1 is outcompeted by GR24, suggesting the binding to be non-covalent. Indeed, MALDI-

TOF and LC-MS analysis of protein and peptides obtained by digesting ShHTL7 upon 

incubation with KK023-N1 did not indicate covalent modification to the receptor (Figure 

2.13A). Our docking model of ShHTL7 bound to KK023-N1 also suggests that the 

compound does not reach deep enough in the ShHTL7 binding pocket to use its potential 

for covalent linkage with the catalytic Ser95 (Figure 2.4A). Therefore, KK023-N1 might 

interact non-covalently with ShHTL7, as previously shown for Triton X-100 (Hameed et 

al., 2018). SOP (Holbrook-Smith et al., 2016; Yoneyama, 2016), a previously reported 

Striga seed germination inhibitor, was shown to competitively inhibit ShHTL7-mediated 

YLG hydrolysis with an IC50 of 12.5 µM. This value is around 6-fold higher than our new 

inhibitors KK023-N1 and KK023-N2, indicating a higher efficiency of our compounds in 

blocking ShHTL7, the most sensitive SL receptor in Striga. Our YLG hydrolysis assay 

showed that KK023-N1 and KK023 could competitively prevent YLG from being 

hydrolyzed by ShHTL7, indicating that they are very likely bound to close proximity of 
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the binding pocket and thus prevents YLG from being bound to the ShHTL7 active site. 

Moreover, our docking model also had the lowest binding energy possible when the 

compound is bound to the ShHTL7 pocket rather than any other site. 

 In SL signal transduction, the receptor D14 interacts with D3 (MAX2 homolog) in an SL-

dependent manner (Waters et al., 2012). Upon binding to SL, D14 undergoes a 

conformational change that facilitates the interaction with MAX2 (Jiang et al., 2013; 

Nakamura et al., 2013; Yao et al., 2018; Yoneyama et al., 2019; Wang et al., 2021). Based 

on the high sequence similarity between ShMAX2 and D3 receptor anchoring site, ShHTL7 

binding to ShMAX2 was shown to be also SL-dependent (Yao et al., 2017; Hameed et al., 

2018), and this interaction was precluded by the presence of the inhibitor Triton X-100 

(Hameed et al., 2018). D3-CTH of rice was already shown to be sufficient for triggering 

this interaction (Shabek et al., 2018). Using MST, we showed in our study that ShHTL7 

binding to ShMAX-CTH is SL-dependent, suggesting that ShHTL7 undergoes a 

conformational rearrangement upon SL binding, which establishes the association with 

ShMAX2-CTH. The Kd value for this interaction indicated modest binding affinity with 

100 µM, but this could be because we only used a shorter purified CTH of ShMAX2 fused 

to GST. Also, taking into consideration that we might be missing other sites of ShMAX2 

involved in ShHTL7-ShMAX2 complex formation.  However, our study aimed to validate 

the association of this peptide. We have shown that it binds in an SL-dependent manner 

and that the addition of KK023-N1 perturbed SL binding caused a significant, six-fold 

reduction in the affinity of ShHTL7 towards ShMAX2-CTH (Figure 2.6A-C). GST 

pulldown study further confirmed that KK023-N1 could inhibit ShHTL7 activity and thus 

prevents it from hydrolyzing its substrate and binding to the downstream regulator (Figure 
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2.6D). The effect of KK023-N1 on ShHTL7- ShMAX2-CTH interaction clearly 

demonstrates that the occupation of ShHTL7 binding pocket by the inhibitor prevents the 

occurrence of the structural changes required to anchor ShMAX2 and antagonist the effect 

of GR24, the synthetic SLs. Moreover, we have shown using DSF that the occupation of 

the receptor cavity by KK023-N1 stabilized the ShHTL7 structure and reduced its 

susceptibility to thermal denaturation, decreasing the amount of the hydrophobic peptides 

are required for the binding with SYPRO orange dye. Likewise, Triton X-100 in DSF assay 

showed the same trend, and with higher concentrations, the peak depth was lower than that 

for ShHTL7. While GR24 binding decreased the ShHTL7 melting temperature by 7 ºC, the 

interaction with KK094 did not change the melting peaks' pattern, which is consistent with 

the IC50 obtained from the YLG study (< 25 µM, Figure 2.4C). Based on all studies that 

were conducted here and in (Nakamura et al., 2019), KK094 weakly inhibited ShHTL7 

comparing to Triton X-100 and KK023 isomers. 

Following the in vitro tests with purified receptors, we performed Striga seed germination 

inhibition studies (in the presence of germination stimulant) under lab conditions and 

detected a reasonable activity with both compounds. Application of KK023-N1 (at 20 to 

40 µM) along with 0.5 or 1 nM GR24 reduces the germination of Striga seeds by around 

50%, compared to the treatment with GR24 alone, while KK023-N2 at the same 

concentrations caused around 42% decrease in germination (Figure 2.8A and B). KK094 

showed more than 50% inhibition of Striga seeds germination at 20  µM concentration and 

led to complete inhibition (100%) at 100 µM. Application of Triton X-100 (at 20-40 µM) 

showed a 31% reduction in Striga seed germination, which is below the values reported 

before (Hameed et al., 2018). This difference in Triton X-100 activity might be attributed 
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to the difference in Striga seeds batches used in each bioassay, i.e., seeds used in this study 

showed higher germination activity than those used by Hameed et al., 2018. Moreover, the 

value obtained for the inhibitory effect of Triton X-100 on Striga seed was the outcome of 

the median of variant GR24 concentrations (1, 0.5, 0.25, and 0.125 nM) indicated by 

(Hameed et al., 2018).  

We also assessed the effect of KK023-N1 and -N2 on the growth of rice as a host plant and 

did not observe any negative impact on plant height of the treated seedlings up to 100 µM 

(Figure 8A and B). In another study, the application of KK023-N1 at 10, 50, and 100 µM 

did not show any effect on plant height of WT and SL deficient d17 (±GR24) rice seedlings 

(Figure 9 A-E). Application of KK023-N1 at 100 µM showed minor reduction in the 

biomass of rice seedlings, compared to KK094 or Triton X-100. Moreover, we did not 

detect a negative impact of KK023-N1 on rice in our greenhouse study. Our findings also 

show that Triton X-100 and KK023 isomers are ShHTL7 specific and selective inhibitors 

and did not bind to OsD14 in vitro. Here, we have provided strong evidence that none of 

these inhibitors (KK023-N1, Triton X-100) restore the tillering phenotype and do not 

interfere with SL perception in the host plants. In addition, the application of KK023-N1 

and -N2 on other Striga ecotypes (Kenya) reduced their germination rate. Consequently, 

these outcomes confirm the possible use of the proposed inhibitors (KK023-N1, -N2) 

against Striga in host plant presence. Based on the results of YLG competition assays, 

Striga germination bioassays, and Striga pot study, KK023-N1 appeared more active than 

KK023-N2 with a 38% reduction in Striga emergence under greenhouse conditions 

(Figure 2.12 A). KK094 expressed a high inhibitory activity on Striga seeds germination 

comparing to KK023 and Triton X-100. Yet, the negative effect of KK094 application on 
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host plants (hydroponic study Figure 2.11) has to be overcome, and further modifications 

have to be done in order to use this compound as a specific inhibitor for Striga seed 

germination.   

Figure 2.13. Mass spectrometer analysis. ShHTL7 was incubated with KK023-N1 for 2 

h and samples were analyzed by MALDI-TOF and LC/MS. The molecular weight of 

ShHTL7 without KK023-N1 was determined to be 30584 da, however, no extra mass was 

detected after the incubation with the compound (A). (B) Samples were digested with 

Trypsin and no extra mass was detected in the protein. The candidate peptide containing 

the target S95 (B) has no extra bound molecule. Indicating that the KK023-N1 did not 

hydrolyzed and bound non-covalently to ShHTL7.  

 

2.5 Materials and Methods  

2.5.1 Chemicals and Formulation  

The standard SL analog GR24 was kindly provided by Prof. Binne Zwanenburg, Radboud 

University, Netherlands. GR24 was applied as a racemic mixture (rac-GR24) of two 

stereoisomers that differ in the configuration of C2' atom (2'R and 2'S configuration). Other 



78 
 

chemicals used to prepare half-strength Hoagland's nutrient solutions, 2-(N-morpholino) 

ethane sulfonic acid (MES), and dimethyl sulfoxide (DMSO) were purchased from 

different suppliers. Seeds of Striga hermonthica were collected from an infested Sorghum 

field near Wad Medani, Sudan, and provided by Prof. Abdel Gabar Babiker. Striga seeds 

collected from Maize infested field from Kenya, were provided by Prof. Steven Runo 

(Kenyatta University, Kenya). Seeds of the Striga susceptible rice cv IAC 165 were kindly 

provided by Dr. Jonne Rodenburg, Africa Rice, Tanzania.   

 

2.5.2 Synthesis of KK023-N1 and KK023-N2 

 2.5.2.1 Synthesis  of  2-[3-(4-methoxyphenyl)propyl]-4,4,5,5-tetramethyl-

1,3,2dioxaborolane  

A mixture of chloro(1,5-cyclooctadiene)iridium(I) dimer (90.6 mg, 0.135 mmol) and 1,2 

Bis(diphenylphosphino)ethane (107.5 mg, 0.270 mmol) was stirred for 5 min at 40 oC 

under argon atmosphere in dichloromethane (20 ml). Then 1-allyl-4-methoxybenzene (2.0 

g, 13.49 mmol) and 4,4,5,5-tetramethyl-[1,3,2]dioxaborolane (2.1 g, 16.19 mmol) were 

added to the reaction mixture and stirred for 48 h at room temperature. After completion 

of the reaction, the mixture was passed through a silica gel short column to remove the 

unsolved material and then concentrated in vacuo. The residue was purified with silica gel 

(Wakosil®C-300HG) column chromatography (n-hexane: ethyl acetate) to give the target 

compound in 93％ yield.  
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  2.5.2.2 Synthesis of B-[3-(4-methoxyphenyl)propyl]-boronic acid  

A mixture of 2-[3-(4-methoxyphenyl)propyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(1.0 g, 3.62 mmol), acetone (43 ml), distilled water (21.7 ml), sodium periodate (2.32 g, 

10.86 mmol) and ammonium acetate (837 mg, 10.86 mmol) was stirred for overnight at 

room temperature in a round bottom flask. The reaction mixture was then diluted with ethyl 

acetate (50 ml), washed with brine (50 ml). The aqueous phase was then extracted twice 

with ethyl acetate (30 ml). The combined organic phase was dried with sodium sulfate and 

concentrated in vacuo. The residue was purified with silica gel (Wakosil®C-300HG) 

column chromatography (n-hexane: ethyl acetate) to give the target compound in 72％ 

yield.   

 

2.5.2.3 Synthesis of the 4-Bromo-2,3-dihydro-indole-1-carboxylic acid tert-butyl ester  

A mixture of 4-Bromo-2,3-dihydro-1H-indole (1.0 g, 5.10 mmol), acetonitrile (10.2 ml) 

and Boc2O (1.34 g, 6.12 mmol) was stirred overnight at room temperature in a round 

bottom flask. The reaction mixture was then diluted with organic solvent (50 ml of n-

hexane: ethyl acetate) and washed with brine (50 ml). The combined organic phase was 

dried with sodium sulfate and concentrated in vacuo. The residue was purified with silica 

gel (Wakosil®C-300HG) column chromatography (n-hexane: ethyl acetate) to give the 

target compound in 98％ yield.  

 

 2.5.2.4 Synthesis of tert-butyl 4-(3-(4-methoxyphenyl)propyl)indoline-1-carboxylate  
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A mixture of B-[3-(4-methoxyphenyl)propyl]boronic acid（504.1 mg, 1.83 mmol）, 2,3 

dihydroindole-1-carboxylic acid tert-butyl ester (542.4 mg, 1.83 mmol), THF (18.3 ml), 

potassium carbonate (759.7 mg, 5.49 mmol) and 1,1'-bis(diphenylphosphino)ferrocene- 

palladium(II)dichloride dichloromethane complex (137.1 mg, 0.165 mmol) was refluxed 

for 18 h. Then the reaction mixture was diluted with ethyl acetate (30 ml) and washed 

successively with water (50 ml) and brine (50 ml). The combined organic phase was dried 

with sodium sulfate and concentrated in vacuo. The residue was purified with silica gel 

(Wakosil®C-300HG) short column chromatography to remove the unsolved material and 

then concentrated in vacuo. The resulted oil was used in the next step without further 

purification.  

 

2.5.2.5 Synthesis of 4-(3-(4-methoxyphenyl)propyl)indoline  

 The mixture of tert-butyl 4-(3-(4-methoxyphenyl)propyl)indoline-1-carboxylate (1.83 

mmol), ethyl acetate (18.0 ml) and hydrogen chloride ethyl acetate solution (4 mol/L, 1.0 

ml) was stirred for 1 h at 60 oC. The reaction mixture was concentrated in vacuo and 

purified with silica gel (Wakosil®C-300HG) column chromatography (n-hexane: ethyl 

acetate) to give the target compound in 67％ yield.   

 

2.5.2.6 Synthesis of Triton/Triazole Urea Hybrids  

A solution of 4-(3-(4-methoxyphenyl)propyl)indoline (252 mg, 0.94 mmol) and 

N,Ndiisopropylethylamine (DIPEA) (365 mg, 2.83 mmol) in THF (3 ml ) was added 

dropwise to a triphosgene (140 mg, 0.47 mmol) solution in THF (5 ml) under ice-cooling. 
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After stirring with cooling for 20 min, iced water (10 ml) and ethyl acetate (10 ml) were 

added to the reaction mixture, and extraction was carried out. The combined organic phase 

was washed with iced water, dried with anhydrous sodium sulfate, and concentrated in 

vacuo. The residue was dissolved in THF (5 ml). To this solution, 1H-1,2,3-Triazole (78 

mg, 1.13 mmol), DIPEA (365 mg, 2.28 mmol) and DMAP (trace) were added at room 

temperature. After stirring at room temperature overnight, the mixture was diluted with 

ethyl acetate and washed with water. The organic phase was dried with anhydrous sodium 

sulfate, and the solvent was concentrated in vacuo. The residue was purified by silica gel 

column chromatography (n-hexane: ethyl acetate = 4: 1 to 3: 2) to give the products of N1-

isomer (141 mg, 41%) as a white solid and N2-isomer (72 mg, 21%) as a white solid.    

 

2.5.3 Cloning, Expression and Purification of ShHTL7, ShHTL5, OsD14, and 

ShMAX2CTH Recombinant Proteins  

cDNAs were cloned and proteins were purified as described earlier in (Hameed et al., 

2018). Briefly, ShHTL7, OsD14 and ShHTL5 were amplified using gene specific primers 

(Table 2.1) and obtained PCR fragments were digested with BamHI and XhoI for ShHTL7 

and OsD14 or with EcoRI and XhoI for ShHTL5 and cloned into pGEX-6P-1 (GE 

Healthcare) vector. For His tagged ShHTL7, the cDNA was cloned between BamHI and 

NotI site to pQlinkH expression vector. Recombinant plasmids were transformed into E. 

coli BL21 (DE3) and the Expression of the recombinant proteins was induced by the 

addition of 150 µM isopropyl b-D-1-thiogalactopyranoside (IPTG), and induced cultures 

were incubated for 18 hours at 16°C.  Cells were harvested by centrifugation then 

resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 2 mM DTT, 0.5% 
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Tween-20) followed by sonication for 10 minutes with 2 second ON and 1 second OFF at 

amplitude 40 % on ice. The Cleared lysate was loaded into the Glutathione Sepharose 4B 

resins and allowed to bind at 4 °C for 2 hours. For eluting the proteins, ShHTL7 and 

ShHTL5 were eluted by cleavage of GST tag using PreScission Protease (GE Healthcare), 

and OsD14 was eluted by adding 20 mM reduced glutathione (Sigma-Aldrich) with 

adjusting the pH to 8.0.  ShMAX2-CTerminal Helix (ShMAX2-CTH) coding sequence was 

extracted using sequence alignment with reported CTH of OsD3 (Shabek et al., 2018) and 

synthesized as gblock (IDT) (Table2.1). ShMAX2-CTH was digested with EcoRI and XhoI 

and cloned into pGEX-6P-1, using CEPC cloning procedure (Quan and Tian, 2011). 

Expression and purification of CTH was performed by adopting the same procedure as 

mentioned above. For His tagged ShHTL7 purification, it was lysed in the buffer (50 mM 

Tris-HCl pH 8.0, 200 mM NaCl, 1 mM DTT, 0.5% Tween-20) and allowed to bind Ni-

NTA agarose beads (Qiagen) for 1 hour at 4 °C. Then washed 3 times with 30 mM 

Imidazole for 15 mins each wash and eluted with 250 mM Imidazole and then passed 

through gel filtration as above for other proteins. 

 

Table 2.1. Primers sequences used in Chapter 2 

 

Primer Name 

 

Sequence (5’-3’) 

ShHTL7-F 

ShHTL7-R  

CGGGATCCATGAGCTCAATTGGATTAGCCC 

CCGCTCGAGTCAGTGATCCGTGATGTCCTG 

OsD14-F  

OsD14-R  

CGGGATCCATGCTGCGATCGACGCATCC 

CCGCTCGAGTTAGTACCGGGCGAGAGCGC 

ShHTL5-F 

ShHTL5-R 

GCCGAATTCATGAGCACAGTCGGGTCA 

CCTCTCGAGTCAATCAATCATCCGCTATATATC 

ShMAX2-CTH-

gBlock 

ATGTCTACCGAAATGCGTGCGGACTCTTGCTCTCGTTTCG

AAGTTGCGCTGAACCGTCGTCAGATCTCTGACTGA 

 

2.5.4 Crystal Structure Determination of ShHTL7 bound to KK007 and Triton X-100  
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Purified ShHTL7 was incubated with an excess molar of KK007 and crystallized in buffer 

containing 20% (w/v) PEG 8000, 100 mM MES/Sodium hydroxide pH 6.0 and 200 mM 

Calcium acetate under vapor diffusion method. Thus, the obtained crystal was soaked in 

crystallization buffer containing 1 mM Triton X-100. The crystals were flash cooled in 

liquid nitrogen with 25 % glycerol as cryo-protectant. Data were collected at 100K at the 

beamlines Proxima 1 and Proxima 2A at the SOLEIL Synchrotron (France) (proposal 

numbers 20161236, 20170193). The data was processed in XDS. The structure was 

determined by molecular replacement using MoRDa with the ShHTL7 structure (PDB 

5Z89) as a search model. The structures were manually investigated using Coot and refined 

using Phenix Refine (Table 2.2). Co-ordinates for the crystal structure was deposited in 

PDB with accession code 7C8L.  

 

Table 2.2.  Data collection and refinement statistics. 

Statistics for the highest-resolution shell are shown in parentheses. 

  ShHTL7-KK007+Triton X-100 

Resolution range 46.24 - 1.45 (1.49 - 1.45) 

Space group P 65 

Unit cell a, b, c (Å) 92.47 92.47 80.26 

Total reflections 1292183 (87599) 

Unique reflections 68930 (5863) 

Multiplicity 18.70 (13.00) 

Completeness (%) 96.44 (85.23) 

Mean I/sigma(I) 26.93 (1.09) 

R-merge 0.06 (1.37) 

R-meas 0.06 (1.43) 

R-pim 0.01 (0.39) 

CC1/2 1 (0.79) 

Refinement   
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Resolution (Å) 46.24 - 1.45 (1.49 - 1.45) 

Reflections used in refinement 66667 (5863) 

Reflections used for R-free 1903 (166) 

R-work 0.14 (0.25) 

R-free 0.17 (0.30) 

Number of non-hydrogen 

atoms 
2429 

  macromolecules 2094 

  ligands 54 

  solvent 281 

Protein residues 268 

RMS(bonds) 0.01 

RMS(angles) 0.77 

Ramachandran favored (%) 98.87 

Ramachandran allowed (%) 0.75 

Ramachandran outliers (%) 0.38 

Rotamer outliers (%) 0.00 

Clashscore 1.64 

Average B-factor 28.57 

  macromolecules 25.79 

  ligands 44.82 

  solvent 46.17 

 

2.5.5 Yoshimulactone Green (YLG) Hydrolysis Assays   

About 0.33 µM of ShHTL7 protein was used to conduct in vitro hydrolysis of YLG (1 µM) 

as a substrate in a total volume of 100 µl of phosphate-buffered saline (1x PBS) containing 

0.1% dimethyl sulfoxide (DMSO) in 96-well black plate (Greiner) (Tsuchiya et al., 2015). 

