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ABSTRACT 

 

 

NITRIC OXIDE BINDS TO AND MODULATES THE ACTIVITY OF A POLLEN 

SPECIFIC ARABIDOPSIS DIACYLGLYCEROL KINASE 

 

Aloysius Wong 

 

 

Nitric oxide (NO) is an important signaling molecule in plants. In the pollen of 

Arabidopsis thaliana, NO causes re-orientation of the growing tube and this 

response is mediated by 3′,5′-cyclic guanosine monophosphate (cGMP). 

However, in plants, NO-sensors have remained somewhat elusive. Here, the 

findings of an NO-binding candidate, Arabidopsis thaliana 

DIACYLGLYCEROL KINASE 4 (ATDGK4; AT5G57690) is presented. In 

addition to the annotated diacylglycerol kinase domain, this molecule also 

harbors a predicted heme-NO/oxygen (H-NOX) binding site and a guanylyl 

cyclase (GC) catalytic domain which have been identified based on the 

alignment of functionally conserved amino acid residues across species. A 3D 

model of the molecule was constructed, and from which the locations of the 

kinase catalytic center, the ATP-binding site, the GC and H-NOX domains 

were estimated. Docking of ATP to the kinase catalytic center was also 

modeled. The recombinant ATDGK4 demonstrated kinase activity in vitro, 

catalyzing the ATP-dependent conversion of sn-1,2-diacylglycerol (DAG) to 

phosphatidic acid (PA). This activity was inhibited by the mammalian DAG 

kinase inhibitor R59949 and importantly also by the NO donors diethylamine 

NONOate (DEA NONOate) and sodium nitroprusside (SNP). Recombinant 

ATDGK4 also has GC activity in vitro, catalyzing the conversion of guanosine-
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5'-triphosphate (GTP) to cGMP. The catalytic domains of ATDGK4 kinase and 

GC may be independently regulated since the kinase but not the GC, was 

inhibited by NO while Ca2+ only stimulates the GC. It is likely that the DAG 

kinase product, PA, causes the release of Ca2+ from the intracellular stores 

and Ca2+ in turn activates the GC domain of ATDGK4 through a feedback 

mechanism. Analysis of publicly available microarray data has revealed that 

ATDGK4 is highly expressed in the pollen. Here, the pollen tubes of mis-

expressing atdgk4 recorded slower growth rates than the wild-type (Col-0) 

and importantly, they showed altered NO responses. Specifically, the mis-

expressing atdgk4 pollen tubes have growth rates that were less affected by 

NO and showed reduced bending angles when challenged by an NO source. 

Further works on atdgk4 knockout/knockdown mutants will reveal the 

biological functions of ATDGK4 in NO and/or cGMP signaling in the pollen, 

and in the broader fertilization process. 
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CHAPTER 1 

 

LITERATURE REVIEW 

 

 

1.1 Signal transduction 

 

In order for growth, development, immunity, adaptation and other 

physiological processes, cells must be able to communicate with each other 

and incorporate information from the external environment. Therefore, the 

ability of cells to perceive signals in the form of chemicals, 

electrophysiological stimuli and/or hormones and respond accordingly, 

ensures the general health, robustness and adaptability of the organism. To 

adequately respond to environmental changes, organisms must possess the 

ability to relay the information perceived from the external stimuli, internally, to 

initiate appropriate cellular responses, thus ensuring proper functioning of the 

cell. The transduction of signal from receptors on the surface of the 

membrane into the cell is mediated by intracellular molecules called second 

messengers. Apart from relaying external signal, second messengers also 

function to amplify the detected signal (Mulligan et al., 1997).  