The hydrolysis of YLG over time and changes in the fluorescence intensity were measured 

by SpectraMax i3 (Molecular Devices) using an excitation wavelength of 480 nm and 

detection wavelength of 520 nm and recorded at 10 minutes intervals for 2 hours. YLG in 
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1x PBS without protein was used as a control. For competitive inhibition of YLG 

hydrolysis in the presence of the compounds (KK023-N1 or N2, Triton X-100 and KK094), 

proteins (ShHTL7, OsD14, ShHTL5, at 0.33 µM final concentration) were co-incubated 

with different concentrations ranges (20 nM to 50 µM) of both inhibitors for one hour at 

room temperature, then 1 µM of YLG was added and incubated for another 1 hour. 

Measurement of the fluorescence was conducted in SpectraMax i3 (Molecular Devices) 

using the above-described method. The relative fluorescence unit (RFU) was calculated by 

subtracting the auto-fluorescence of YLG in the buffer from the fluorescence values of 

YLG in the presence of a protein. The inhibitory curve and IC50 were determined using 

https://www.aatbio.com/tools/ic50-calculator website. 

   

2.5.6 Microscale Thermophoresis (MST) Measurement of the Binding Affinity of 

ShHTL7 to ShMAX2-CTH  

ShHTL7 was labeled with Alexa Fluro 488 TM (GREEN dye) in a 1:2 ratio. Then protein-

dye mixture was passed through the Sephadex G-25 column to remove the unconjugated 

dye. The labeled protein (50 nM) was incubated with serial dilutions of ShMAX2-CTH in 

the absence or presence of 20 µM of GR24 (for 10 minutes), to determine the Kd value of 

the interaction.  In another experiment, 100 µM of KK023-N1 was co-incubated with the 

labeled protein for 2 h, and 20 µM of GR24 was added for 10 minutes, followed by 

incubation with a serial dilution of ShMAX2-CTH. About 5 µl of the sample was loaded 

into premium monolith NT standard capillaries, and the assays were carried out in a 

NanoTemper Monolith NT.015T instrument. A gradient increase in the temperature was 

initiated using a laser diode, and the change in the excited fluorescence of the green dye 

https://www.aatbio.com/tools/ic50-calculator
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was recorded. To determine the Kd values of each reaction, the change in the 

thermophoresis of fluorescent was plotted against the concentrations of un-labeled 

ShMAX2-CTH, and data were analyzed by NanoTemper software (Hameed et al., 2018).   

2.5.7 GST pulldown of ShHTL7 by CTH of ShMAX2 

Purified GST-CTH of ShMAX2 and GST were bound to the Glutathione Sepharose 4B 

Beads (GE healthcare). Purified 6x His-ShHTL7 was incubated with 100 μM KK023-N1 

and Triton X-100 for 3 hours, separately. Then apo ShHTL7 was added to the beads bound 

by GST-CTH of ShMAX2 in the presence and absence of 100 μM GR24. Similarly, 

ShHTL7 incubated with KK023-N1 and Triton X-100 were added to the beads bound by 

GST-CTH of ShMAX2 in the presence of 100 μM GR24. Apo ShHTL7 was added to the 

beads bound by GST only in the presence of 100 μM GR24 as a control.  All the samples 

were washed with lysis buffer (50 mM Tris-HCl pH 8.0, 200 mM NaCl, 2 mM DTT) three 

times and then eluted with addition of 20 mM reduced glutathione. Thus, the eluted protein 

was subjected to Western blot using an antibody specific to 6XHis (Abcam). 

 

2.5.8 Differential Scanning Fluorimetry Assay    

10 µM of ShHTL7 purified protein was incubated with various concentrations of KK023-

N1, Triton X-100 or KK094 (ranging from 0 to 100 µM) for 30 minutes. Then SYPRO 

Orange (reporter dye) was added to 1X final concentration. The reactions were carried out 

in 25 µl 1X PBs buffer. The assay was performed on CFX96 Real-Time System (BIO-

RAD) thermal cycler on 96 well- qPCR white plate, and the plate was sealed with adhesive 

qPCR plate seal to prevent samples evaporation (Bai et al., 2019). First, samples were 

heated to 25 ºC for 1 minute followed by linear increase in the temperature ramp from 25 
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ºC to 99 ºC at a rate of 0.5 ºC/ 15 seconds. The change in the protein folding was monitored 

by the changes in the fluorescence of the reporter dye, and the data were analyzed by the 

machine software that plots the inflection point of fluorescence against temperature. Data 

were exported into Excel, and replicates were averaged to generate the graph.   

 

 2.5.9 In-silico docking of KK023-N1 to ShHTL7   

KK023-N1 was docked to ShHTL7 using online server SwissDock server (Grosdidier et 

al., 2011). Output results were analyzed to identify the best fitted model with low Gibb's 

free energy and biologically relevant structure. The output model was visualized using 

Pymol, and the final figures were made out of it.  

 

 2.5.10 Striga Seed Germination Bioassays  

Striga seeds were surface sterilized by 20% Sodium hypochlorite (NaClO) for 10 min 

followed by successive six-times washing with sterilized MilliQ water. Seeds were kept to 

dry under the laminar flow cabinet, and about 50-100 sterilized Striga seeds were spread 

uniformly on a glass fiber filter paper disc (9 mm). For preconditioning, around 12 discs 

were put in a petri plate on a filter paper moistened with 3 ml sterilized MilliQ water. Plates 

were then sealed with parafilm and kept in an incubator for 10 days at 30 ºC (in dark). After 

preconditioning, plates were removed from the incubator and dried, and discs were pre-

treated with different concentrations (0, 5, 10, 20, 40, 80, 160, 320, 640 μM) of KK023-

N1, KK023-N2, Triton X-100 or KK094 for 24 hours. Next day, a combination of the 

inhibitors (same concentrations) along with GR24 (0.5 nM or 1 nM) was applied, and discs 

were incubated at 30 ºC for 24 hours. For inhibitory effect of KK023-N1 and -N2 on Striga 
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seeds obtained from Kenya, seeds were treated with (0, 3, 6, 12, 25, 50,100, 200, 400, 800 

μM). After image scanning, germinated and non-germinated seeds were counted and 

germination rate (%) was calculated by using SeedQuant software (Braguy et al., 2021).   

 

2.5.11 Rice Germination and Growth in Response to KK023-N Inhibitors  

Rice seeds (cv. Nipponbare) were surface sterilized in 2.5 % Sodium hypochlorite and 

0.05% of Tween-20 for 10 min, and rinsed 6 times with sterilized MilliQ water. Seeds were 

imbibed in sterilized water at 30 °C for 24 hours in the dark. Next day, about 3 ml of each 

inhibitor at different concentrations (3, 6, 12, 25, 50 and 100 μM) was added along with 

0.5 Murashige and Skoog (MS) medium into 24-wells plate, and one imbibed rice seed was 

placed in each well. The experiment was performed in six replications for each 

concentration. Non-treated rice seeds in 0.5 MS solution were included as a control. Seeds 

were allowed to germinate at 30 °C in the dark for 48 hours for monitoring seeds 

germination, and seeds were moved to a growth chamber with white fluorescent light (130-

180 μM m-2 s-1) and12h:12h (L/D) period at 28 °C.  After one week, length of rice seedlings 

was measured and recorded, and pictures of seedlings were taken.   

 

2.5.12 Rice Micro Tillering Assay 

Rice seeds of WT (cv. Nipponbare) or SL-deficient mutant (d17), were surface sterilized 

with 2.5% Sodium hypochlorite and 0.05% of Tween-20 for 10 min, and rinsed 6 times 

with sterilized MilliQ water. About 30 seeds were placed on sterilized Magenta GA-7 plant 

culture box containing 0.5% Murashige and Skoog (MS) medium with 0.4% agar and 

incubated at 30 °C in dark. After two days, boxes were moved to a growth chamber and 
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allowed to grow for another five days under fluorescent white light (130-180 μM m-2 s-1). 

Equally grown seedlings were transplanted in 50 mL black tubes filled with Hoagland 

nutrient solution (1 seedling/tube). Seedlings were treated with 10, 50 and 100 µM of each 

compound (KK023-N1, Triton X-100, and KK094). The compounds were applied twice a 

week for two weeks to test their effects on the growth of WT plants. SL-deficient seedlings 

(d17) were treated as WT but with the addition of 1 µM GR24. Number of tillers per plant, 

plant height and dry biomass were measured at final harvest. 

 

2.5.13 Striga Emergence Study under Greenhouse Conditions   

Approximately 6000 Striga seeds (20 mg) were weighed, mixed with sand/soil mixture 

(1:2 ratio) and put into a 3 L perforated plastic pot on 0.5 L clean sand/soil mixture. The 

pots were kept under greenhouse controlled conditions at 32 ºC and kept moist with water 

for Striga preconditioning for 10 days. Formulated KK023-N1 and Triton X-100 were 

applied (at 100 ml per pot) at 10 and 100 µM concentration. Then three rice seedlings (cv. 

IAC165, 10 days old) were planted in each pot after 24 hours of inhibitor application. All 

the treatments were applied continuously twice per week for four weeks. Water with same 

amount of solvent (Cyclohexanone +Atlas-G) was used as a control. Pots were irrigated 

with 250 ml of low phosphate (4 µM) Hoagland’s nutrient solution. The rice plants were 

allowed to grow at 30 oC under greenhouse conditions for 10 weeks and the emerged Striga 

plants were counted from each pot. The height of rice host plants was also measured to see 

impact of Striga infestation on host growth.  
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2.5.16 MALDI-TOF and Nano LC-MS   

2 mg/ml of ShHTL7 with or without 100 µM KK023-N1 in 50 mM ammonium 

bicarbonate buffer were analyzed using MALDI-TOF MS on UltrafleXtreme 

TOF/TOF Mass Spectrometer (Bruker Daltonic) on sinapinic acids matrix on a liner 

mood. The remaining samples were overnight digested with trypsin at 37 °C and were 

analyzed by Nano-LC MS/MS using an on-line system coupled to a Q-Exactive HF 

mass spectrometer (ThermoFisher). Digested peptides  were resuspended in 3% 

ACN, 0.1% formic acid and 3 µl were injected into a pre-column 300 µm×5 mm 

(Acclaim PepMap, 5 µm particle size). After loading, peptides were eluted to an 

Acclaim PepMap100 C18 capillary column (75 µm × 25 cm, 3 μm particle sizes). 

Peptides were eluted into the MS, at a flow rate of 300 nL/min, using a 110 min 

gradient from 5% to 40% mobile phase B (mobile phase A was 0.1% formic acid in 

H2O and mobile phase B was 80% acetonitrile and 0.1% formic acid). The mass 

spectrometer was operated in positive and data-dependent mode, with a single MS 

scan (350-1400 m/z at 60 000 resolution (at 200 m/z) in a profile mode) followed by 

MS/MS scans on the 10 most intense ions at 15 000 resolution. Ions selected for 

MS/MS scan were fragmented using higher energy collision dissociation (HCD) at 

normalized collision energy of 29% and using an isolation window of 1.8 m/z. 
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Chapter 3. 
 

Physiological and molecular characterization of ShHTL7 

 

3.1 Abstract  

Striga seeds germinate only when they sense the presence of their host plant in close 

proximity. They adopted a mechanism to germinate in response to a host released signal, 

strigolactones. ShHTL7 is one of 11 paralogues that is well characterized as SL receptor 

and is sensitive to picomolar concentrations of SLs. Elucidating the background of the 

sensitivity of this receptor is important for understanding the molecular basis of the S. 

hermonthica mechanism of germination. Here, we provide insights into the binding pocket 

of ShHTL7 and investigate the role of a distinct histidine residue at position 51 (H51) found 

by crystallographical analysis of an MPD molecule bound to this residue. As a result, we 

show that substitution of H51 reduces the hydrolysis activity of ShHTL7.  

 

3.2 Introduction 

The parasitic weed Striga hermonthica (S. hermonthica) is a major threat to the agriculture 

system in sub-Saharan Africa. It attacks staple crops such as maize, sorghum, rice and pearl 

millet (Berner et al., 1995; Hearne, 2009; Kountche et al., 2016; Jamil et al., 2021). As an 

obligate-root parasite, it attaches to its host and directly extracts water and nutrients from 

the host roots (Hearne, 2009; Spallek et al., 2013; Kountche et al., 2016; Bouwmeester et 

al., 2020). This attachment leads to substantial damage of the crops growth and grain 

production, with up to US$ 7-10 billion annual losses (Musselman, 1980; Ejeta, 2007; 
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Scholes and Press, 2008; Parker, 2012; Khan et al., 2014; Rodenburg et al., 2016). Striga 

produces a huge number of tiny dust-like seeds (~200,000 seeds) that can be easily 

dispersed and stay viable in the soil for a long period of time (Bebawi et al., 1984; Hearne, 

2009). For germination, S. hermonthica seeds have evolved a unique strategy to detect and 

perceive a host released signaling cue, i.e. strigolactones (SLs) (Musselman, 1980; 

Yoneyama et al., 2010; Al-Babili and Bouwmeester, 2015). SLs are carotenoid-derived 

phytohormones with considerable regulatory roles in plant development and plant 

interaction with arbuscular mycorrhizal fungi (AMF) (Al-Babili and Bouwmeester, 2015; 

Felemban et al., 2019). SLs are structurally composed of conserved D-ring bound to a 

second variable moiety via enol ether-bridge (Al-Babili and Bouwmeester, 2015). 

SLs are perceived by the DWARF14 (D14) receptor in rice and Arabidopsis. Upon binding 

of SLs to the D14 active pocket, SLs are hydrolyzed by the action of the catalytic amino 

acids (Ser-His-Asp), leading to the formation of the intermediate molecule (CLIM), which 

is attached covalently to D14. CLIM formation is critical for SL signal transduction since 

it triggers a conformational changes of D14 that facilities its interaction with downstream 

signaling components MORE AXILLARY GROWTH2 (MAX2) in Arabidopsis and 

DWARF3 in rice (D3) (Soundappan et al., 2015; Yao et al., 2016; Shabek et al., 2018; 

Bürger and Chory, 2020). Assembling of the CLIM-D14-MAX2/D3 complex results in 

lifting off the signal-repressors; DWARF53 in rice (OsD53) or SUPPRESSOR OF MAX2 

1 (SMAX1)-LIKE in Arabidopsis (Jiang et al., 2013; Zhou et al., 2013; Shabek et al., 2018; 

Khosla et al., 2020). 

Eleven homologues of SL-receptors were identified in S. hermonthica using D14 and 

KAI2/HTL sequences (Conn et al., 2015; Toh et al., 2015). S. hermonthica receptors 
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(ShHTL1-11) showed different responses and sensitivities to SL treatment (Toh et al., 2015). 

In addition, results obtained from a complementation study using a (kai2) htl3 mutant in 

Arabidopsis demonstrated that transgenic plants with ShHTL7 germinated in response to 

picomolar concentrations of SLs resembling the sensitivity of Striga seeds (Toh et al., 

2015).  

ShHTL7 was reported to form a CLIM-complex upon SL hydrolysis, similar to that of D14, 

and to interact with both AtMAX2 and ShMAX2 and SMAX1 in a SL-dependent manner 

(Yao et al., 2017; Uraguchi et al., 2018). The association of all these components and 

degradation of the suppressors is supposed to be vital during Striga seed germination 

(Bunsick et al., 2020). Based on these results, it is supposed that ShHTL7 is the SLs 

receptor of S.hermonthica, which is responsible for seed germination. Due to these 

observations, ShHTL7 became the center for more studies to solve the puzzle and shed the 

light behind the high sensitivity of S. hermonthica to these very low concentrations of SLs. 

Many studies have targeted ShHTL7 to design synthetic agonists with a high affinity to 

bind ShHTL7 to induce seed germination or antagonists to inhibit its activity and block SL 

responses (Hameed et al., 2018; Jamil et al., 2018; Uraguchi et al., 2018; Jamil et al., 2019; 

Kountche et al., 2019; Nakamura et al., 2019; Jamil et al., 2020).  

Multiple genetic and structural approaches to understand the high sensitivity of ShHTL7 

were pursued. Crystallographic studies have uncovered some of these facts by the 

diagnostic of the active pocket of ShHTL7 and comparing it to that of other ShHTLs or 

D14. Here, it was reported that ShHTL7 possesses a bigger binding pocket with less bulky 

residues and more flexible entry, which allows the accommodation of variety of SLs (Xu 

et al., 2018; Miyakawa et al., 2020). These residues of the ShHTL7 were subjected to 
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extensive characterization and mutagenic studies. Substitutions of the catalytic residues 

(Ser-His) were shown to abolish the hydrolysis activity of ShHTL7 (Hameed et al., 2018). 

In addition, mutations were introduced to generate a smaller binding pocket and reduce the 

hydrolysis activity of ShHTL7 (Xu et al., 2018). Recently it was reported that the high 

sensitivity of S. hermonthica toward SLs is due to the strong association between ShHTL7 

and MAX2, which responds to picomolar concentrations of SLs, in agreement with in 

planta studies (Toh et al., 2015; Wang et al., 2021).  

In this work, we conducted a study to obtain the crystal structure of ShHTL7 with its SL 

ligand, GR24. Unexpectedly, an extra density resembling an opened D-ring resolved 

hanging near to the histidine residue at position 51 (His51). This residue is unique to 

ShHTL7 compared to other ShHTLs and SL receptors that possess either asparagine 

(Asn/N) or leucine (Leu/L) instead. We show that substitution of this residue to Asn leads 

to a reduction of ShHTL7 activity to half. In contrast, substitution of N51 to H of ShHTL5 

has increased it is hydrolysis activity. We hypothesized that this residue may have a role 

in modulating ShHTL7 activity and interaction with downstream partners, specifically 

MAX2. Investigation of the ShHTL7 molecular basis will provide further insights to 

understand the mechanism by which Striga is germinating in response to low 

concentrations of SLs.  

 

3.3 Material & Methods 

3.3.1 Cloning and purification of ShHTL7, ShHTL5 in pGEX-6P-1 and MPB vector 

Cloning of ShHTL7 and ShHTL5 as well as mutated proteins (ShHTL7H51N, ShHTL7S95C 

and ShHTL7H246N, and ShHTL5N51H) in pGEX-6p-1 vector (GE Healthcare) was 
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performed as previously described (Hameed et al., 2018) and in section 2.4.1 in this 

work, using primers listed in Table 3.1. However, mutated proteins of ShHTL7 

(ShHTL7H51N and ShHTL7H246N) were not produced adequately using pGEX-6p-1 

vector. Therefore, ShHTL7 and these mutants were also cloned using primers in Table 

3.1 into the MPB plasmid (pET His6 MBP N10 TEV LIC vector/ 

https://www.addgene.org/29706/) with 6xHis and MBP tags at the N-terminus, to enhance 

folding and the solubility of these proteins during expression and purification.  Followed 

by a routine transformation into One Shot™ TOP10 chemically competent E. coli 

(Invitrogen, Thermos fisher) by heat shock procedure. All cloned genes were sequenced 

to verify the integrity of the plasmids and inserts (Sanger sequencing, KAUST, 

Bioscience core lab). Plasmids were then transformed into BL21 (DE3) ™ competent E. 

coli (Invitrogen, Thermos fisher). The cells were grown in LB broth containing ampicillin 

(100 mg/mL) at 37 °C until an OD600 of 0.6, and expression of MBP or GST fusion 

proteins was induced with 150 µM isopropyl-β-D-thiogalactopyranoside (IPTG) at 16 °C 

for 16 h. Cell culture was collected by centrifugation at 8000 g for 15 minutes at 4 ºC, 

and re-suspended in lysis buffer (50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 2mM DTT 

and 0.5% Tween-20). Cell lysis and disruption was achieved by sonication for 10 

minutes (40% amplitude, 2 sec on, 1 sec off) and debris were removed by centrifugation 

at 27,000 g for 45 minutes at 4 ºC. Cleared lysate was loaded onto a purification column 

filled with either amylose resin (New England BioLabs) for MBP-fusion proteins or 

Glutathione Sepharose 4B resins (sigma) for GST-fused proteins, and incubated for 2 

hours at 4 ºC. Then, washed three times with buffer (50 mM Tris–HCl (pH 8.0), 200 mM 

NaCl, 2 mM DTT) for 10 min/ wash at 4 °C. GST fused proteins were eluted by cleavage 

https://www.addgene.org/29706/
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of GST tag overnight using PreScission Protease (GE Healthcare). MBP-fused proteins 

were eluted with 50 mM maltose monohydrate after 2 hours at 4 °C.  

 

3.3.2 Crystal Structure Determination of ShHTL7 bound to GR24 

Purified ShHTL7 was incubated with an excess amount of GR24 and crystallized in a 

buffer containing 0.5 M ammonium sulfate, 0.1 M HEPES pH 7.5, 30% v/v (+/-)-2-

Methyl-2,4-pentanediol after cross seeding under vapor diffusion method. The crystals 

were flash cooled in liquid nitrogen with 25% glycerol as cryo-protectant. Data were 

collected at 100K at the beamlines Proxima 1 and Proxima 2A at the SOLEIL Synchrotron 

(France) (proposal numbers 20161236, 20170193). The data were processed in XDS. The 

structure was determined by molecular replacement using MoRDa with the ShHTL7 

structure (PDB 5Z89) as a search model. The structures were manually investigated using 

Coot and refined using Phenix Refine.  

 

3.3.2 Yoshimulactone green (YLG) hydrolysis assays 

The in vitro hydrolysis of YLG was conducted using 3 µM of  each protein (ShHTL7, 

ShHTL7H51N, ShHTL7H246N, ShHTL5 and ShHTL5N51H) in a total volume of 100 µl of 

phosphate-buffered saline (1x PBS) containing 0.1% dimethyl sulfoxide (DMSO) and 1 

µM of YLG as substrate  in 96-well black plate (Greiner). The rate of hydrolysis of YLG 

and changes in the fluorescence intensity were measured by SpectraMax i3 (Molecular 

Devices) using an excitation wavelength of 480 nm and emission wavelength of 520 nm 

and recorded at 10 minutes intervals for 2 hours. YLG in 1x PBS without protein was used 

as a control (Tsuchiya et al., 2015). The relative fluorescence unit (RFU) was calculated 
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by subtracting the native fluorescence of YLG in the buffer from the values obtained from 

samples with protein. 

 

3.3.3 Arabidopsis transgenic lines for in vivo functional analysis of histidine residues 

3.3.3.1 Cloning of ShHTL7 wild type, ShHTL7H51N, ShHTL7H246N, and 

ShHTL7H51N/H246N in pMDC32 plant binary vector (generation of 35S::ShHTL7, 

35S::ShHTL7H51N, 35S::ShHTL7H246N and 35S::ShHTL7 H51N/H246N). The best approach 

to evaluate the response and the sensitivity of ShHTL7 and mutated proteins to SLs is by 

testing their functions in vivo. Wild type and mutated genes of ShHTL7 were first cloned 

into pCR™8/GW/TOPO (Invitrogen) entry vector. LR Clonase II TM enzyme (Invitrogen) 

was used for the recombination reaction with the binary vector, pMDC32. The expression 

of the target genes cloned into pMDC32 is under control of dual 35S CaMV promotor, 

which is active in most transgenic plants’ tissues. All constructs were sequenced in KAUST 

bioscience core lab facilities using M13 primers listed in (Table 3.1).  

 

3.3.3.2 Transformation of Agrobacterium tumefaciens  

Freeze and thaw protocol was used to transfer Agrobacterium tumefaciens with pMDC32 

constructs (Holsters et al., 1978). About 200 ng of purified and sequenced plasmid was 

added to Agrobacterium (GV3101 strain) and incubated for 30 minutes on ice. The mixture 

was frozen in liquid nitrogen (LN) for 5 minutes then thawed on 37 ºC water bath for 

another 5 minutes. 1 ml of rich media, S.O.C, was added to allow growth of transformed 

cells and cells were incubated for 3 hours at 30 ºC with shaking. Then cells were spread in 
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LB agar plates containing 5µg/ml tetracycline and 50 µg/ml Kanamycin antibiotics and 

incubated at 28 ºC for 3 days.  

 

3.3.3.3 Transformation of Arabidopsis thaliana and antibiotic selection for 

transformed plants  

In this study, floral dip method was used to genetically transform the pMDC32 constructs 

into the kia2 mutant line of Arabidopsis Ler (Landsberg erecta) ecotype utilizing 

Agrobacterium tumefaciens (Clough and Bent, 1998). Plants were grown at 22 ºC under 

long day conditions (16h day/8h night, relative humidity 60% and 120 µmol/m2 /s 

fluorescent light) until the flowering stage (around 5 weeks) (Rivero-Lepinckas et al., 

2006). Positive colonies of Agrobacterium containing the target genes were grown in LB 

media with 50mg/ml Kanamycin and 5mg/ml Tetracycline at 30 ºC to OD600 of 0.5 then 

cell pellets were collected and re-suspended in 200 ml of inoculation solution containing 

0.5 MS (Murashige & Skoog Basal Medium) (Murashige and Skoog, 1962), 0.5% Sucrose, 

0.05% (v/v) Silwet L-77, 44 μM Benzylaminopurine (BAP), pH 5.7. Plants were inverted 

and only the inflorescence was dipped in the inoculation solution for 10 seconds with 

gentle swirling. Dipped plants were kept covered (in dark) to maintain high humidity for 

24h in horizontal position. The next day, the cover was removed and plants put back to 

their previous growth conditions. Plants were watered until their siliques turned yellowish, 

and seeds were harvested when siliques became completely dry. For selection, harvested 

seeds were surface sterilized with 20% commercial bleach for 10 minutes and rinsed 

extensively with sterilized water and kept at 4 ºC for stratifying for 2 days in dark. The 

hygromycin resistance of the binary vector was used for selection of transgenic seeds. 
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Here, stratified seeds were spread on 0.5 MS plates supplemented with 1% agar, 20% 

sucrose and 35 µg/ml hygromycin. Plates were incubated in a growth chamber at 22 ºC 

(16h light/ 8 h dark) for 5 days. Geminated seeds were then transferred to soil and grown 

under the same growth conditions with frequent watering, until seeds were ready for 

harvesting. Hygromycine selection was performed for three generations to obtain 

homozygous lines.  

 

3.3.3.4 Transgenic kai2 seeds characterization under controlled conditions 

For each genotype, three lines were selected further for further characterization under 

normal growth conditions, beside wild type (Ler) and kai2 mutants. Seeds were grown in 

0.5 MS media supplemented with 1% Bacto agar and 20% sucrose, pH 5.8, under long 

day conditions (section 3.2.3.3). Germination and radical initiation were checked every 

day for 10 days and recorded for each genotype. Moreover, these selected lines were also 

grown in the soil for further analysis of their growth. After 5 weeks, plant height and 

biomass were measured.  

 

3.4 Results and Discussion 

3.4.1 Structural analysis of bound ShHTL7 

In our attempt to crystallize ShHTL7 bound to GR24, we surprisingly found MPD (2-

methyl-pentane-diol) bound to ShHTL7 between H51 and S97, near to the active 

site comprised of H246 and S95 (Figure 3.1A). The density of MPD is apparent at the 1 

sigma contour level in the 2Fo-Fc map. Previously, it was shown that MPD binds to rice  
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Table 3.1. Primer sequences used in Chapter 3 

Primer name Sequence (5’-3’) 

ShHTL7-pGEX-F 

ShHTL7-pGEX-R 

CGGGATCCATGAGCTCAATTGGATTAGCCC 

CCGCTCGAGTCAGTGATCCGTGATGTCCTG 

ShHTL7H51N-pGEX-F 

ShHTL7H51N-pGEX-R 

TACGACAACATGGGCGCGGGGACCACCAATCCCGAC

TATTTC 

TCCCCGCGCCCATGTTGTCGTAGAGCAGGACTTTGT

AGTCGTC 

ShHTL7H246N-pGEX-F 

ShHTL7H246N-pGEX-R 

AACCGAGGGCAACCTGCCGCACCTCAGCATGCCGGA

GGTCAC 

TGAGGTGCGGCAGGTTGCCCTCGGTTGGCATCACCT

CCACAAC 

ShHTL5-pGEX-F 

ShHTL5-pGEX-R 

GCCGAATTCATGAGCACAGTCGGGTCA 

CCTCTCGAGTCAATCAATCATCCGCTATATATC 

ShHTL5N51H-pGEX-F 

ShHTL5N51H-pGEX-R 

GTATTGCTGTACGACCACATGGGGGCAGGCACCACC

GACCCCAAC 

GACCGACGATTACAGGGTATTGCTGTACGACCACAT

GGGGGCAG 

ShHTL7-MBP-F 

ShHTL7-MBP-R 

CCAGGGAGCAGCCTCGATGAGCTCAATTGGATTAGC

CCAT 

GCAAAGCACCGGCCTCGTCAGTGATCCGTGATGTCC

TGTCT 

M13-F 

M13-R 

CCC AGT CAC GAC GTT GTA AAA CG 

AGC GGA TAA CAA TTT CAC ACA GG 

*substituted sequences are underlined.  

 

 

D14 at the active site H247 as an open D-ring (Kagiyama et al., 2013). In our case, it was 

bound to the site close to the active site, which provides an indication that this region could 

have an important role in the sensitivity of ShHTL7 compared with other ShHTLs, since it 

might influence the way the substrate is processed and released. It is important to note that 

the histidine at position 51 is only present in ShHTL7 and that it is replaced by other amino 

acids, such as asparagine (N), in other SL receptors. Thus, we speculate that it could be a 

significant contributor to the higher sensitivity of ShHTL7. In order to check this, we 

performed several biochemical assays with substitution mutants and, currently, we are 

validating our results using bioassays with transgenic seeds. 
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3.4.1 Rate of YLG hydrolysis by ShHTL7, ShHTL5 and related mutated proteins     

Yoshimulactone Green (YLG) is a fluorescent strigolactone agonist. Upon hydrolysis by 

SL-receptors, a green fluorescence is produced which can be detected at emission 

wavelength of 480 and excitation wavelength of 520 nm. Here, YLG hydrolysis by S. 

hermonthica-SL receptors was monitored over time intervals (Figure 3.1 B-D). ShHTL7 

hydrolyzed YLG efficiently. In comparison, mutations within ShHTL7 targeting different 

functional residues led to diminishing of the hydrolysis activity of ShHTL7. Loss of 

function was clearly observed when the S95 was replaced with Cys. The same result was 

obtained when H246 was changed to asparagine (N) (Figure 3.1B- C). These two residues 

are crucial for the enzymatic activities of α/β hydrolases, such as ShHTL7. Serine is 

initiating a nucleophilic attack by its OH group as a first step toward substrate hydrolysis 

(YLG). Hence, substituting the nucleophile S95, results in impairment of the hydrolysis 

activity, which was detected as a severe reduction in the emitted fluorescence. Similarly, 

H246 acts as an electron acceptor during the nucleophilic attack. The most interesting result 

was obtained when the H51 residue was subsisted with N to mimic other ShHTLs 

(ShHTL2-11):ShHTL7 hydrolysis activity was decreased to almost a half (Figure 3.1 B). 

To investigate and further analyze the role of H51, it was introduced to ShHTL5, a ShHTL7 

paralogue. Interestingly, ShHTL5N51H showed a significant increase (20 %) increase in its 

activity compared to ShHTL5 (Figure 3.1 D). This beneficial mutation in ShHTL5N51H 

supports the importance of the His in position 51. It may be speculated that H51 is a 

potential second binding site for the hydrolyzed D-ring. In addition, H51 may act 

downstream of H246 which could explain the moderate YLG hydrolysis of ShHTL7H51N. 

It might be that the hydrolyzed D-ring is first bound to H246 then channeled to H51 to 
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maintain ShHTL7 in a partially active state to accommodate more substrate and preventing 

ShHTL7 from degradation and increasing the affinity to bind MAX2. Very recently, it has 

been reported that ShHTL7 has a higher affinity to bind MAX2 in a SL-dependent manner 

(Wang et al., 2021).   

 

3.4.3 Transgenic kai2 seed characterization under controlled conditions 

To validate the function of H51 and H246 of ShHTL7, transgenic Arabidopsis lines 

expressing ShHTL7, ShHTL7H51N, ShHTL7H246N and ShHTL7H51N/H246N were generated in 

kai2 genetic background. Homozygosity was confirmed, and their growth was compared 

under controlled conditions on 0.5 MS plates and in soil. After 10 days, seedlings of all 

lines showed small or no morphological differences (Figure 3.1 A). We observed small 

differences between the lines regarding their germination rate except for ShHTL7H51N, 

where the majority of seeds germinated earlier than other lines (Figure 3.2 B). ShHTL7 

transgenic seeds germinated in a rate closer to Ler (WT), which was anticipated to rescue 

the mutation. However, ShHTL7 transgenic plants were shorter and smaller than Ler and 

were in that aspect more similar to kai2 than to Ler. In addition, ShHTL7H51N and 

ShHTL7H246N transgenic lines were as short as the kai2 mutant as well. In contrast, plants 

carrying double mutation were taller than all the other lines including the WT. 

On the other hand, the biomass of ShHTL7H246N and ShHTL7H51N/246N was significantly 

higher than WT or kai2 (Figure 3.2 D). The kai2 mutants are characterized by longer 

hypocotyl and longer dormancy (Sun and Ni, 2011; Bürger et al., 2019), however we were 

not able to observe these phenotypes. 



104 
 

Figure 3.1. 2-MPD bound to H51 and YLG hydrolysis of ShHTL7 and ShHTL5. (A) 

2-MPD molecule (yellow) is bound to H51 and nearby residues. YLG-mediated hydrolysis 

by ShHTL7 (B-C) or by ShHTL5 (D) and mutated proteins over 10 minutes time interval.  

  

 

 

Firstly, we have evaluated the growth of these transgenic plants under normal growth 

conditions including long day photoperiod (16 h light/ 8 h dark), whereas, in most studies 

(Sun and Ni, 2011), kai2 showed photosensitivity only under specific fluorescent light such 

as red and far red wave length intensities. Moreover, some studies used either dark or 

continuous white light or short day photoperiod (8 h light/ 16 h dark) to induce hypocotyl 

elongation phenotype (Bürger et al., 2019). Additionally, to test for seed germination rates, 

we need to use freshly harvested seeds grown in either agar containing media or 1% sugar 

content (Bürger et al., 2019). Stratifying seeds at 4 ºC for few days improves the 

germination rate and breaks seed dormancy (Rivero-Lepinckas et al., 2006). This may 
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explain why we were not able to observe the elongated hypocotyl phenotype or detect 

difference in seed germination rate between Ler and kai2 plants. However, more studies 

and analysis are needed to further confirm whether these lines are expressing ShHTL7. This 

will be done by performing qPCR analysis to determine the gene expression in each 

transgenic line. 

  

Figure 3.2. Phenotypic characterization of ShHTL7 mutant lines. (A) Transgenic 

Arabidopsis ShHTL7 mutants, kai2, and wild type Ler plants grown on MS media (10-day 

old). (B) Germination analysis. (C) Five-week old wild type Ler, kai2, and ShHTL7 

mutants grown in the greenhouse. (D) Plant height (top) and biomass (bottom) 

measurements in five-week old wild type col-0, kai2, and ShHTL7 mutants. Non-paired 

two-tail t-test was performed to compare wild type col-0 with the mutant lines. Asterisks 

represent significant differences (*: p < 0.05; **: p < 0.005; ***: p < 0.0001).  
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3.5 Prospective and Future analysis 

In this study, we have seen an extra electron density near to the histidine 51 of ShHTL7. 

Thus, indicating that this site could bind small molecules, such as the D-ring. 

Biochemically we have confirmed that H51 has a clear impact on reducing ShHTL7 or 

improving ShHTL5 hydrolysis activity. However, more studies are needed to confirm our 

hypothesis, which can be done firstly by determining the expression level of transgenes 

in the Arabidopsis mutant lines, and then these plants expressing ShHTL7 should be 

monitored for their response to GR24.  
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Chapter 4.  

 

Discovery of a NO-responsive protein in Arabidopsis thaliana 

The contents of this chapter are published as a research article in Molecules. 
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4.1 Abstract 

In plants, much like in animals, nitric oxide (NO) has been established as an important 

gaseous signalling molecule. However, contrary to animal systems, NO-sensitive or NO-

responsive proteins that bind NO in the form of a sensor or participating in redox reactions 

have remained elusive. Here, we applied a search term constructed based on conserved 

and functionally annotated amino acids at the centers of Heme Nitric Oxide/Oxygen (H-

NOX) domains in annotated and experimentally tested gas-binding proteins from lower 

and higher eukaryotes, to identify candidate NO-binding proteins in Arabidopsis thaliana. 

Selection of candidate NO-binding proteins identified from the motif search were 

supported by structural modelling. This approach identified AtLRB3 (At4g01160), a 

member of the Light Response Bric-a-Brac/Tramtrack/Broad Complex (BTB) family as 

a candidate NO-binding protein. AtLRB3 was heterologously expressed and purified, 

then tested for NO-response. Spectroscopic data confirmed that AtLRB3 contains a 

histidine-ligated heme cofactor and importantly, the addition of NO to AtLRB3 yielded 

absorption characteristics reminiscent of canonical H-NOX proteins. Furthermore, 

substitution of the heme iron-coordinating histidine at the H-NOX centre with a leucine 

strongly impaired the NO-response. Our finding therefore establish AtLRB3 as a NO-

interacting protein and future characterizations will focus on resolving the nature of this 

response.  

Keywords: Arabidopsis thaliana; nitric oxide; Heme Nitric Oxide/Oxygen (H-NOX) 

domain; Bric-a-Brac/Tramtrack/Broad Complex (BTB); NO-sensitive protein 
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4.2 Introduction 

Nitric oxide (NO) is a reactive oxygen species (ROS) that is utilized as a signalling 

molecule in many physiological processes in microorganisms, animals and plants (for 

review see e.g. (Astuti et al., 2016)). NO in animals is well characterized with its complex 

and pleiotropic roles in regulating immune responses to viral and bacterial infections 

(Bogdan, 2015; Uehara et al., 2015) oncogenesis (Basile et al., 2018) and blood pressure 

maintenance (Basile et al., 2018), whereas in plants, the roles and mechanisms of action of 

NO are currently less exhaustively described. Moreover, it has been proposed that NO 

signalling in animals and plants may share considerable functional similarity (Wendehenne 

et al., 2001). In plants, it has been demonstrated that NO acts as a critical regulator of 

development at all stages of the life cycle (for review see (Domingos et al., 2015)). NO has 

also been implicated in plant responses to biotic (Klessig et al., 2000) and abiotic stress 

(Moreau et al., 2010; Farnese et al., 2016). Despite the many described NO effects in plants, 

our fundamental knowledge of NO production, sensing, and transduction in plants remains 

scarce. As a gaseous molecule, NO can diffuse freely across the membrane thus does not 

require canonical extracellular receptors for perception. Due to its ubiquitous nature, NO-

sensitive or NO-responsive proteins, including but not limited to proteins that can bind NO 

in a reversible manner and proteins participating in redox reactions, are required to perform 

the aforementioned signalling functions. We have hypothesized that plants, much like 

bacteria and animals, contain proteins with heme-NO and oxygen-binding (H-NOX)-like 

domains (Boon et al., 2005) that can operate as NO-responsive proteins. In addition, we 

have recently demonstrated that an annotated Arabidopsis thaliana flavin monooxygenase 

(AtNOGC1; At1g62580) binds NO and has a higher affinity for NO than O2. Moreover, 
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we have also shown that AtNOGC1 acts as a guanylate cyclase (GC) and that this activity 

can be modulated in a NO-dependent manner in vitro (Mulaudzi et al., 2011). It has also 

been shown that in an AtNOGC1 T-DNA insertion mutant, NO fails to induce stomatal 

closure, indicating that this “moonlighting” enzyme is central to both NO- and cGMP-

dependent stomatal movements, therefore, establishing the biological relevance of direct 

NO-sensing (Joudoi et al., 2013; Su et al., 2019). It is important to note that AtNOGC1 

harbours only the key residues of the H-NOX centre that accommodate the heme group 

and not the full H-NOX domain. As such, NO-binding and NO-response of proteins 

containing H-NOX centres may be dissimilar from canonical H-NOX proteins found in 

other organisms.  