 

There are different types of molecules that are capable of assuming the role 

of second messengers and they can be classified as hydrophobic, hydrophilic 

or gases molecules. Diacylglycerol and phosphatidylinositol are examples of 

hydrophobic second messengers that are localized on the plasma 

membranes and are capable of activating many membrane-bound effector 

proteins (Berridge, 1987). Hydrophilic second messengers such as cAMP, 

cGMP, inositol triphosphate (IP3) (Kasai and Petersen, 1994) and calcium 

ions (Ca2+) (Webb et al., 1996) are located within the cytosol while gaseous 

molecules such as NO, CO, and H2S can diffuse freely across both the 

plasma membrane and the cytosol (Maines, 1997). As transient molecules, 

the effects of second messengers last only while they are present. They are 

generated and broken down by specific enzymatic reactions. Some second 

messengers such as Ca2+ are released from intracellular stores while others 
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can be recruited via ion channels. Compartmentalization, spatial and temporal 

release of second messengers allow further regulations by limiting the actions 

of the signaling molecules, for example cGMP, to a particular region and/or for 

a certain period of time (Kone et al., 2003).     

 

 

1.2 Nucleotide cyclases 

 

Nucleotide cyclases (NCs) are enzymes that catalyze the formation of cyclic 

nucleotides (cAMP or cGMP) from their respective nucleotide triphosphates 

(ATPs or GTPs). Cyclic nucleotides and their generating enzymes play 

important roles in many biological processes. Here, we focus on GCs and 

their enzymatic product cGMP; the latter have important signaling roles in 

plants. 

     

Guanylyl cyclases (GCs) are a family of enzymes that catalyze the conversion 

of GTP to cGMP. In mammals, they are present in two isoforms:  membrane-

bound (mGC) and soluble (sGC), and are capable of responding to a myriad 

of signals that includes peptide ligands, bacterial toxins, intracellular calcium 

ions and nitric oxide (Lucas et al., 2000). When stimulated, GCs generate 

intracellular cGMP which in turn binds to and activates target proteins such as 

protein kinases and gates ion channels to regulate various cellular responses. 

In order to ensure that cGMP acts as a transient signaling molecule, it is 

rapidly degraded by PDEs, thus eliminating any cGMP-mediated physiological 

effects. In animals, GCs and cGMP-mediated signaling cascades are 

responsible for the regulation of intestinal fluid and electrolyte homeostasis, 

vascular smooth muscle motility, and retinal photo-transduction (Lucas et al., 

2000). One important cGMP-mediated response is the NO signal 

transduction, and in animals, only the sGC is known to bind NO, thus 

generating cGMP in an NO-dependent manner (Boon and Marletta, 2005, 

Denninger and Marletta, 1999). 
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In plants, although the presence of cGMP is widely accepted, the components 

of the signaling cascade, including the identity and the characteristic of the 

GCs have remained elusive until recently. Several plant candidate GCs such 

as ATGC1 (Ludidi and Gehring, 2003), ATWAKL10 (Meier et al., 2010), 

ATBRI1 (Kwezi et al., 2007), ATPSKR1 (Kwezi et al., 2011), ATNOGC1 

(Mulaudzi et al., 2011) and ATPEPR1 (Qi et al., 2010) have been identified 

and functionally characterized in vitro.  

 

Of the six plant GCs character, only the ATNOGC1 has been demonstrated to 

bind NO and function in an NO-dependent manner when tested in vitro 

(Mulaudzi et al., 2011). This NO-sensing and the concomitant NO-activation 

of GC catalytic centers are common features of the mammalian soluble GCs 

(Denninger and Marletta, 1999, Russwurm and Koesling, 2004). Therefore, 

the ATNOGC1 represents the only direct evidence for the existence of cGMP-

mediated NO signaling in plants although hints from other works such as the 

reduction of NO-induced bending of the lily (Lilium longiforum) pollen tube by 

a GC inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one) (Prado et 

al., 2004), and the partial restoration of tube growth of the tea plant Camelia 

sinensis under the challenge of NO when incubated with the same GC 

inhibitor (Wang et al., 2012), provide indirect evidence for the existence of the 

same NO-cGMP signaling pathway in plants. 