Given the role of NO and the number of NO-dependent processes in plants e.g. growth and 

development as well as defence responses, we hypothesize that plants contain NO-sensitive 

or NO-responsive proteins that can conceivably perceive NO. Here we have applied a 

search motif constructed based on conserved amino acids at the heme b accommodating 

pockets of annotated NO-binding proteins across species and supported by structural 

modelling (Wong and Gehring, 2013), to identify novel candidate NO-binding proteins in 

Arabidopsis thaliana. One of these proteins is a member of the Light Response Bric-a-

Brac/Tramtrack/Broad Complex (BTB) family (LRB3; At4g01160) and was expressed and 

tested for responses to NO in vitro.  
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4.3. Results and Discussion 

4.3.1 Identification of candidate NO-binding proteins in Arabidopsis 

Prokaryotes and eukaryotes harbour complex multi-domain proteins that accommodate 

functional centres in the form of catalytic centres or auxiliary sites required for binding to 

organic molecules and protein-protein interactions, which may serve as a highly specific 

and localized regulatory signal in complex proteins. As such, these seemingly hidden 

functional centres often fall below the detection limit of BLAST searches. However, such 

centres may be identified in proteins by applying search motifs (terms) that are built based 

on consensus amino acids in annotated and experimentally confirmed proteins across 

species (Wong et al., 2015; Wong et al., 2018). This approach has been successfully applied 

for the discovery of plant guanylate cyclases (GCs) and adenylate cyclases (ACs) which 

cannot be identified by querying e.g. the Arabidopsis proteome with annotated GCs or ACs 

from animals, fungi or bacteria (Ludidi and Gehring, 2003; Meier et al., 2007; Gehring, 

2010; Al-Younis et al., 2015; Al-Younis et al., 2018; Bianchet et al., 2018; Xu et al., 2018; 

Xu et al., 2018). This search method has also enabled the discovery of an abscisic acid 

(ABA) binding site in an Arabidopsis guard cell outward rectifying K+ channel (GORK) 

that has subsequently been shown to be directly modulated by ABA (Ooi et al., 2017). 

Given the potential of a rational amino acid motif-based search supported by a structural 

modelling approach (Wong et al., 2018), we have extended its application to search for 

NO-sensing proteins in Arabidopsis thaliana.  

To this end we extracted a H-NOX motif from an alignment of the centres of NO-binding 

H-NOX domains from NO-dependent soluble GC of different species including bacteria, 

blue-green algae, insects and mammals (Boon et al., 2005). This motif 
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“Hx(12)Px(14,16)YxSxR” includes amino acid residues critical for the heme b-binding 

(Figure 4.1A) such as the histidine, tyrosine and asparagine from the heme-binding pocket.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. (A) Heme centre search motif. (B) Amino acid sequence of AtLRB3 

with the key residues in the heme centre highlighted in red. (C) The homology model 

of AtLRB3 harbours a H-NOX centre (top) that can conceivably accommodate heme 

and is reminiscent of the H-NOX domain of T. tengcongensis (PDB entry: 3TF0) 

(bottom). The heme centre is highlighted in yellow and key residues in the H-NOX 

domain are indicated in the 3D structures. The full length AtLRB3 model was 

generated based on the crystal structure of an H-NOX protein from T. tengcongensis 

(PDB entry: 3TF0). AtLRB3 H-NOX heme centre was assessed using Modeller (ver. 
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9.14) (Sali and Blundell, 1993). Molecular graphics and analyses were performed with 

the UCSF Chimera package (Pettersen et al., 2004). Chimera is developed by the 

Resource for Biocomputing, Visualization, and Informatics at the University of 

California, San Francisco (supported by NIGMS P41-GM103311). 

 

 

When this motif is used to query the Arabidopsis proteome, it returns four NO-binding 

candidate proteins: At1g62580, At4g01160, At5g19160 and At5g57690. At1g62580 

encodes a flavin monooxygenase that can bind NO (Mulaudzi et al., 2011) as well as having 

GC activity reminiscent of animal NO-sensing soluble guanylate cyclases (Garbers, 1990; 

Wedel and Garbers, 1998). At4g01160.1 is a member of the Light Response Bric-a-

Brac/Tramtrack/Broad Complex (AtLRB3), while At5g19160 encodes a member of the 

TBL (Trichome Birefringence-Like) family of proteins. Finally, At5g57690.1 is a pollen 

specific diacylglycerol kinase 4 (DGK4) which has been recently shown to play key roles 

in lipid signaling pathways that cross-talk with NO during pollen tube development 

(Domingos et al., 2015). In H-NOX domains of bacteria such as Thermoanaerobacter 

tengcongensis, the proline (P) residue at position 14 of the H-NOX motif contributes to 

structural “flattening” of the distorted heme, resulting in an increased affinity for oxygen 

(Olea et al., 2008). When we omit this proline from the search term “Hx(27,29)YxSxR”, 

34 Arabidopsis candidate NO-binding proteins are retrieved hinting at a potentially 

substantial number of heme-binding proteins with a capacity for NO-binding (Table 4.1). 

It is interesting to note that several of these proteins have previously been recognised as 

part of processes that are directly or indirectly responsive to NO and they may indeed link 

NO signals to responses to pathogens and particularly pathogenesis-induced proteolysis 

(Hong et al., 2008; Gibbs et al., 2014). Furthermore, we find two transcription Factors 
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(TFs) in the list that contain the modified H-NOX motif. Incidentally, NO-dependent 

induction of TF encoding genes has been reported (Imran et al., 2018) and direct 

modulation of TFs by NO has also been proposed (Castillo et al., 2018). Finally, we have 

also noted two RNA-binding proteins (RBP) in the list, At2G44710.4 and the aconitase 1 

(At4G35830) (Marondedze et al., 2016) and this may point to a direct role of NO in RBP 

mediated RNA processing.         

 

Table 4.1. Arabidopsis thaliana proteins that contain the modified H-NOX motif: 

Hx(27,29)YxSxR 

ATG number Annotation  NO 

At1G08630.7 Threonine aldolase 1  

At1G13940.1TF T-box transcription factor, putative (DUF863)  

At1G55870.1 ABA-hypersensitive germination 2 +1 

At1G74800.1 Galactosyltransferase 5, GALT5 +2 

At2G28250.1 Protein kinase superfamily protein;  

At2G42280.1TF ABA-resp. kinase substrate 3 - (bHLH) DNA-binding fam. 

prot. 

+3 

At2G44710.4RB

P 

RNA-binding protein (RRM/RBD/RNP motifs)  

At3G06260.1 Galactinol synthase 9 +4 

At3G29170.1 Transmembrane protein (DUF872)  

At3G57420.1 Regulates assembly & trafficking of cellulose. synthase 

complexes 

 

At4G01160.2 Encodes a member of LRB BTB family ++ 

At4G17250.3 Transmembrane protein  

At4G26330.2* Subtilisin-like serine endopeptidase family protein +5 

At4G31570.3 Nucleoporin  

At4G35830.1RB

P 

Aconitase 1 +6 

At4G36195.1 Serine carboxypeptidase s28 family protein  

At4G39290.1 Galactose oxidase/KELCH repeat superfamily protein  

At5G02310.2* Proteolysis 6, PRT6 subtilase family protein  

At5G11940.1* Subtilase family protein  

At5G52850.1 Pentatricopeptide repeat (PPR) superfamily protein  

At5G53280.1 PVD1, plastid division1  

At5G67170.1* SEC-C motif-containing protein / OTU-like cysteine 

protease family 
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+ Work done in plants; ++ NO-interaction confirmed in this work 

* Proteins with a role in proteolysis; TF: Transcription Factor; RBP: RNA-binding protein 

1 Direct and indirect evidence of NO-dependence of ABA mediated processes 

2 Evidence that NO production (e.g. during seed germination) affects GALT5 expression 

3 The nitric oxide promoted light induced seed germination requires a bHLH (PIF1) 

4 Specifically pollen and hence NO modulated expression 

5 Subtilisin-like proteases have identified as S-nitrosylation targets 

6 Aconitase 1 is inhibited by NO and thereby affecting the conversion of citrate to isocitrate 

and hence the TCA 

 

 

 

In the next step, we have chosen to further investigate the Light Response Bric-a-

Brac/Tramtrack/Broad Complex protein AtLRB3 (Figure 4.1B). This protein was inferred 

to have ubiquitin transferase activity and forms part of the CULLIN3-RING ubiquitin 

ligase complex that mediates ubiquitination and the subsequent proteasomal degradation 

of target proteins (Genschik et al., 2013). The protein contains 505 amino acids (aa) and 

the H-NOX motif spans from 357 (H) to 391 (R) (Figure 4.1B). 

This protein was subsequently modelled (Figure 4.1C) and the region corresponding to the 

H-NOX motif, can conceivably form a pocket where the key residues for heme b-binding 

namely H357, Y387, S389 and R391 all reside and penetrate into a distinct cavity. We 

subsequently name this region H-NOX centre. This H-NOX centre possesses favourable 

spatial and charge-patterns for heme b-binding. Notably, the H357 residue can coordinate 

the central iron ion of the heme cofactor (Wedel et al., 1994; Zhao et al., 1998) (Figure 

4.1C) much like the H-NOX protein of T. tengcongensis (Olea et al., 2008). NO binding 

can presumably displace the proximal histidine-iron coordination (Stone et al., 1995) 

leading to a subsequent loss of the heme moiety (Dai et al., 2012). Further, the conserved 

YxSxR signature (Figure 4.1B) downstream of H357 may establish hydrogen-bonds with 

the carboxylate residues of heme b (Pellicena et al., 2004; Olea et al., 2008). 
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4.2.2 UV-visible spectra of recombinant AtLRB3 in response to NO 

To establish the role of AtLRB3 (At4g01160) as a NO-responsive protein, we determined 

the incorporation of heme into the apoprotein and evaluated the NO response of the 

holoprotein using UV/Vis spectroscopy. The At4g01160 gene was expressed and the gene 

product was purified, followed by reconstitution with hemin. The full heme protein showed 

a distinct Soret peak at 408 nm. This peak is concentration-dependent and resembles the 

range of other proteins with histidine-ligated ferric heme b (Liu et al., 2014; Beltran et al., 

2015) (Figure 4.2A). Importantly, in Figure 4.2B, we showed that unfolded protein, that 

is the His-tagged recombinant AtLRB3 before reconstitution with hemin (Figure 4.2B – 

green line), has no Soret peak, while His-tagged recombinant AtLRB3 after reconstitution 

with hemin (see Figure 4.2A) yielded a distinct Soret peak at 408 nm. Spiking the buffer 

as well as heme-containing protein with free hemin yielded a Soret peak at 436 nm and a 

broad shoulder around 400 nm, which is distinct from the bound heme at 408 nm. Addition 

of hemin to the unfolded protein did not yield a Soret peak at 408 nm, but only peaks 

stemming from hemin in buffer alone (compared to hemin in buffer – black line in Figure 

4.2B). In the same manner, BSA containing no His-tag and no heme-binding (inset of 

Figure 4.2B) did not exhibit a peak between 350 and 600 nm and showed the same spectra 

as denatured AtLRB3 and with added hemin in the solution. 
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Figure 4.2. (A) UV/Vis spectrum of purified AtLRB3 under oxidizing conditions. The 

protein shows a distinct Soret peak at 408 nm, which is concentration-dependent (black: 

buffer F, blue – orange: AtLRB3 at 89 / 71 / 53 / 36 / 18 µg/mL). (B) Absorption spectra 

were measured after adding hemin to the purified folded protein (89 µg/mL) and unfolded 

protein (500 µg/mL) as a control (green: unfolded AtLRB3 without excess hemin, blue: 

unfolded AtRLB3 + hemin, red: heme reconstituted AtLRB3 + excess hemin, black: hemin 

in buffer F, light green: hemin in buffer C, dotted red: AtLRB3 without excess hemin). 

Hemin in both buffers (free hemin) showed Soret peaks at 436 nm, which were different 

from the Soret peak at 408 nm of hemin protein. Unfolded protein with added hemin shows 

an absorption peak similar to hemin in buffer alone (buffer compositions as described in 

method). Inset: BSA (1 mg/mL) (orange) and BSA with added hemin (brown) as a negative 

control. 

 

As for unfolded protein, addition of free hemin to BSA gave a peak corresponding to free 

hemin alone in buffer (Figure 4.2B). The unfolded protein and BSA controls further show 
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that the peak at 408 nm is due to the true binding of heme to recombinant AtLRB3 resulting 

in a Soret peak similar to the nature of heme-containing proteins. It is important to note 

that the unfolded protein and BSA protein controls were performed in the same background 

as AtLRB3 with the exception that the unfolded protein contains denaturing amount of urea 

(8 M) (see methods for full buffer composition). In addition to the use of unfolded protein 

and BSA as protein controls, the hemin-reconstituted AtLRB3 was also concentrated in 

30kDa Amicon Ultra centrifugal filter units (Sigma-Aldrich Corp., Missouri) and dialyzed 

against hemin-free buffer, using size exclusion to remove any carry-over free hemin from 

the purification step, thus eliminating the possibility of unspecific binding. In agreement 

with literature data for other H-NOX proteins (Olea et al., 2008; Dai et al., 2012), chemical 

reduction of the heme protein by sodium dithionite leads to a shift of the Soret peak to 418 

nm and the appearance of β- and α- peaks at 525 and 553 nm (Figure 4.3A). 

Next, we used UV/Vis spectroscopy to study the NO response of AtLRB3 under anaerobic 

conditions. Presumably, the native state of cytosolic AtLRB3 in Arabidopsis thaliana is 

ferrous, due to the reducing redox potential maintained by the glutathione pool (Aller et 

al., 2013). Therefore, NO was added to the reduced AtLRB3. Addition of increasing 

amounts of NO in the form of DEA NONOate immediately after reduction by dithionite, 

led to a decrease in absorption at 418 nm accompanied by the emergence of a peak at 398 

nm. Correspondingly, the α- and β-peaks of the reduced protein disappear (Figure 4.3A). 
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Figure 4.3. (A) NO binding was monitored after addition of DEA NONOate (NO 

donor) to reduced AtLRB3 (400 μg/mL protein) under anaerobic conditions. On 

reduction by sodium dithionite (8 mM) the Soret peak shifts by ~ 10 nm to 418 nm 

and the β- and α- peaks appear at 525 and 553 nm. Subsequent addition of NO results 

in a noticeable change of the UV/Vis spectra. The signature of the ferrous heme (Soret 

and β- and α- peaks) vanishes with increasing concentration of the NO donor, while a 

broad peak at 398 nm appears indicating a 5c nitrosyl heme centre. Addition beyond 

625 µM of NO donor does not result in further spectral changes indicating the 

formation of NO-saturated protein. (black: oxidized, dark violet: reduced, violet – red: 

NO addition in increments) Inset: Highlights α- and β-peak regions. (B) The spectral 

behavior of AtLRB3 after NO-saturation (post-NO saturation, pNs) was monitored 

under anaerobic conditions. UV/Vis spectra were recorded at several time points. NO 

dissociates slowly from the heme and results in the reappearance of the Soret peak at 

408 nm, which is characteristic for the oxidized (ferric) state of heme iron. UV/Vis 

spectra of the ferric and ferrous protein are included for comparison. (black: oxidized, 
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dark violet: reduced, red: NO-saturated protein, dark red – blue: pNS measured at 

several time points). The inset of figure 3A shows the characteristic α- and β-peaks of 

the oxidized and reduced protein. The observed Soret peak and split β- and α-peaks 

suggest the presence of an unknown sixth ligand coordinated to the ferrous heme 

centre similar to absorption values reported during the purification of sGC versions 

(Zhong et al., 2010). 

 

NO binding to H-NOX domains generates a transient 6-coordinate (6c) Fe(II) intermediate 

with histidine as a proximal and NO as a distal ligand. According to recent studies, the 

strong covalent Fe(II)−NO σ-bond results in a marked thermodynamic σ-trans effect of 

NO, which greatly weakens the proximal Fe−NHis bond in six-coordinate ferrous heme-

nitrosyls (Hunt and Lehnert, 2015). Further, the His-bound heme is distorted from planarity 

due to steric interactions within the heme-binding pocket, which induces further strain of 

the His-Fe(II) bond. Accordingly, the histidine is displaced easily, resulting in a stable 5c-

nitrosyl-heme complex (Brandish et al., 1998). This complex has been reported to absorb 

at 398 nm (Tsai et al., 2010; Rao et al., 2017), as seen in the UV/Vis spectra here. With the 

displacement of the histidine ligand, the heme cofactor relaxes towards planarity and 

triggers a conformational change in the protein. This has been suggested as a key step in 

the mechanism of NO-induced signalling (Olea et al., 2010; Herzik et al., 2014). 

Generally, the observed spectroscopic behaviour measured for AtLRB3 resembles that of 

published H-NOX protein studies such as the S. oneidensis H-NOX protein with Soret 

peaks at 403 nm (ferric), 430 nm (ferrous), and 399 nm (ferrous NO-bound form) (Karow 

et al., 2004; Dai et al., 2012; Herzik et al., 2014). Our measurements also correspond to 

reported values of 5c-Fe(II)porphyrin(NO) and 6c with additional N-donor ligand (405 nm 

and 425 nm, respectively) (Praneeth, 2006). It was previously suggested that particularly 

under high NO concentrations like in this study, a dinitrosyl complex could be formed after 
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histidine displacement through binding of a second NO. A labile dinitrosyl intermediate 

would quickly lose one NO (Russwurm and Koesling, 2004). Correspondingly, a crystal 

structure where a single NO is found to be bound to the proximal site, instead of the distal 

site, has been reported (Herzik et al., 2014). However, while either of the 5c heme-nitrosyl 

species (distal and proximal) should exhibit very similar UV/Vis spectroscopic 

characteristics, the transient 6c-intermediate should exhibit a Soret peak around 420 nm 

(Herzik et al., 2014), which was not observed in our study. 

We also monitored the behaviour of AtLRB3 after NO-saturation (post-NO saturation, 

pNS) and a reappearance of the Soret peak at 408 nm indicated the slow release of NO. 

Concomitantly, the broad absorption at 530 nm reappears. The UV/Vis signature indicates 

oxidation of the Fe(II) centre by NO and re-coordination of the proximal His to the ferric 

heme, being consistent with the release of NO from AtLRB3 (Figure 4.3B). Both the 

rebinding of the proximal histidine and a ferric NO-bound state have been suggested to 

play an important role in NO-release from cytochrome proteins. As the NO-heme 

interaction is thermodynamically weaker for the oxidized ferric state, it might play a role 

in the deactivation and dissociation of NO (Soldatova et al., 2010), e.g. for nitrophorins. 

Likewise, in NOS proteins, the ferric state can be involved in the release of NO (Goodrich 

et al., 2010; Canning and Bullock, 2014). However, the redox-potential of -0.76V (NO to 

triplet nitroxyl anion, 3NO-) renders NO inert to reduction under physiological conditions 

and correspondingly a heme-oxidation mechanism based on a Fe(II)-to-NO one-electron 

transfer is unlikely (Bartberger et al., 2002). In fact, the strong σ donation of NO induces 

the transfer of electron density to the iron centre of 5c heme nitrosyl complexes resulting 
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in a partial reduction of the metal and a noticeable Fe(I)-NO+ character (Goodrich et al., 

2010).  

In contrast, the reduction potential of the metastable (NO)2 dimer, which is present in 

relevant amounts at the higher NO concentration used in this study, is predicted to be quite 

favorable for heme oxidation. (+0.33V for (NO)2 + 2 e- + 2 H+ --> N2O + H2O). Indeed, 

reduction of NO to N2O by cytochromes in the ferrous state was demonstrated to occur at 

NO concentrations above 1 mM, either through the 6c-bis(NO) state (Zhao et al., 1994), a 

(NO)2 complex (Bartberger et al., 2002) or reaction of a second free NO molecule with the 

reduced NO-heme complex (Shiro et al., 1995; Yi et al., 2016). Excess reducing agent, or 

any other external source might provide the additional electron required by all these 

mechanisms. 

As AtLRB3 was identified based on the conserved amino acids at the centres of H-NOX 

proteins across species, we probed the H-NOX centre of AtLRB3 by site-directed 

mutagenesis, checking if there is indeed any reduced affinity for NO when one or more 

key amino acids are mutated. Therefore, we generated an AtLRB3/H357L mutant where a 

leucine replaces the heme-binding histidine and investigated its NO binding capability. We 

selected this mutation as histidine at the H-NOX centre was determined in previous studies 

to be the proximal ligand for the iron of the heme cofactor to which NO binds as a distal 

ligand (Hunt and Lehnert, 2015). Leucine was chosen to replace histidine because it is 

more similar to histidine in terms of size compared to e.g., alanine or glycine but lacks the 

electrically charged side chain of histidine which, we believe allows histidine to ligate with 

heme better than leucine. Qualitatively, UV/Vis spectra recorded under dithionate 

reduction with subsequent addition of the NO source are similar to those of the WT protein 
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presumably because the H-NOX centre is structurally unchanged by this point mutation. 

The ferrous Soret peak at 418 nm disappears while a new signal emerges at 398 nm for the 

protein with coordinated NO. However, approximately a twofold higher concentration of 

the NO source is needed to obtain NO-saturation (Figure 4.4A) while disappearance of the 

signal at 398 nm occurs much faster than for the WT protein with the Soret peak of the 

His-coordinated ferric heme at 408 nm forming after 2.5 hrs (Figure 4.4B) compared to 

longer than 6 hours for the wildtype protein, thus assigning H357 to a role in conferring 

NO affinity in AtLRB3. Since the NO ligand has a π-acceptor character, it binds stronger 

to a heme coordinated by an electron density providing histidine (Hunt and Lehnert, 2015). 

We also checked for the possibility of S-nitrosylation using the S-NitrOsylation Site 

(SNOSite) on cysteine prediction tool available at 

http://csb.cse.yzu.edu.tw/SNOSite/Prediction.html (Lee et al., 2011) and found 2 cysteine 

residues C372 and C383 within the H-NOX centre with high probability of being S-

nitrosylated. The specificity level for the prediction was set to “high (95%)”. However, our 

mutagenesis study involving the AtLRB3/H357L mutant clearly showed diminished NO-

binding response in identical experimental conditions as the WT protein ran parallelly 

during the assays, thus specifically assigning this NO response to the heme at the H-NOX 

centre and alleviating concerns of S-nitrosylation interfering with the observed NO spectral 

changes. 

We note that in canonical H-NOX proteins, mutating the histidine residue to alanine 

resulted in the complete loss of the Soret peak. We observed that while the H357L AtLRB3 

mutant exhibits spectra identical to the WT, the NO-binding response was clearly 

diminished and have explained this observation by the π-acceptor character of NO. This 

http://csb.cse.yzu.edu.tw/SNOSite/Prediction.html
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dissimilarity may also be due to the fact that AtLRB3 only contains key residues in the H-

NOX centre and does not possess the entire H-NOX domain of canonical H-NOX proteins 

which has naturally raised questions regarding its physiological relevance. There is indeed 

emerging evidence of the biological relevance of such H-NOX centres. For instance, a 

recent article reported a protein from Arabidopsis thaliana DGK4, harbours identical H-

NOX centre, and was shown to be essential for normal pollen tube growth and for the 

overall development of the plant (Vaz Dias et al., 2019). 

The authors also discussed the possibility of DGK4 playing signalling roles that cross-talk 

with NO and lipid pathways in the pollen tube. Furthermore, DGK4 has been previously 

identified by Bioinformatics approach to contain a H-NOX centre identical to AtLRB3 and 

was also speculated to play important NO signalling roles in the directional growth of 

pollen tube (Domingos et al., 2015). Another Arabidopsis protein harbouring such H-NOX 

centre, AtNOGC1, was previously shown to be NO-sensitive in vitro (Mulaudzi et al., 

2011) and was later shown to be involved in NO-dependent and cGMP-mediated stomatal 

closure in Arabidopsis plants (Joudoi et al., 2013). We are beginning to understand the 

physiological relevance of plant proteins harbouring a seemingly reduced H-NOX domain 

and this discovery-centred report of AtLRB3 will pave the way for subsequent plant 

physiology works. The collective experimental data suggest that the AtLRB3 protein 

contains a heme cofactor that is ligated by histidine 357. We could demonstrate the heme-

protein’s ability to function as a NO-responsive protein in vitro showing NO binding and 

plausible formation of a five-coordinate intermediate after histidine displacement, which 

is required for NO-dependent signalling of canonical H-NOX proteins. 
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Figure 4.4. (A) NO binding to an AtLRB3/H357L mutant was monitored after addition 

of DEA NONOate (NO donor) to reduced mutant AtLRB3 (400 μg/mL) under anaerobic 

conditions. After purification, air-oxidized protein shows a Soret peak at 408 nm, which 

shifts upon chemical reduction by sodium dithionate (8mM) to 418 nm with appearance of 

β- and α- peaks (525 and 553 nm). Addition of NO donor leads to the formation of NO-

bound protein showing a broad shoulder at 398 nm. NO affinity is of the H357L mutant is 

reduced compared to the wild-type (see Figure 3). (black: oxidized, dark violet: reduced, 

violet – brown: NO addition in increments) Inset: Highlights α- and β-peak regions. (B) As 

for the wild-type protein, the behaviour post-NO-saturation (pNs) was monitored for the 

AtLRB3/H357L mutant under anaerobic conditions. Absorption spectra were measured at 

several time points. Over time this results in a reappearance of the Soret peak of oxidized 

heme iron at 408 nm. Compared to wild-type protein, diffusion occurs much faster. UV/Vis 

spectra of the ferric and ferrous protein are included for comparison (black: oxidized, dark 

violet: reduced, brown: NO-saturated protein, red – blue: pNs spectra measured at several 

time points). 
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A H357L mutation in the heme-binding pocket results in a diminished NO affinity, and 

that further supports the assignment of AtLRB3 (At4g01160) as a NO-responsive protein 

most likely operating through a H-NOX-like pocket. While AtLRB3 harbours a H-NOX-

like pocket, AtLRB3 is however structurally dissimilar to canonical H-NOX proteins. 

Thus, we can expect that the nature of this NO-response, when revealed, may be unique to 

complex multi-domain plant proteins. Therefore, it is also plausible that AtLRB3 belongs 

to a new class of heme-sensing proteins with flexible heme binding properties instead of 

being a canonical NO-sensitive protein. As such, our report can guide subsequent 

characterization studies on AtLRB3 and possibly also other plant proteins with similar H-

NOX centres. 

4.2.3 The role of Light Response BTB proteins 

Bric-a-Brac/Tramtrack/Broad Complex (BTB) family proteins have been reported to direct 

selective ubiquitylation of proteins after their assembly into Cullin3-based ubiquitin ligases 

(for recent review see (Chen and Chen, 2016)). The multi-subunit Cullin-RING Ligases 

(CRLs) are a highly polymorphic collection of E3s composed of a Cullin (CUL) backbone 

subunit onto which assembles the E2-Ub-docking RING Box1 (RBX1) protein and a 

diverse assortment of adaptors that recruit ubiquitylation substrates (Hua and Vierstra, 

2011). One prominent CRL subtype incorporates the Bric-a-Brac/Tramtrack/Broad 

Complex (BTB) E3s. They contain RBX1, the CUL3 isoform, and a member from the large 

family of BTB target-recognition adaptors that docks with CUL3 via a signature 

approximately 95-amino acid BTB domain (Furukawa et al., 2003; Xu et al., 2003; Stogios 

et al., 2005).  



127 
 

Recently, a subfamily of nucleus-localized BTB proteins that encode the LIGHT-

RESPONSE BTB proteins (LRB) in Arabidopsis (Arabidopsis thaliana) has been 

described (Christians et al., 2012) and it was demonstrated that LRB1 (At2g46260) and 

LRB2 (At3g61600) affect photomorphogenesis. It was also reported that lrb1 and Irb2 

double mutant display a marked hypersensitivity to red light, but not to far-red or blue light, 

and are compromised in multiple photomorphogenic processes and that red light 

hypersensitivity can be overcome by eliminating phytochrome B (phyB) and phyD from 

which an effect downstream of these two photoreceptor isoforms was deduced possibly by 

affecting the turnover of phyB/D (Christians et al., 2012). Our NO binding protein which 

is annotated as LRB3, shares the domain organization with LRB1 and 2, and has a > 50 % 

sequence identity with 1 and 2 but does not appear to be directly involved in light 

responses. LRB1 and 2 also do not harbour the H-NOX motif thus implying that the gas-

sensing role for LRB3 is highly specific. Both LRB1 and 2 have been shown to have a role 

in the protein stability of phytochrome B and D (Christians et al., 2012) and this in turn has 

implications for photomorphogenesis whereas the LRB3, while sharing the domain 

organizations LRB1 and LRB2, have undetermined functions.  

The question then arises, is there evidence for an interaction of the BTB domain containing 

protein and NO? There is an indication coming from the Kelch-like ECH-associated 

protein 1 (Keap1) that contains 4 distinct domains, including the N-terminal BTB domain 

(Hayes et al., 2010; McMahon et al., 2010). In the case of Keap1, the authors have 

combined molecular modelling with phylogenetic, chemical, and functional analyses to 

demonstrate, that Keap1 directly recognizes an NO sensor cluster of basic amino acids that 

facilitate S-nitrosation of C151 (McMahon et al., 2010) and concluded that Keap1 is a 
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specialized sensor that quantifies stress by monitoring the intracellular concentrations of 

NO (and Zn2+ and alkenals) serving as danger messengers. It is therefore tempting to 

speculate that LRB3 is a BTB family member that has sub-functionalized into an NO-

responsive protein and eventually test, if it can link NO signalling to changes in cellular 

protein levels which is in turn, linked to the specific turnover mediated by the ubiquitin/26S 

proteasome system (Smalle and Vierstra, 2004). 

4.3. Materials and Methods 

4.3.1 Preparation of the recombinant AtLRB3 (At4g01160) 

Full-length cDNA of At4g01160 gene was synthesized by Invitrogen GeneArt®Gene 

Synthesis (Germany) and cloned into a pENTR221 vector. LR recombination was used to 

transfer the gene into the vector pDEST17, to express the protein in BL21-AI E. coli cells. 

The pelleted bacterial cells were lysed buffer A (6 M guanidinium chloride, 20 mM 

Na2H2PO4, and 500 mM NaCl; pH 7.8). The expressed protein contained an N-terminal 

His-Tag for affinity purification with Ni-NTA agarose. The lysate was loaded into the pre-

filled Ni-NTA column and washed three times with buffer B (8 M urea, 20 mM Na2H2PO4, 

20 mM imidazole and 500 mM NaCl; pH 7.8) and binding protein was eluted with buffer 

C (250 mM Imidazole added to buffer B). Prior to refolding using FPLC, the denatured 

purified protein was concentrated and then taken up into buffer D (7.5 M urea, 20 mM 

Na2H2PO4, 500 mM NaCl, 100 mM sucrose, 100 mM non-detergent sulfobetaines 

(NDSB), 0.05% (w/v), polyethylene glycol (PEG), 4 mM reduced glutathione, 0.04 mM 

oxidized glutathione and a protease inhibitor cocktail (SIGMAFAST); pH 7.8). Gradual 

removal of urea was obtained by gradient dilution of buffer D with buffer E containing 
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hemin (50 mg / 200 mL hemin, 1 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 500 mM 

sucrose, 100 mM NDSB, 0.05% (w/v) PEG, 4 mM reduced glutathione, 0.04 mM oxidized 

glutathione and the protease inhibitor cocktail; pH 7.8). The refolded protein was then 

washed again with 10 column volumes of buffer E and eluted with Buffer F (buffer E 

without hemin and with 500 mM imidazole) (see flowchart in Figure 4.5). Protein 

concentrations were determined by Bradford assays and all buffers were sonicated, filtered 

and stored at RT. AtLRB3 H357L mutant was generated by site directed mutagenesis PCR-

based method using 5' GCCTATGTACTCAGACCCATCAA 3' forward and 5' 

GATGGGTCTGAGTACATAGGCT 3' reverse as internal primers designed with a single 

base substitution to alter the gene sequence. The presence of the mutation was confirmed 

by sequencing. 5' ATGGATCTCTCACTCTCCGGT 3' forward and 5' 

CTAAAGGCGGATGGAGAGATC 3' reverse primers were used to flank the end of the 

target sequence. The procedure for site-directed mutagenesis has been detailed elsewhere 

(Wheeler et al., 2017). 

 

 

 

 

 

 

 

 

Figure 4.5. Flowchart for the generation of recombinant AtLRB3 proteins. 
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4.3.2 Computational assessment of the AtLRB3 heme-binding pocket 

The crystal structure of an H-NOX protein from T. tengcongensis (PDB entry: 3TF0) 

served as template for a full-length homology model of AtLRB3, which was generated 

using Modeller (ver. 9.14) (Sali and Blundell, 1993) according to methods described 

previously (Wong and Gehring, 2013). All structures and images were analysed and 

prepared with UCSF Chimera (Pettersen et al., 2004). Structural analysis of the heme-

binding pocket of AtLRB3 was performed by probing the key residues within the H-NOX 

domain and compared with that of T. tengcongensis H-NOX protein. 

4.3.3 Determining NO binding in vitro 

Changes in the heme-accommodating domain during binding of NO were followed using 

UV/Vis absorption spectroscopy. Here spectral characteristics are strongly indicative of 

the type of heme, which is present and are influenced by the heme environment thereby 

giving a valuable tool to observe changes in the heme surrounding (McMahon et al., 2010). 

In more detail, the porphyrin structure contains an aromatic system of π electrons 

consisting of molecular orbitals which are occupied and unoccupied (π and π*). UV/Vis 

spectra show characteristic Soret peaks which stem from π to π* electron transitions 

(Corwin et al., 1968; Zhang et al., 2017). 

To show heme b incorporation, spectra of air-exposed protein (89 μg/mL) as well as spectra 

with added hemin (final concentration 61 μM), were measured using a TECAN Infinite 

M1000 microplate reader. Spectra of unfolded protein (500 μg/ml) and BSA (1 mg/mL) 

with or without added hemin were measured as a control.  

NO binding was monitored in a glove box (InerTec AG) under nitrogen atmosphere using 

a TECAN Infinite 200 microplate reader. All solutions were flushed for 20 minutes with 
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argon to remove oxygen before transfer into the glove box. The heme b-containing protein 

(400 μg/ml) was reduced chemically by adding sodium dithionite to a final concentration 

of 8 mM. Then the NO donor diethylamine/nitric oxide complex (DEA NONOate) was 

immediately added and in increments to the ferrous heme-protein. The Soret peak was 

monitored and DEA NONOate addition was continued until the absorption frequency 

remained constant, which indicates NO saturation. Over 24 hours, repeated recordings of 

UV/Vis spectra were used to observe the slow diffusion of NO from the heme centre. 
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Chapter 5. Concluding remarks 

S. hermonthica is an obligate root-parasitic plant that syphons all nutrients and water that 

it needs from its host. Its life cycle has to be well synchronized with the host. Thus, Striga 

seeds only germinate by sensing a host released signal, mainly SLs. Striga infestation has 

become one of the most serious constraints for food security globally. Management of S. 

hermonthica infestation is challenging, yet inhibiting the Striga seed germination by 

blocking the perception of SLs could be a very efficient approach for combating Striga. In 

Chapter 2, we described the synthesis of the chimeric compound, KK023, by combining 

two moieties of SL inhibitors TritonX-100 and the triazole derivative KK094, specific 

inhibitors of ShHTL7 and OsD14 respectively. Our hybrid inhibitors, particularly KK023-

N1, inhibited ShHTL7 hydrolysis activity in YLG assay and reduced the interaction affinity 

between ShHTL7 and ShMAX2 as was shown by both MST and pulldown assays. In 

addition, KK023-N1 is characterized by its specificity and low impact on the host 

compared to its parent compounds, Triton X-100 and KK094. Most importantly, 

application of KK023-N1 under greenhouse conditions, showed potential inhibition of 

Striga seed germination by reducing the emergence of Striga plants by 38%. These 

encouraging findings indicate the potential of these compounds for application in 

combating Striga and make them an excellent lead for developing further Striga-specific 

herbicides that can be applied in the presence of a host.  

KK023-N1 is a remarkable SL antagonist that combats Striga seed germination, and this 

is the first report of a chemically synthesized inhibitor that has been experimentally proven 

to reduce Striga seed germination under greenhouse conditions. Moving forward, this 

inhibitor can be a powerful tool if further modifications are made to improve its activity. 
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For instance, one limitation of this compound is insufficient solubility at high 

concentrations, this could be due to the bulky cyclic structures of this compound which 

could be optimized by synthesizing these compounds with less cyclic moieties (for instance 

optimizing step 1 or 4 of the synthesis (Figure 2.2)). I also proposed in silico designing of 

KK023-N1 mimics and obtaining docking models with ShHTL7, since the structure of 

ShHTL7 is available, and trying to synthesize the compounds that fit properly within the 

binding pocket of ShHTL7. In addition, with the Triton X-100 study (Hameed et al., 2018), 

we have seen that the hydrocarbon group is the part of Triton X-100 that initiates the 

hydrophobic interactions with binding pocket residues of ShHTL7. However, this 

interactive part of Triton X-100 is missing in KK023 isomers. Designing a new chimeric 

from triazole urease and Triton X-100 with conjugation of the hydrocarbons instead of the 

polyethylene part may enhance the interaction between this improved KK023 with the 

residues of the ShHTL7 binding pocket.  

Furthermore, an interesting finding has been obtained by our crystallography study. The 2-

MPD molecule, a chemical used during obtaining of the crystal structure, was found to 

bind close to the histidine residue at position 51 (H51) of the binding pocket of ShHTL7 

(Chapter 3). The same molecule was shown before to have the capacity to form an 

interaction with the catalytic H247 of D14. This suggests an important role for H51 and 

the surrounding residues and their potential to accommodate a small D-ring-like molecule. 

To investigate the role of H51, we mutated H51 of ShHTL7 and showed that this mutation 

negatively impacted the hydrolysis activity of ShHTL7. In contrast, introducing H51 into 

the binding pocket of ShHTL5 had improved its hydrolysis activity. This result supports 

our hypothesis of the importance of H51 residue in enhancing the hydrolysis activity of 
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ShHTL7, which could be via forming a second binding site for the hydrolyzed product of 

SL. Further, we generated genetic material to investigate the role of this residue in the 

sensitivity of ShHTL7 by a complementation study in the Arabidopsis kai2 mutant. This 

study needs more investigation in order to obtain a clear statement about the function of 

H51 in planta.  

To further investigate the functional role of H51 in ShHTL7 activity, a thermal stability 

experiment can be performed. We have shown that the interaction of ShHTL7 with GR24 

destabilize ShHTL7 and reduced it is Tm by 7 ºC degrees (figure 2.7), so here we 

hypothesize that a H51 mutation will affect the interaction between GR24 and ShHTL7 

which will cause a delay in the destabilization at least when we will do overtime incubation 

with GR24.   