 

The recently characterized Arabidopsis GC molecules generally have very low 

GC activities when tested in vitro with cGMP amounts ranging from 20 fmol/µg 

recombinant protein (ATGC1, (Ludidi and Gehring, 2003)) and to 450 fmol/µg 

recombinant protein (ATNOGC1, (Mulaudzi et al., 2011)). These activities 

were 109- to 1010-fold lower than that of the mammalian soluble GCs, for 

example the soluble GC purified from bovine lung (Humbert et al., 1990), and 

has been considered to be insufficient for regulatory roles in higher plants 

(Ashton, 2011). However, recent works have demonstrated that despite the 

low in vitro GC activities, in vivo cGMP levels were elevated in response to 

the binding of the natural ligand to the receptor, for example the binding of 

phytosulfokine-α (PSK-α) to the ATPSKR1 receptor which also has a 

functional cytosolic GC domain (Kwezi et al., 2011), and that the treatment of 



20 

 

 
 

NO and the gibberellic acid hormone increased cGMP levels in plant cells 

(Isner and Maathuis, 2011). These reports suggest that cGMP is functionally 

relevant in planta, and the low in vitro activities do not reflect their actual in 

vivo catalytic rates which are likely to be activated by interactions with various 

co-factors such as Mn2+, Mg2+, NO and/or Ca2+ and binding of their natural 

ligands (Berkowitz et al., 2011). For example, Ca2+ is known to activate the 

recombinant ATPSKR1-GC both in vitro and in vivo (Kwezi et al., 2011, 

Wheeler et al., 2013) while NO increased the cGMP generation of ATNOGC1 

by more than two folds (Mulaudzi et al., 2011).  

 

Different plant GC molecules have different preference for Mg2+ and Mn2+. For 

example, the ATGC1, ATBRI1 and ATWAKL10 molecules were activated by 

Mg2+ (Ludidi and Gehring, 2003, Kwezi et al., 2007, Meier et al., 2010), and 

the ATPEPR1 and ATNOGC1 were activated by Mn2+ (Qi et al., 2010, 

Mulaudzi et al., 2011) while the ATPSKR1 has no preference for either 

cations (Kwezi et al., 2011). While how the GC catalytic activities become 

activated by the binding of these cations remain unclear, structural alterations 

that lead to the activation of the GC catalytic centers is one likely event (Wong 

and Gehring, 2013). For example, in the ATPSKR1 molecule, the partially 

buried GC catalytic center may be exposed when bound to Ca2+, shifting from 

kinase to GC activation (Wong and Gehring, 2013). Activation of GCs by Ca2+ 

also suggest a positive feedback response either directly by the product of 

GC, the cGMP activating calcium channels (Wang et al., 2013, Talke et al., 

2003) and/or indirectly by the phosphorylation of the kinase domain of the GC 

molecule that ‘cross-talked’ with other signaling pathways such as IP3 leading 

to the release of Ca2+ from the intracellular stores (Silverman-Gavrila and 

Lew, 2002, Munnik, 2001). Therefore, the regulatory mechanisms of these 

recently characterized Arabidopsis GCs which are also often multi-domain 

molecules with dual-catalytic functions are complicated and have yet to be 

fully understood.     
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1.2.1 Cyclic nucleotide signaling 

 

Cyclic nucleotides are small second messenger molecules consisting of one 

nucleotide usually adenosine or guanosine bonded to a phosphate group at 

two of the sugar’s hydroxyl group, thus forming a cyclic or ring structure 

(Figure 1.1). In response to external stimuli, they are generated by 

membrane-bound or soluble nucleotide cyclases often in a NO- or G-protein 

dependent manner and participate in downstream intracellular signaling 

events, hence regulating important physiological processes in animals 

(Rehmann et al., 2007). The mechanisms and targets for cyclic nucleotides in 

mammalian systems are well-studied. For example, the increase in cAMP or 

cGMP levels in animal cells can either lead to the direct activation of proteins 

such as cyclic nucleotide gated-channels (CNGCs) (Martinez-Atienza et al., 

2007) or the indirect protein phosphorylation via cAMP- or cGMP-dependent 

protein kinase (PKA or PKG) activation (Hofmann, 2005). In order to switch off 

signals, cyclic nucleotides are broken down by PDEs (Figure 1.2). 

 

In plants however, the physiological functions of cyclic nucleotides remain 

contentious (Ashton, 2011) despite the overwhelming evidence supporting 

their presence. One reason for the doubts surrounding the physiological 

implications of cyclic nucleotides in plants is the unusually low levels of 

reported cAMP or cGMP (Martinez-Atienza et al., 2007, Ashton, 2011). 