We also worked on another signaling molecule, NO, and characterized its candidate 

responsive protein. Here, we have used aligned centers of H-NOX domains from bacteria, 

blue-green algae and mammals to extract a consensus motif based on functionally assigned 

and conserved residues at the heme-accommodating pockets, to search for candidate NO-

binding molecules in Arabidopsis. Furthermore, the selection of candidate H-NOX center 

containing proteins was supported by structural modeling. We then demonstrated that a 

recombinant Light Response Bric-a-Brac/Tramtrack/Broad Complex (BTB) family protein 

does bind NO with spectral characteristics reminiscent of canonical H-NOX proteins 

(Chapter 4). We showed that AtLRB3 incorporates a histidine-coordinated heme cofactor 

with a Soret peak at 408 nm for the oxidized protein that shifts to 418 nm after chemical 

reduction. AtLRB3 binds NO resulting in a 5-coordinate complex after histidine 

dissociation, as indicated by the Soret peak shift to 398 nm. Importantly, we have also 
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demonstrated the reversibility of NO-binding by measuring spectra post-NO saturation 

indicating NO dissociation; while a mutant with a replacement of the heme-binding 

histidine with leucine shows strongly reduced affinity for NO and, therefore, slower 

binding of NO with faster dissociation. Further work will ascertain the exact nature of this 

NO response (e.g. acting as a sensor or participating in redox reactions) as well as its 

associated biological roles. Since it has already been shown that LRB3 is not involved in 

the red light response under normal conditions, it might be possible to test its involvement 

in the red light response under NO treatment and test the degradation of phytochrome 

interacting factors and the photomorphogenesis of lrb3 plants.  

 

 

 

 

 

 

 

 

 

  



137 
 

Bibliography 
 
 

Abat JK, Deswal R (2019) Nitric Oxide: A Tiny Decoder and Transmitter of Information. In S 

Sopory, ed, Sensory Biology of Plants. Springer Singapore, Singapore, pp 311-322 

 

Abe S, Sado A, Tanaka K, Kisugi T, Asami K, Ota S, Il Kim H, Yoneyama K, Xie X, Ohnishi T, 

Seto Y, Yamaguchi S, Akiyama K, Yoneyama K, Nomura T (2014) Carlactone is converted to 

carlactonoic acid by MAX1 in Arabidopsis and its methyl ester can directly interact with AtD14 in 

vitro. Proceedings of the National Academy of Sciences of the United States of America 111: 

18084-18089 

 

Abuauf H, Haider I, Jia K-P, Ablazov A, Mi J, Blilou I, Al-Babili S (2018) The Arabidopsis 

DWARF27 gene encodes an all-trans-/9-cis-β-carotene isomerase and is induced by auxin, abscisic 

acid and phosphate deficiency. Plant Science 277: 33-42 

 

Akiyama K, Matsuzaki K, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in 

arbuscular mycorrhizal fungi. Nature 435: 824-827 

 

Al-Babili S, Bouwmeester HJ (2015) Strigolactones, a novel carotenoid-derived plant hormone. 

Annual review of plant biology 66: 161-186 

 

Alder A, Jamil M, Marzorati M, Bruno M, Vermathen M, Bigler P, Ghisla S, Bouwmeester H, 

Beyer P, Al-Babili S (2012) The path from beta-carotene to carlactone, a strigolactone-like plant 

hormone. Science 335: 1348-1351 

 

Aller I, Rouhier N, Meyer AJ (2013) Development of roGFP2-derived redox probes for 

measurement of the glutathione redox potential in the cytosol of severely glutathione-deficient rml1 

seedlings. Front Plant Sci 4: 506 

 

Al-Younis I, Wong A, Gehring C (2015) The Arabidopsis thaliana K(+)-uptake permease 7 

(AtKUP7) contains a functional cytosolic adenylate cyclase catalytic centre. FEBS Lett 589: 3848-

3852 

 

Al-Younis I, Wong A, Lemtiri-Chlieh F, Schmöckel S, Tester M, Gehring C, Donaldson L (2018) 

The Arabidopsis thaliana K+-Uptake Permease 5 (AtKUP5) Contains a Functional Cytosolic 

Adenylate Cyclase Essential for K+ Transport. Frontiers in Plant Science 9 

 

Arellano-Saab A, Bunsick M, Al Galib H, Zhao W, Schuetz S, Bradley JM, Xu Z, Adityani C, 

Subha A, McKay H, de Saint Germain A, Boyer F-D, McErlean CSP, Toh S, McCourt P, Stogios 

PJ, Lumba S (2021) Three mutations repurpose a plant karrikin receptor to a strigolactone receptor. 

Proceedings of the National Academy of Sciences 118: e2103175118 

 

Arite T, Umehara M, Ishikawa S, Hanada A, Maekawa M, Yamaguchi S, Kyozuka J (2009) d14, a 

strigolactone-insensitive mutant of rice, shows an accelerated outgrowth of tillers. Plant and Cell 

Physiology 50: 1416-1424 

 

Asgher M, Per TS, Masood A, Fatma M, Freschi L, Corpas FJ, Khan NA (2017) Nitric oxide 

signaling and its crosstalk with other plant growth regulators in plant responses to abiotic stress. 

Environmental Science and Pollution Research 24: 2273-2285 



138 
 

 

Astuti RI, Nasuno R, Takagi H (2016) Nitric oxide signaling in yeast. Appl Microbiol Biotechnol 

100: 9483-9497 

 

Atera EA, Itoh K, Azuma T, Ishii T (2012) Farmers' perspectives on the biotic constraint of Striga 

hermonthica and its control in western Kenya. Weed biology and management 12: 53-62 

 

Barbier FF, Dun EA, Kerr SC, Chabikwa TG, Beveridge CA (2019) An update on the signals 

controlling shoot branching. Trends in Plant Science 24: 220-236 

 

Bartberger MD, Liu W, Ford E, Miranda KM, Switzer C, Fukuto JM, Farmer PJ, Wink DA, Houk 

KN (2002) The reduction potential of nitric oxide (NO) and its importance to NO biochemistry. 

Proc Natl Acad Sci U S A 99: 10958-10963 

 

Basile MS, Mazzon E, Krajnovic T, Draca D, Cavalli E, Al-Abed Y, Bramanti P, Nicoletti F, 

Mijatovic S, Maksimovic-Ivanic D (2018) Anticancer and differentiation properties of the nitric 

oxide derivative of lopinavir in human glioblastoma cells. Molecules 23: 2463 

 

Bebawi FF, Eplee RE, Harris CE, Norris RS (1984) Longevity of witchweed (Striga asiatica) seed. 

Weed Science 32: 494-497 

 

Bellin D, Asai S, Delledonne M, Yoshioka H (2013) Nitric oxide as a mediator for defense 

responses. Molecular plant-microbe interactions 26: 271-277 

 

Beltran J, Kloss B, Hosler JP, Geng J, Liu A, Modi A, Dawson JH, Sono M, Shumskaya M, 

Ampomah-Dwamena C, Love JD, Wurtzel ET (2015) Control of carotenoid biosynthesis through 

a heme-based cis-trans isomerase. Nat Chem Biol 11: 598-605 

 

Berger A, Boscari A, Frendo P, Brouquisse R (2019) Nitric oxide signaling, metabolism and 

toxicity in nitrogen-fixing symbiosis. Journal of Experimental Botany 70: 4505-4520 

 

Berner D, Kling J, Singh B (1995) Striga research and control. A perspective from Africa. Plant 

disease 79: 652-660 

 

Bethke PC, Badger MR, Jones RL (2004) Apoplastic synthesis of nitric oxide by plant tissues. The 

Plant Cell 16: 332-341 

 

Beveridge CA, Kyozuka J (2010) New genes in the strigolactone-related shoot branching pathway. 

Current Opinion in Plant Biology 13: 34-39 

 

Bianchet C, Wong A, Quaglia M, Alqurashi M, Gehring C, Ntoukakis V, Pasqualini S (2018) An 

Arabidopsis thaliana leucine-rich repeat protein harbors an adenylyl cyclase catalytic center and 

affects responses to pathogens. Journal of Plant Physiology  

 

Blázquez MA, Nelson DC, Weijers D (2020) Evolution of Plant Hormone Response Pathways. 

Annual Review of Plant Biology 71 

 

Bogdan C (2015) Nitric oxide synthase in innate and adaptive immunity: an update. Trends in 

immunology 36: 161-178 

 



139 
 

Boon EM, Huang SH, Marletta MA (2005) A molecular basis for NO selectivity in soluble 

guanylate cyclase. Nat Chem Biol 1: 53-59 

 

Bouwmeester H, Li C, Thiombiano B, Rahimi M, Dong L (2020) Adaptation of the parasitic plant 

lifecycle: germination is controlled by essential host signaling molecules. Plant Physiology 185: 

1292-1308 

 

Bouwmeester HJ, Matusova R, Sun ZK, Beale MH (2003) Secondary metabolite signalling in host-

parasitic plant interactions. Current Opinion in Plant Biology 6: 358-364 

 

Boyer F-D, de Saint Germain A, Pillot J-P, Pouvreau J-B, Chen VX, Ramos S, Stévenin A, Simier 

P, Delavault P, Beau J-M, Rameau C (2012) Structure-Activity Relationship Studies of 

Strigolactone-Related Molecules for Branching Inhibition in Garden Pea: Molecule Design for 

Shoot Branching  Plant Physiology 159: 1524-1544 

 

Brandish PE, Buechler W, Marletta MA (1998) Regeneration of the ferrous heme of soluble 

guanylate cyclase from the nitric oxide complex: acceleration by thiols and oxyhemoglobin. 

Biochemistry 37: 16898-16907 

 

Bredt DS (1999) Endogenous nitric oxide synthesis: biological functions and pathophysiology. 

Free radical research 31: 577-596 

 

Brewer PB, Koltai H, Beveridge CA (2013) Diverse roles of strigolactones in plant development. 

Molecular Plant 6: 18-28 

 

Brouquisse R (2019) Multifaceted roles of nitric oxide in plants. Journal of Experimental Botany 

70: 4319-4322 

 

Bruno M, Al-Babili S (2016) On the substrate specificity of the rice strigolactone biosynthesis 

enzyme DWARF27. Planta 243: 1429-1440 

 

Buet A, Galatro A, Ramos-Artuso F, Simontacchi M (2019) Nitric oxide and plant mineral 

nutrition: current knowledge. Journal of Experimental Botany 70: 4461-4476 

 

Bunsick M, Toh S, Wong C, Xu Z, Ly G, McErlean CS, Pescetto G, Nemrish KE, Sung P, Li JD 

(2020) SMAX1-dependent seed germination bypasses GA signalling in Arabidopsis and Striga. 

Nature Plants 6: 646-652 

 

Bürger M, Chory J (2020) The many models of strigolactone signaling. Trends in plant science 25: 

395-405 

 

Butler LG (1994) Chemical Communication Between the Parasitic Weed Striga and Its Crop Host. 

In Allelopathy, Vol 582. American Chemical Society, pp 158-168 

 

Calabrese V, Mancuso C, Calvani M, Rizzarelli E, Butterfield DA, Stella AM (2007) Nitric oxide 

in the central nervous system: neuroprotection versus neurotoxicity. Nat Rev Neurosci 8: 766-775 

 

Canning P, Bullock AN (2014) New strategies to inhibit KEAP1 and the Cul3-based E3 ubiquitin 

ligases. Biochem Soc Trans 42: 103-107 

 



140 
 

Casas-Godoy L, Gasteazoro F, Duquesne S, Bordes F, Marty A, Sandoval G (2018) Lipases: An 

Overview: Methods and Protocols. In, Vol 1835, pp 3-38 

 

Castillo M-C, Coego A, Costa-Broseta Á, León J (2018) Nitric oxide responses in Arabidopsis 

hypocotyls are mediated by diverse phytohormone pathways. Journal of experimental botany 69: 

5265-5278 

 

Chang M, Lynn DG (1986) The haustorium and the chemistry of host recognition in parasitic 

angiosperms. Journal of Chemical Ecology 12: 561-579 

 

Chen HY, Chen RH (2016) Cullin 3 Ubiquitin Ligases in Cancer Biology: Functions and 

Therapeutic Implications. Front Oncol 6: 113 

 

Chikoye D, Fontem LA, Menkir A (2011) Seed coating herbicide tolerant maize hybrids with 

imazapyr for Striga hermonthica (Del.) Benth control in the West African savanna. J Food Agric 

Environ 9: 416-421 

 

Christians MJ, Gingerich DJ, Hua Z, Lauer TD, Vierstra RD (2012) The light-response BTB1 and 

BTB2 proteins assemble nuclear ubiquitin ligases that modify phytochrome B and D signaling in 

Arabidopsis. Plant physiology 160: 118-134 

 

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium -mediated 

transformation of Arabidopsis thaliana. The Plant Journal 16: 735-743 

 

Conn CE, Bythell-Douglas R, Neumann D, Yoshida S, Whittington B, Westwood JH, Shirasu K, 

Bond CS, Dyer KA, Nelson DC (2015) Convergent evolution of strigolactone perception enabled 

host detection in parasitic plants. Science 349: 540-543 

 

Cook CE, Whichard LP, Turner B, Wall ME, Egley GH (1966) Germination of Witchweed (Striga 

lutea Lour.): Isolation and Properties of a Potent Stimulant. Science 154: 1189-1190 

 

Cooney RV, Harwood PJ, Custer LJ, Franke AA (1994) Light-mediated conversion of nitrogen 

dioxide to nitric oxide by carotenoids. Environ Health Perspect 102: 460-462 

 

Correa-Aragunde N, Foresi N, Lamattina L (2013) Structure diversity of nitric oxide synthases 

(NOS): the emergence of new forms in photosynthetic organisms. Frontiers in plant science 4: 232 

 

Corwin AH, Chivvis AB, Poor RW, Whitten DG, Baker EW (1968) Porphyrin studies. XXXVII. 

The interpretation of porphyrin and metalloporphyrin spectra. Journal of the American Chemical 

Society 90: 6577-6583 

 

Cui S, Wada S, Tobimatsu Y, Takeda Y, Saucet SB, Takano T, Umezawa T, Shirasu K, Yoshida S 

(2018) Host lignin composition affects haustorium induction in the parasitic plants 

Phtheirospermum japonicum and Striga hermonthica. New Phytol 218: 710-723 

 

Dai Z, Farquhar ER, Arora DP, Boon EM (2012) Is histidine dissociation a critical component of 

the NO/H-NOX signaling mechanism? Insights from X-ray absorption spectroscopy. Dalton Trans 

41: 7984-7993 

 

de Saint Germain A, Clavé G, Badet-Denisot M-A, Pillot J-P, Cornu D, Le Caer J-P, Burger M, 

Pelissier F, Retailleau P, Turnbull C, Bonhomme S, Chory J, Rameau C, Boyer F-D (2016) An 



141 
 

histidine covalent receptor and butenolide complex mediates strigolactone perception. Nature 

Chemical Biology 12: 787-794 

 

Domingos P, Prado AM, Wong A, Gehring C, Feijo JA (2015) Nitric oxide: a multitasked signaling 

gas in plants. Molecular plant 8: 506-520 

 

Dun EA, Brewer PB, Beveridge CA (2009) Strigolactones: discovery of the elusive shoot branching 

hormone. Trends in Plant Science 14: 364-372 

 

Ejeta G (2007) Breeding for Striga resistance in sorghum: Exploitation of an intricate host-parasite 

biology. Crop Science 47: 216-227 

 

Eplee R, Norris R (1995) Control of parasitic weeds. Parasitic plants: 256-277 

 

Estabrook EM, Yoder JI (1998) Plant-Plant Communications: Rhizosphere Signaling between 

Parasitic Angiosperms and Their Hosts1. Plant Physiology 116: 1-7 

 

Farnese FS, Menezes-Silva PE, Gusman GS, Oliveira JA (2016) When Bad Guys Become Good 

Ones: The Key Role of Reactive Oxygen Species and Nitric Oxide in the Plant Responses to Abiotic 

Stress. Frontiers in plant science 7: 471 

 

Fedtke C, Duke S (2005) Herbicides. Plant toxicology: 247-330. 

 

Felemban A, Braguy J, Zurbriggen MD, Al-Babili S (2019) Apocarotenoids involved in plant 

development and stress response. Frontiers in plant science 10: 1168 

Fernández-Aparicio M, Delavault P, Timko MP (2020) Management of infection by parasitic 

weeds: A review. Plants 9: 1184 

 

Fukuto JM, Carrington SJ, Tantillo DJ, Harrison JG, Ignarro LJ, Freeman BA, Chen A, Wink DA 

(2012) Small molecule signaling agents: the integrated chemistry and biochemistry of nitrogen 

oxides, oxides of carbon, dioxygen, hydrogen sulfide, and their derived species. Chemical research 

in toxicology 25: 769-793 

 

Furukawa M, He YJ, Borchers C, Xiong Y (2003) Targeting of protein ubiquitination by BTB-

Cullin 3-Roc1 ubiquitin ligases. Nat Cell Biol 5: 1001-1007 

 

Garbers DL (1990) The guanylyl cyclase receptor family. New Biol 2: 499-504 

Gehring C (2010) Adenyl cyclases and cAMP in plant signaling - past and present. Cell Commun 

Signal 8: 15 

 

Genschik P, Sumara I, Lechner E (2013) The emerging family of CULLIN3-RING ubiquitin ligases 

(CRL3s): cellular functions and disease implications. EMBO J 32: 2307-2320 

 

Gibbs DJ, Md Isa N, Movahedi M, Lozano-Juste J, Mendiondo GM, Berckhan S, Marin-de la Rosa 

N, Vicente Conde J, Sousa Correia C, Pearce SP, Bassel GW, Hamali B, Talloji P, Tome DF, Coego 

A, Beynon J, Alabadi D, Bachmair A, Leon J, Gray JE, Theodoulou FL, Holdsworth MJ (2014) 

Nitric oxide sensing in plants is mediated by proteolytic control of group VII ERF transcription 

factors. Mol Cell 53: 369-379 

 



142 
 

Giovannetti M, Sbrana C, Citernesi AS, Avio L (1996) Analysis of factors involved in fungal 

recognition responses to host‐derived signals by arbuscular mycorrhizal fungi. New Phytologist 

133: 65-71 

 

Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pages V, Dun EA, Pillot JP, Letisse F, Matusova 

R, Danoun S, Portais JC, Bouwmeester H, Bécard G, Beveridge CA, Rameau C, Rochange SF 

(2008) Strigolactone inhibition of shoot branching. Nature 455: 189-194 

 

Goodrich LE, Paulat F, Praneeth VK, Lehnert N (2010) Electronic structure of heme-nitrosyls and 

its significance for nitric oxide reactivity, sensing, transport, and toxicity in biological systems. 

Inorg Chem 49: 6293-6316 

 

Gressel J, Hanafi A, Head G, Marasas W, Obilana B, Ochanda J, Souissi T, Tzotzos G (2004) 

Major heretofore intractable biotic constraints to African food security that may be amenable to 

novel biotechnological solutions. Crop Protection 23: 661-689 

 

Guo FQ, Okamoto M, Crawford NM (2003) Identification of a plant nitric oxide synthase gene 

involved in hormonal signaling. Science 302: 100-103 

 

Hameed US, Haider I, Jamil M, Kountche BA, Guo X, Zarban RA, Kim D, Al‐Babili S, Arold ST 

(2018) Structural basis for specific inhibition of the highly sensitive ShHTL7 receptor. EMBO 

reports: e45619 

 

Hamiaux C, Drummond RS, Janssen BJ, Ledger SE, Cooney JM, Newcomb RD, Snowden KC 

(2012) DAD2 is an α/β hydrolase likely to be involved in the perception of the plant branching 

hormone, strigolactone. Current biology 22: 2032-2036 

 

Haussmann BI (2000) Breeding for Striga resistance in cereals.  

 

Hayes JD, McMahon M, Chowdhry S, Dinkova-Kostova AT (2010) Cancer chemoprevention 

mechanisms mediated through the Keap1-Nrf2 pathway. Antioxid Redox Signal 13: 1713-1748 

Hearne SJ (2009) Control--the Striga conundrum. Pest Manag Sci 65: 603-614 

 

Herzik MA, Jr., Jonnalagadda R, Kuriyan J, Marletta MA (2014) Structural insights into the role 

of iron-histidine bond cleavage in nitric oxide-induced activation of H-NOX gas sensor proteins. 

Proc Natl Acad Sci U S A 111: E4156-4164 

 

Holbrook-Smith D, Toh S, Tsuchiya Y, McCourt P (2016) Small-molecule antagonists of 

germination of the parasitic plant Striga hermonthica. Nature chemical biology 12: 724-729 

 

Holsters M, de Waele D, Depicker A, Messens E, van Montagu M, Schell J (1978) Transfection 

and transformation of Agrobacterium tumefaciens. Molecular and General Genetics MGG 163: 

181-187 

 

Hong JK, Yun B-W, Kang J-G, Raja MU, Kwon E, Sorhagen K, Chu C, Wang Y, Loake GJ (2008) 

Nitric oxide function and signalling in plant disease resistance. Journal of experimental botany 59: 

147-154 

 

Hua Z, Vierstra RD (2011) The cullin-RING ubiquitin-protein ligases. Annu Rev Plant Biol 62: 

299-334 

 



143 
 

Hunt AP, Lehnert N (2015) Heme-nitrosyls: electronic structure implications for function in 

biology. Acc Chem Res 48: 2117-2125 

 

Imran QM, Hussain A, Lee S-U, Mun B-G, Falak N, Loake GJ, Yun B-W (2018) Transcriptome 

profile of NO-induced Arabidopsis transcription factor genes suggests their putative regulatory role 

in multiple biological processes. Scientific Reports 8: 1-14 

 

Ito S, Umehara M, Hanada A, Kitahata N, Hayase H, Yamaguchi S, Asami T (2011) Effects of 

triazole derivatives on strigolactone levels and growth retardation in rice. PLoS One 6 

 

Ito S, Umehara M, Hanada A, Yamaguchi S, Asami T (2013) Effects of strigolactone-biosynthesis 

inhibitor TIS108 on Arabidopsis. Plant signaling & behavior 8: e24193 

 

Jamil M, Charnikhova T, Verstappen F, Bouwmeester H (2010) Carotenoid inhibitors reduce 

strigolactone production and Striga hermonthica infection in rice. Archives of Biochemistry and 

Biophysics 504: 123-131 

 

Jamil M, Kanampiu FK, Karaya H, Charnikhova T, Bouwmeester HJ (2012) Striga hermonthica 

parasitism in maize in response to N and P fertilisers. Field Crops Research 134: 1-10 

 

Jamil M, Kountche BA, Al-Babili S (2021) Current progress in Striga management. Plant 

Physiology 185: 1339-1352 

 

Jamil M, Kountche BA, Haider I, Guo X, Ntui VO, Jia K-P, Ali S, Hameed US, Nakamura H, Lyu 

Y, Jiang K, Hirabayashi K, Tanokura M, Arold ST, Asami T, Al-Babili S (2018) Methyl 

phenlactonoates are efficient strigolactone analogs with simple structure. Journal of Experimental 

Botany 69: 62319-62331 

 

Jamil M, Kountche BA, Haider I, Wang JY, Aldossary F, Zarban RA, Jia K-P, Yonli D, Shahul 

Hameed UF, Takahashi I (2019) Methylation at the C-3′ in D-ring of strigolactone analogs reduces 

biological activity in root parasitic plants and rice. Frontiers in plant science 10: 353 

 

Jamil M, Kountche BA, Wang JY, Haider I, Jia K-P, Takahashi I, Ota T, Asami T, Al-Babili S 

(2020) A new series of carlactonoic acid based strigolactone analogs for fundamental and applied 

research. Frontiers in plant science 11: 434 

 

Jia KP, Baz L, Al-Babili S (2018) From carotenoids to strigolactones. Journal of Experimental 

Botany 69: 2189-2204 

 

Jiang L, Liu X, Xiong G, Liu H, Chen F, Wang L, Meng X, Liu G, Yu H, Yuan Y (2013) DWARF 

53 acts as a repressor of strigolactone signalling in rice. Nature 504: 401-405 

 

Joel D, Hershenhorn J, Eizenberg H, Aly R, Ejeta G, Rich P, Ransom J, Sauerborn J, Rubiales D 

(2007) Biology and management of weedy root parasites. HORTICULTURAL REVIEWS-

WESTPORT THEN NEW YORK- 33: 267 

 

Joudoi T, Shichiri Y, Kamizono N, Akaike T, Sawa T, Yoshitake J, Yamada N, Iwai S (2013) 

Nitrated cyclic GMP modulates guard cell signaling in Arabidopsis. The Plant Cell 25: 558-571 

 



144 
 

Kagiyama M, Hirano Y, Mori T, Kim SY, Kyozuka J, Seto Y, Yamaguchi S, Hakoshima T (2013) 

Structures of D 14 and D 14 L in the strigolactone and karrikin signaling pathways. Genes to Cells 

18: 147-160 

 

Karow DS, Pan D, Tran R, Pellicena P, Presley A, Mathies RA, Marletta MA (2004) Spectroscopic 

characterization of the soluble guanylate cyclase-like heme domains from Vibrio cholerae and 

Thermoanaerobacter tengcongensis. Biochemistry 43: 10203-10211 

 

Kawada K, Takahashi I, Arai M, Sasaki Y, Asami T, Yajima S, Ito S (2019) Synthesis and 

biological evaluation of novel triazole derivatives as strigolactone biosynthesis inhibitors. Journal 

of agricultural and food chemistry 67: 6143-6149 

 

Khan ZR, Midega CA, Pittchar JO, Murage AW, Birkett MA, Bruce TJ, Pickett JA (2014) 

Achieving food security for one million sub-Saharan African poor through push–pull innovation 

by 2020. Philosophical Transactions of the Royal Society B: Biological Sciences 369: 20120284 

 

Khosla A, Morffy N, Li Q, Faure L, Chang SH, Yao J, Zheng J, Cai ML, Stanga J, Flematti GR 

(2020) Structure–function analysis of SMAX1 reveals domains that mediate its karrikin-induced 

proteolysis and interaction with the receptor KAI2. Plant Cell 32: 2639-2659 

 

Klessig DF, Durner J, Noad R, Navarre DA, Wendehenne D, Kumar D, Zhou JM, Shah J, Zhang 

S, Kachroo P, Trifa Y, Pontier D, Lam E, Silva H (2000) Nitric oxide and salicylic acid signaling 

in plant defense. Proc Natl Acad Sci U S A 97: 8849-8855 

 

Kountche B, Al-Babili S, Haussmann BIG (2016) Striga. In, pp 173-203 

 

Kountche BA, Jamil M, Yonli D, Nikiema MP, Blanco‐Ania D, Asami T, Zwanenburg B, Al‐Babili 

S (2019) Suicidal germination as a control strategy for Striga hermonthica (Benth.) in smallholder 

farms of sub‐Saharan Africa. Plants, People, Planet 1: 107-118 

 

Lado A, Hussaini MA (2018) Effectiveness of imazaquin seed treatment on Striga gesnerioides 

control and growth traits of seven cowpea genotypes. Journal of Plant Pathology 100: 477-484 

 

Lee T-Y, Chen Y-J, Lu T-C, Huang H-D, Chen Y-J (2011) SNOSite: exploiting maximal 

dependence decomposition to identify cysteine S-nitrosylation with substrate site specificity. PloS 

one 6: e21849 

 

Levine AB, Punihaole D, Levine TB (2012) Characterization of the Role of Nitric Oxide and Its 

Clinical Applications. Cardiology 122: 55-68 

 

Liao D, Wang S, Cui M, Liu J, Chen A, Xu G (2018) Phytohormones Regulate the Development 

of Arbuscular Mycorrhizal Symbiosis. International Journal of Molecular Sciences 19: 3146 

 

Liu J, Chakraborty S, Hosseinzadeh P, Yu Y, Tian S, Petrik I, Bhagi A, Lu Y (2014) 

Metalloproteins containing cytochrome, iron-sulfur, or copper redox centers. Chem Rev 114: 4366-

4469 

 

Liu Q, Zhang Y, Matusova R, Charnikhova T, Amini M, Jamil M, Fernandez-Aparicio M, Huang 

K, Timko MP, Westwood JH, Ruyter-Spira C, van der Krol S, Bouwmeester HJ (2014) Striga 

hermonthica MAX2 restores branching but not the Very Low Fluence Response in the Arabidopsis 

thaliana max2 mutant. New Phytol 202: 531-541 



145 
 

 

Ludidi N, Gehring C (2003) Identification of a novel protein with guanylyl cyclase activity in 

Arabidopsis thaliana. J Biol Chem 278: 6490-6494 

 

Mach J (2015) Strigolactones Regulate Plant Growth in Arabidopsis via Degradation of the 

DWARF53-Like Proteins SMXL6, 7, and 8. The Plant Cell 27: 3022-3023 

 

Mandumbu R, Mutengwa C, Mabasa S, Mwenje E (2018) Challenges to the exploitation of host 

plant resistance for Striga management in cereals and legumes by farmers in sub-Saharan Africa: 

a review. Acta Agriculturae Scandinavica, Section B - Soil & Plant Science 69: 1-7 

 

Mangnus EM, Van Vliet LA, Vandenput DAL, Zwanenburg B (1992) Structural modifications of 

strigol analogs. Influence of the B and C rings on the bioactivity of the germination stimulant GR24. 

Journal of Agricultural and Food Chemistry 40: 1222-1229 

 

Marondedze C, Thomas L, Serrano NL, Lilley KS, Gehring C (2016) The RNA-binding protein 

repertoire of Arabidopsis thaliana. Scientific reports 6: 1-13 

 

Martínez-Medina A, Pescador L, Terrón-Camero LC, Pozo MJ, Romero-Puertas MC (2019) Nitric 

oxide in plant–fungal interactions. Journal of Experimental Botany 70: 4489-4503 

 

Marzec M (2016) Strigolactones as Part of the Plant Defence System. Trends in Plant Science 21: 

900-903 

 

Marzec M, Brewer P (2019) Binding or Hydrolysis? How Does the Strigolactone Receptor Work? 

Trends in plant science 24: 571-574 

 

Mashiguchi K, Seto Y, Yamaguchi S (2021) Strigolactone biosynthesis, transport and perception. 

The Plant Journal 105: 335-350 

 

Mashita O, Koishihara H, Fukui K, Nakamura H, Asami T (2016) Discovery and identification of 

2-methoxy-1-naphthaldehyde as a novel strigolactone-signaling inhibitor. Journal of pesticide 

science: D16-028 

 

Matusova R, Rani K, Verstappen FWA, Franssen MCR, Beale MH, Bouwmeester HJ (2005) The 

Strigolactone Germination Stimulants of the Plant-Parasitic Striga and Orobanche spp. Are Derived 

from the Carotenoid Pathway. Plant Physiology 139: 920-934 

 

McMahon M, Lamont DJ, Beattie KA, Hayes JD (2010) Keap1 perceives stress via three sensors 

for the endogenous signaling molecules nitric oxide, zinc, and alkenals. Proceedings of the National 

Academy of Sciences 107: 18838-18843 

 

McMahon M, Lamont DJ, Beattie KA, Hayes JD (2010) Keap1 perceives stress via three sensors 

for the endogenous signaling molecules nitric oxide, zinc, and alkenals. Proc Natl Acad Sci U S A 

107: 18838-18843 

 

McSteen P (2009) Hormonal Regulation of Branching in Grasses. Plant Physiology 149: 46-55 

 

Meier S, Seoighe C, Kwezi L, Irving H, Gehring C (2007) Plant nucleotide cyclases: an 

increasingly complex and growing family. Plant Signal Behav 2: 536-539 

 



146 
 

Menkir A, Chikoye D, Lum F (2010) Incorporating an herbicide resistance gene into tropical maize 

with inherent polygenic resistance to control Striga hermonthica (Del.) Benth. Plant Breeding 129: 

385-392 

 

Miyakawa T, Xu Y, Tanokura M (2020) Molecular basis of strigolactone perception in root-

parasitic plants: aiming to control its germination with strigolactone agonists/antagonists. Cellular 

and Molecular Life Sciences 77: 1103-1113 

 

Moreau M, Lindermayr C, Durner J, Klessig DF (2010) NO synthesis and signaling in plants--

where do we stand? Physiol Plant 138: 372-383 

 

Moreau M, Lindermayr C, Durner J, Klessig DF (2010) NO synthesis and signaling in plants--

where do we stand? Physiol Plant 138: 372-383 

 

Mulaudzi T, Ludidi N, Ruzvidzo O, Morse M, Hendricks N, Iwuoha E, Gehring C (2011) 

Identification of a novel Arabidopsis thaliana nitric oxide-binding molecule with guanylate cyclase 

activity in vitro. FEBS letters 585: 2693-2697 

 

Mur LA, Kumari A, Brotman Y, Zeier J, Mandon J, Cristescu SM, Harren F, Kaiser WM, Fernie 

AR, Gupta KJ (2019) Nitrite and nitric oxide are important in the adjustment of primary metabolism 

during the hypersensitive response in tobacco. Journal of experimental botany 70: 4571-4582 

 

Mur LA, Sivakumaran A, Mandon J, Cristescu SM, Harren FJ, Hebelstrup KH (2012) 

Haemoglobin modulates salicylate and jasmonate/ethylene-mediated resistance mechanisms 

against pathogens. Journal of experimental botany 63: 4375-4387 

 

Murashige T, Skoog F (1962) A revised medium for rapid growth and bio assays with tobacco 

tissue cultures. Physiologia plantarum 15: 473-497 

 

Musselman LJ (1980) The biology of Striga, Orobanche, and other root-parasitic weeds. Annual 

review of phytopathology 18: 463-489 

 

Musselman LJ, Yoder JI, Westwood JH (2001) Parasitic plants major problem to food crops. 

Science 293: 1434-1434 

 

Mustafa AK, Gadalla MM, Snyder SH (2009) Signaling by gasotransmitters. Science signaling 2. 

 

Nakamura H, Hirabayashi K, Miyakawa T, Kikuzato K, Hu W, Xu Y, Jiang K, Takahashi I, 

Niiyama R, Dohmae N (2019) Triazole ureas covalently bind to strigolactone receptor and 

antagonize strigolactone responses. Molecular plant 12: 44-58 

 

Nakamura H, Xue YL, Miyakawa T, Hou F, Qin HM, Fukui K, Shi X, Ito E, Ito S, Park SH, 

Miyauchi Y, Asano A, Totsuka N, Ueda T, Tanokura M, Asami T (2013) Molecular mechanism of 

strigolactone perception by DWARF14. Nature Communications 4: 2613-2623. 

 

Olea C, Boon EM, Pellicena P, Kuriyan J, Marletta MA (2008) Probing the function of heme 

distortion in the H-NOX family. ACS Chem Biol 3: 703-710 

 

Olea C, Jr., Herzik MA, Jr., Kuriyan J, Marletta MA (2010) Structural insights into the molecular 

mechanism of H-NOX activation. Protein Sci 19: 881-887 

 



147 
 

Ooi A, Lemtiri-Chlieh F, Wong A, Gehring C (2017) Direct Modulation of the Guard Cell 

Outward-Rectifying Potassium Channel (GORK) by Abscisic Acid. Mol Plant 10: 1469-1472 

Palavan-Unsal N, Arisan D (2009) Nitric Oxide Signalling In Plants. The Botanical Review 75: 

203-229 

 

Palma JM, Freschi L, Rodríguez-Ruiz M, González-Gordo S, Corpas FJ (2019) Nitric oxide in the 

physiology and quality of fleshy fruits. Journal of Experimental Botany 70: 4405-4417 

 

Parker C (2009) Observations on the current status of Orobanche and Striga problems worldwide. 

Pest Management Science 65: 453-459 

 

Parker C (2012) Parasitic weeds: a world challenge. Weed science 60: 269-276 

 

Parker C, Riches CR (1993) Parasitic weeds of the world: biology and control. CAB international 

Pellicena P, Karow DS, Boon EM, Marletta MA, Kuriyan J (2004) Crystal structure of an oxygen-

binding heme domain related to soluble guanylate cyclases. Proc Natl Acad Sci U S A 101: 12854-

12859 

 

Pennisi E (2010) Armed and dangerous. Science 327: 1200-1200 

 

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE (2004) 

UCSF Chimera--a visualization system for exploratory research and analysis. J Comput Chem 25: 

1605-1612 

 

Planchet E, Jagadis Gupta K, Sonoda M, Kaiser WM (2005) Nitric oxide emission from tobacco 

leaves and cell suspensions: rate limiting factors and evidence for the involvement of mitochondrial 

electron transport. The Plant Journal 41: 732-743 

 

Plate L, Marletta MA (2012) Nitric oxide modulates bacterial biofilm formation through a 

multicomponent cyclic-di-GMP signaling network. Mol Cell 46: 449-460 

 

Praneeth VK (2006) Spectroscopic properties and electronic structure of five- and six-coordinate 

iron (II) porphyrin NO complexes Effect of the axial N-donor. Inorg Chem 45 

 

Press MC, Tuohy JM, Stewart GR (1987) Gas exchange characteristics of the sorghum-Striga host-

parasite association. Plant Physiology 84: 814-819 

 

Ransom J, Kanampiu F, Gressel J, De Groote H, Burnet M, Odhiambo G (2012) Herbicide applied 

to imidazolinone resistant-maize seed as a Striga control option for small-scale African farmers. 

Weed Science 60: 283-289 

 

Rao M, Herzik MA, Jr., Iavarone AT, Marletta MA (2017) Nitric Oxide-Induced Conformational 

Changes Govern H-NOX and Histidine Kinase Interaction and Regulation in Shewanella 

oneidensis. Biochemistry 56: 1274-1284 

 

Rivero-Lepinckas L, Crist D, Scholl R (2006) Growth of Plants and Preservation of Seeds. In J 

Salinas, JJ Sanchez-Serrano, eds, Arabidopsis Protocols. Humana Press, Totowa, NJ, pp 3-12 

 

Rodenburg J, Demont M, Zwart SJ, Bastiaans L (2016) Parasitic weed incidence and related 

economic losses in rice in Africa. Agriculture, ecosystems & environment 235: 306-317 

 



148 
 

Runo S, Kuria EK (2018) Habits of a highly successful cereal killer, Striga. PLoS pathogens 14: 

e1006731 

 

Russwurm M, Koesling D (2004) NO activation of guanylyl cyclase. EMBO J 23: 4443-4450 

 

Ruyter-Spira C, Kohlen W, Charnikhova T, van Zeijl A, van Bezouwen L, de Ruijter N, Cardoso 

C, Lopez-Raez JA, Matusova R, Bours R (2011) Physiological effects of the synthetic strigolactone 

analog GR24 on root system architecture in Arabidopsis: another belowground role for 

strigolactones? Plant physiology 155: 721-734 

 

Sali A, Blundell TL (1993) Comparative protein modelling by satisfaction of spatial restraints. J 

Mol Biol 234: 779-815 

 

Samejima H, Babiker AG, Takikawa H, Sasaki M, Sugimoto Y (2016) Practicality of the suicidal 

germination approach for controlling Striga hermonthica. Pest Management Science 72: 2035-2042 

 

Sanz L, Albertos P, Mateos I, Sánchez-Vicente I, Lechón T, Fernández-Marcos M, Lorenzo O 

(2015) Nitric oxide (NO) and phytohormones crosstalk during early plant development. Journal of 

Experimental Botany 66: 2857-2868 

 

Scaffidi A, Waters MT, Sun YMK, Skelton BW, Dixon KW, Ghisalberti EL, Flematti GR, Smith 

SM (2014) Strigolactone hormones and their stereoisomers signal through two related receptor 

proteins to induce different physiological responses in Arabidopsis. Plant Physiology 165: 1221-

1232 

 

Scholes JD, Press MC (2008) Striga infestation of cereal crops – an unsolved problem in resource 

limited agriculture. Current Opinion in Plant Biology 11: 180-186 

 

Seto Y, Sado A, Asami K, Hanada A, Umehara M, Akiyama K, Yamaguchi S (2014) Carlactone 

is an endogenous biosynthetic precursor for strigolactones. Proceedings of the National Academy 

of Sciences 111: 1640-1645 

 

Seto Y, Yasui R, Kameoka H, Tamiru M, Cao M, Terauchi R (2019) Strigolactone perception and 

deactivation by a hydrolase receptor DWARF14. Nat Commun 10:191 

 

Shabek N, Ticchiarelli F, Mao H, Hinds TR, Leyser O, Zheng N (2018) Structural plasticity of D3–

D14 ubiquitin ligase in strigolactone signalling. Nature 563: 652-656 

 

Shiro Y, Fujii M, Iizuka T, Adachi S, Tsukamoto K, Nakahara K, Shoun H (1995) Spectroscopic 

and kinetic studies on reaction of cytochrome P450nor with nitric oxide. Implication for its nitric 

oxide reduction mechanism. J Biol Chem 270: 1617-1623 

 

Simontacchi M, Galatro A, Ramos-Artuso F, Santa-María GE (2015) Plant Survival in a Changing 

Environment: The Role of Nitric Oxide in Plant Responses to Abiotic Stress. Frontiers in Plant 

Science 6 

 

Smalle J, Vierstra RD (2004) The ubiquitin 26S proteasome proteolytic pathway. Annu Rev Plant 

Biol 55: 555-590 

 



149 
 

Soldatova AV, Ibrahim M, Olson JS, Czernuszewicz RS, Spiro TG (2010) New light on NO 

bonding in Fe(III) heme proteins from resonance Raman spectroscopy and DFT modeling. J Am 

Chem Soc 132: 4614-4625 

 

Soundappan I, Bennett T, Morffy N, Liang Y, Stanga JP, Abbas A, Leyser O, Nelson DC (2015) 

SMAX1-LIKE/D53 Family Members Enable Distinct MAX2-Dependent Responses to 

Strigolactones and Karrikins in Arabidopsis. The Plant Cell 27: 3143-3159 

 

Spadaro D, Yun BW, Spoel SH, Chu C, Wang YQ, Loake GJ (2010) The redox switch: dynamic 

regulation of protein function by cysteine modifications. Physiologia plantarum 138: 360-371 

 

Spallek T, Mutuku M, Shirasu K (2013) The genus Striga: a witch profile. Molecular Plant 

Pathology 14: 861-869 

 

Stanga JP, Smith SM, Briggs WR, Nelson DC (2013) SUPPRESSOR OF MORE AXILLARY 

GROWTH2 1 Controls Seed Germination and Seedling Development in Arabidopsis    Plant 

Physiology 163: 318-330 

 

Stogios PJ, Downs GS, Jauhal JJ, Nandra SK, Prive GG (2005) Sequence and structural analysis 

of BTB domain proteins. Genome Biol 6: R82 

 

Stone JR, Sands RH, Dunham WR, Marletta MA (1995) Electron paramagnetic resonance spectral 

evidence for the formation of a pentacoordinate nitrosyl-heme complex on soluble guanylate 

cyclase. Biochem Biophys Res Commun 207: 572-577 

 

Stuehr DJ (1999) Mammalian nitric oxide synthases. Biochimica et Biophysica Acta (BBA)-

Bioenergetics 1411: 217-230 

 

Su B, Qian Z, Li T, Zhou Y, Wong A (2019) PlantMP: a database for moonlighting plant proteins. 

Database 2019 

 

Sun X-D, Ni M (2011) HYPOSENSITIVE TO LIGHT, an Alpha/Beta Fold Protein, Acts 

Downstream of ELONGATED HYPOCOTYL 5 to Regulate Seedling De-Etiolation. Molecular 

Plant 4: 116-126 

 

Tang J, Chu C (2020) Strigolactone Signaling: Repressor Proteins Are Transcription Factors. 

Trends Plant Sci 25: 960-963 

 

Tank DC, Beardsley PM, Kelchner SA, Olmstead RG (2006) Review of the systematics of 

Scrophulariaceae sl and their current disposition. Australian Systematic Botany 19: 289-307 

 

Terrón-Camero LC, Peláez-Vico MÁ, Del-Val C, Sandalio LM, Romero-Puertas MC (2019) Role 

of nitric oxide in plant responses to heavy metal stress: exogenous application versus endogenous 

production. Journal of Experimental Botany 70: 4477-4488 

 

Toh S, Holbrook-Smith D, Stogios PJ, Onopriyenko O, Lumba S, Tsuchiya Y, Savchenko A, 

McCourt P (2015) Structure-function analysis identifies highly sensitive strigolactone receptors in 

Striga. Science 350: 203-207 

 

Tsai AL, Berka V, Martin F, Ma X, van den Akker F, Fabian M, Olson JS (2010) Is Nostoc H-

NOX a NO sensor or redox switch? Biochemistry 49: 6587-6599 



150 
 

 

Tsai EJ, Kass DA (2009) Cyclic GMP signaling in cardiovascular pathophysiology and 

therapeutics. Pharmacology & therapeutics 122: 216-238 

 

Tsuchiya Y, Yoshimura M, Hagihara S (2018) The dynamics of strigolactone perception in Striga 

hermonthica: a working hypothesis. Journal of experimental botany 69: 2281-2290 

 

Tsuchiya Y, Yoshimura M, Sato Y, Kuwata K, Toh S, Holbrook-Smith D, Zhang H, McCourt P, 

Itami K, Kinoshita T, Hagihara S (2015) PARASITIC PLANTS. Probing strigolactone receptors 

in Striga hermonthica with fluorescence. Science 349: 864-868 

 

Tsuchiya Y, Yoshimura M, Sato Y, Kuwata K, Toh S, Holbrook-Smith D, Zhang H, McCourt P, 

Itami K, Kinoshita T, Hagihara S (2015) Probing strigolactone receptors in Striga hermonthica with 

fluorescence. Science 349: 864-868 

 

Uehara EU, de Stefano Shida B, de Brito CA (2015) Role of nitric oxide in immune responses 

against viruses: beyond microbicidal activity. Inflammation Research 64: 845-852 

 

Umehara M, Cao M, Akiyama K, Akatsu T, Seto Y, Hanada A, Li W, Takeda-Kamiya N, Morimoto 

Y, Yamaguchi S (2015) Structural Requirements of Strigolactones for Shoot Branching Inhibition 

in Rice and Arabidopsis. Plant and Cell Physiology 56: 1059-1072 

 

Umehara M, Hanada A, Yoshida S, Akiyama K, Arite T, Takeda-Kamiya N, Magome H, Kamiya 

Y, Shirasu K, Yoneyama K, Kyozuka J, Yamaguchi S (2008) Inhibition of shoot branching by new 

terpenoid plant hormones. Nature 455: 195-200 

 

Uraguchi D, Kuwata K, Hijikata Y, Yamaguchi R, Imaizumi H, Sathiyanarayanan A, Rakers C, 

Mori N, Akiyama K, Irle S (2018) A femtomolar-range suicide germination stimulant for the 

parasitic plant Striga hermonthica. Science 362: 1301-1305 

 

Vaz Dias F, Serrazina S, Vitorino M, Marchese D, Heilmann I, Godinho M, Rodrigues M, Malhó 

R (2019) A role for diacylglycerol kinase 4 in signalling crosstalk during Arabidopsis pollen tube 

growth. New Phytologist 222: 1434-1446 

 

Wada S, Cui S, Yoshida S (2019) Reactive Oxygen Species (ROS) Generation Is Indispensable for 

Haustorium Formation of the Root Parasitic Plant Striga hermonthica. Frontiers in plant science 

10: 328-328 

 

Wakabayashi T, Hamana M, Mori A, Akiyama R, Ueno K, Osakabe K, Osakabe Y, Suzuki H, 

Takikawa H, Mizutani M (2019) Direct conversion of carlactonoic acid to orobanchol by 

cytochrome P450 CYP722C in strigolactone biosynthesis. Science Advances 5: eaax9067 

 

Wakabayashi T, Shida K, Kitano Y, Takikawa H, Mizutani M, Sugimoto Y (2020) CYP722C from 

Gossypium arboreum catalyzes the conversion of carlactonoic acid to 5-deoxystrigol. Planta 251: 

1-6 

 

Wang JY, Lin P-Y, Al-Babili S (2021) On the biosynthesis and evolution of apocarotenoid plant 

growth regulators. Seminars in Cell & Developmental Biology 109: 3-11 

 



151 
 

Wang L, Wang B, Jiang L, Liu X, Li X, Lu Z, Meng X, Wang Y, Smith SM, Li J (2015) 

Strigolactone signaling in Arabidopsis regulates shoot development by targeting D53-like SMXL 

repressor proteins for ubiquitination and degradation. The Plant Cell 27: 3128-3142 

 

Wang Y, Dufour YS, Carlson HK, Donohue TJ, Marletta MA, Ruby EG (2010) H-NOX-mediated 

nitric oxide sensing modulates symbiotic colonization by Vibrio fischeri. Proc Natl Acad Sci U S 

A 107: 8375-8380 

 

Wang Y, Yao R, Du X, Guo L, Chen L, Xie D, Smith SM (2021) Molecular basis for high ligand 

sensitivity and selectivity of strigolactone receptors in Striga. Plant Physiology 185: 1411-1428 

Waters MT, Gutjahr C, Bennett T, Nelson DC (2017) Strigolactone signaling and evolution. Annual 

Review of Plant Biology 68: 291-322 

 

Wedel B, Humbert P, Harteneck C, Foerster J, Malkewitz J, Bohme E, Schultz G, Koesling D 

(1994) Mutation of His-105 in the beta 1 subunit yields a nitric oxide-insensitive form of soluble 

guanylyl cyclase. Proc Natl Acad Sci U S A 91: 2592-2596 

 

Wedel BJ, Garbers DL (1998) Guanylyl cyclases: approaching year thirty. Trends Endocrinol 

Metab 9: 213-219 

Wendehenne D, Gao Q-m, Kachroo A, Kachroo P (2014) Free radical-mediated systemic immunity 

in plants. Current Opinion in Plant Biology 20: 127-134 

 

Wendehenne D, Pugin A, Klessig DF, Durner J (2001) Nitric oxide: comparative synthesis and 

signaling in animal and plant cells. Trends Plant Sci 6: 177-183 

 

Westwood JH, Yoder JI, Timko MP, dePamphilis CW (2010) The evolution of parasitism in plants. 

Trends in Plant Science 15: 227-235 

 

Wheeler JI, Wong A, Marondedze C, Groen AJ, Kwezi L, Freihat L, Vyas J, Raji MA, Irving HR, 

Gehring C (2017) The brassinosteroid receptor BRI1 can generate cGMP enabling cGMP-

dependent downstream signaling. Plant J 

  

Wickett NJ, Honaas LA, Wafula EK, Das M, Huang K, Wu B, Landherr L, Timko MP, Yoder J, 

Westwood JH (2011) Transcriptomes of the parasitic plant family Orobanchaceae reveal surprising 

conservation of chlorophyll synthesis. Current Biology 21: 2098-2104 

 

Wilkinson JQ, Crawford NM (1993) Identification and characterization of a chlorate-resistant 

mutant of Arabidopsis thaliana with mutations in both nitrate reductase structural genes NIA1 and 

NIA2. Molecular and General Genetics MGG 239: 289-297 

 

Wimalasekera R, Villar C, Begum T, Scherer GF (2011) COPPER AMINE OXIDASE1 (CuAO1) 

of Arabidopsis thaliana contributes to abscisic acid-and polyamine-induced nitric oxide 

biosynthesis and abscisic acid signal transduction. Molecular Plant 4: 663-678 

 

Wong A, Gehring C (2013) The Arabidopsis thaliana proteome harbors undiscovered multi-domain 

molecules with functional guanylyl cyclase catalytic centers. Cell Commun Signal 11: 48 

 

Wong A, Gehring C, Irving HR (2015) Conserved Functional Motifs and Homology Modeling to 

Predict Hidden Moonlighting Functional Sites. Front Bioeng Biotechnol 3: 82 

 



152 
 

Wong A, Hu N, Tian X, Yang Y, Gehring C (2021) Nitric oxide sensing revisited. Trends in Plant 

Science 26: 885-897 

 

Wong A, Tian X, Gehring C, Marondedze C (2018) Discovery of Novel Functional Centers with 

Rationally Designed Amino Acid Motifs. Computational and Structural Biotechnology Journal 16: 

70-76 

 

Wong A, Tian X, Yang Y, Gehring C (2021) Identification of potential nitric oxide-sensing proteins 

using the H-NOX motif. Mol Plant 14: 195-197 

Xiang H, Yao R, Quan T, Wang F, Chen L, Du X, Zhang W, Deng H, Xie D, Luo T (2017) Simple 

β-lactones are potent irreversible antagonists for strigolactone receptors. Cell research 27: 1525-

1528 

 

Xie X, Yoneyama K, Yoneyama K (2010) The strigolactone story. Annual review of 

phytopathology 48: 93-117 

Xu L, Wei Y, Reboul J, Vaglio P, Shin TH, Vidal M, Elledge SJ, Harper JW (2003) BTB proteins 

are substrate-specific adaptors in an SCF-like modular ubiquitin ligase containing CUL-3. Nature 

425: 316-321 

 

Xu N, Fu D, Li S, Wang Y, Wong A (2018) GCPred: a web tool for guanylyl cyclase functional 

centre prediction from amino acid sequence. Bioinformatics 34: 2134-2135 

 

Xu N, Zhang C, Lim LL, Wong A (2018) Bioinformatic Analysis of Nucleotide Cyclase Functional 

Centers and Development of ACPred Webserver. In Proceedings of the 2018 ACM International 

Conference on Bioinformatics, Computational Biology, and Health Informatics. ACM, 

Washington, DC, USA, pp 122-129 

 

Xu Y, Miyakawa T, Nakamura H, Nakamura A, Imamura Y, Asami T, Tanokura M (2016) 

Structural basis of unique ligand specificity of KAI2-like protein from parasitic weed Striga 

hermonthica. Scientific reports 6: 31386 

 

Xu Y, Miyakawa T, Nosaki S, Nakamura A, Lyu Y, Nakamura H, Ohto U, Ishida H, Shimizu T, 

Asami T (2018) Structural analysis of HTL and D14 proteins reveals the basis for ligand selectivity 

in Striga. Nature communications 9: 1-11 

 

Yamada Y, Umehara M (2015) Possible roles of strigolactones during leaf senescence. Plants 4: 

664-677 

 

Yao R, Ming Z, Yan L, Li S, Wang F, Ma S, Yu C, Yang M, Chen L, Chen L (2016) DWARF14 

is a non-canonical hormone receptor for strigolactone. Nature 536: 469-473 

 

Yao R, Wang F, Ming Z, Du X, Chen L, Wang Y, Zhang W, Deng H, Xie D (2017) ShHTL7 is a 

non-canonical receptor for strigolactones in root parasitic weeds. Cell Research 27: 838-841 

 

Yi J, Campbell AL, Richter-Addo GB (2016) Nitric oxide coupling to generate N2O promoted by 

a single-heme system as examined by density functional theory. Nitric Oxide 60: 69-75 

 

Yoneyama K, Awad AA, Xie X, Yoneyama K, Takeuchi Y (2010) Strigolactones as germination 

stimulants for root parasitic plants. Plant and Cell Physiology 51: 1095-1103 

 



153 
 

Yoneyama K, Mori N, Sato T, Yoda A, Xie X, Okamoto M, Iwanaga M, Ohnishi T, Nishiwaki H, 

Asami T (2018) Conversion of carlactone to carlactonoic acid is a conserved function of MAX 1 

homologs in strigolactone biosynthesis. New Phytologist 218: 1522-1533 

 

Yoshida S, Cui S, Ichihashi Y, Shirasu K (2016) The Haustorium, a Specialized Invasive Organ in 

Parasitic Plants. Annu Rev Plant Biol 67: 643-667 

 

Yoshimura M, Sato A, Kuwata K, Inukai Y, Kinoshita T, Itami K, Tsuchiya Y, Hagihara S 

(2018) Discovery of shoot branching regulator targeting strigolactone receptor DWARF14. ACS 

central science 4: 230-234 

 

Yu M, Lamattina L, Spoel SH, Loake GJ (2014) Nitric oxide function in plant biology: a redox cue 

in deconvolution. New phytologist 202: 1142-1156 

 

Zeidler D, Zähringer U, Gerber I, Dubery I, Hartung T, Bors W, Hutzler P, Durner J (2004) Innate 

immunity in Arabidopsis thaliana: lipopolysaccharides activate nitric oxide synthase (NOS) and 

induce defense genes. Proc Natl Acad Sci U S A 101: 15811-15816 

 

Zemojtel T, Fröhlich A, Palmieri MC, Kolanczyk M, Mikula I, Wyrwicz LS, Wanker EE, Mundlos 

S, Vingron M, Martasek P (2006) Plant nitric oxide synthase: a never-ending story? Trends in plant 

science 11: 524-525 

 

Zhang A, Kwan L, Stillman MJ (2017) The spectroscopic impact of interactions with the four 

Gouterman orbitals from peripheral decoration of porphyrins with simple electron withdrawing and 

donating groups. Organic & biomolecular chemistry 15: 9081-9094 

 

Zhang Y, Wang D, Shen Y, Xi Z (2020) Crystal structure and biochemical characterization of 

Striga hermonthica HYPO-SENSITIVE TO LIGHT 8 (ShHTL8) in strigolactone signaling 

pathway. Biochemical and biophysical research communications 523: 1040-1045 

 

Zhang YX, van Dijk ADJ, Scaffidi A, Flematti GR, Hofmann M, Charnikhova T, Verstappen F, 

Hepworth J, van der Krol S, Leyser O, Smith SM, Zwanenburg B, Al-Babili S, Ruyter-Spira C, 

Bouwmeester HJ (2014) Rice cytochrome P450 MAX1 homologs catalyze distinct steps in 

strigolactone biosynthesis. Nature Chemical Biology 10: 1028-1033 

 

Zhao L-H, Zhou XE, Wu Z-S, Yi W, Xu Y, Li S, Xu T-H, Liu Y, Chen R-Z, Kovach A (2013) 

Crystal structures of two phytohormone signal-transducing α/β hydrolases: karrikin-signaling 

KAI2 and strigolactone-signaling DWARF14. Cell research 23: 436-439 

 

Zhao XJ, Sampath V, Caughey WS (1994) Infrared characterization of nitric oxide bonding to 

bovine heart cytochrome c oxidase and myoglobin. Biochem Biophys Res Commun 204: 537-543 

 

Zhao Y, Schelvis JP, Babcock GT, Marletta MA (1998) Identification of histidine 105 in the beta1 

subunit of soluble guanylate cyclase as the heme proximal ligand. Biochemistry 37: 4502-4509 

 

Zheng X, Giuliano G, Al-Babili S (2020) Carotenoid biofortification in crop plants: citius, altius, 

fortius. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids 1865: 158664 

 

Zhong F, Wang H, Ying T, Huang ZX, Tan X (2010) Efficient expression of human soluble 

guanylate cyclase in Escherichia coli and its signaling-related interaction with nitric oxide. Amino 

Acids 39: 399-408 



154 
 

 

Zhou F, Lin QB, Zhu LH, Ren YL, Zhou KN, Shabek N, Wu FQ, Mao HB, Dong W, Gan L, Ma 

WW, Gao H, Chen J, Yang C, Wang D, Tan JJ, Zhang X, Guo XP, Wang JL, Jiang L, Liu X, Chen 

WQ, Chu JF, Yan CY, Ueno K, Ito S, Asami T, Cheng ZJ, Wang J, Lei CL, Zhai HQ, Wu CY, 

Wang HY, Zheng N, Wan JM (2013) D14-SCFD3-dependent degradation of D53 regulates 

strigolactone signalling. Nature 504: 406-410 

 

Zwanenburg B, Ćavar Zeljković S, Pospíšil T (2016) Synthesis of strigolactones, a strategic 

account. Pest Manag Sci 72: 637 

 

 

 