Nevertheless, the use of sophisticated mass spectrometry-based analytical 

techniques in addition to the cyclic nucleotide immunoassays have 

unambiguously confirmed the presence of these second messengers in plants 

(Newton and Smith, 2004). In addition, the large plant vacuole effectively 

dilutes the measured levels of CNs. Several gene products that demonstrate 

NC activity and cyclic nucleotide-degrading PDEs were identified. While 

functional and biochemistry characterization of putative cyclases or PDEs are 

just emerging (Moutinho et al., 2001, Ludidi and Gehring, 2003), many studies 

on the physiological implications of cAMP and cGMP have already been 

done. For example, cyclic nucleotides have been shown to have direct effects 

on cation fluxes (Maathuis, 2006) and stomatal opening (Newton and Smith, 

2004). They are also involved in the induction of a key enzyme for the 
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biosynthesis of anthocyanins, chalcone synthase, during chloroplast 

development (Bowler et al., 1994). In barley, cGMP levels and gene 

transcripts for α-amylase increased upon exposure of barley aleurone layers 

to gibberellic acid (Penson et al., 1996). As a response to pathogen invasions, 

elevation of transcripts for genes related to defense and transporter proteins 

have also been reported (Durner et al., 1998).      

 

 

 

 

 

 

 

 

(Newton and Smith, 2004) 

 

Figure 1.1 Cyclic nucleotides structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adenosine 3’,5’-cyclic 

monophosphate (cAMP) 

Guanosine 3’,5’-cyclic 

monophosphate (cGMP) 
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Figure 1.2 Schematic diagram of cyclic nucleotide signal transduction pathway in plants. 

In response to environmental stimuli, receptors (Rs) on the cell surface detect and relay the 

perceived signals into the cytosol. This causes membrane-bound nucleotide cyclases (mNCs) 

to generate cyclic nucleotide monophosphate (cNMPs) from nucleotide triphosphate (NTPs) 

activated by G-proteins (Gs). The second messengers, cNMPs, then elicit suitable 

physiological responses by direct activation of cyclic nucleotide gated channels (CNGCs) and 

indirect phosphorylation of target proteins via phosphate kinase A/G (PKA/PKG) or calcium-

dependent protein kinase (CDPK) activation. The cNMPs can also activate transcription 

factors (TFs) and are degraded by phosphodiesterasese (PDEs). Nitric oxide (NO) signaling 

can be mediated by cGMP and, in animals, only the soluble guanylyl cyclases (sGCs) bind 

NO. 

 

 

The broad mechanisms of cyclic nucleotide signaling in animals are well-

understood. Cyclic nucleotide signaling in mammalian systems such as the 

cGMP signaling pathway is often coupled with an immediate downstream 

phosphorylation step (Figure 1.2). In plants however, the target protein 

kinases for cyclic nucleotides remain unclear or elusive (Bright et al., 2006). 

Bioinformatics analyses suggest the presence of genes in several plant 

genomes encoding both cyclic nucleotide binding domain (CNBD) and a 

kinase domain (Krupa et al., 2006). However, experimental data was less 

convincing with some researchers reporting only moderate kinase activity 
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when stimulated with cyclic nucleotides while others did not find any (Szmidt-

Jaworska et al., 2003, Bridges et al., 2005). Other candidate kinases that 

were investigated yield either inactive or insoluble proteins when expressed in 

E. coli (Martinez-Atienza et al., 2007). Meanwhile, mutants that lack or have a 

disrupted kinase domain in Arabidopsis did not demonstrate any obvious 

phenotypic changes although null mutants in the protein phosphatase 2C 

(PP2C) and CNBD domains suggest a physiological role during seed 

germination (Martinez-Atienza et al., 2007). The existence of cyclic 

nucleotide-dependent kinases in plants remains inconclusive, thus prompting 

suggestions of alternative mechanisms for plant cyclic nucleotide signaling. 

 

In plants, the largest group of proteins containing CNBDs is the CNGCs. 

Emerging evidence suggests that these channels are directly activated by 

cyclic nucleotides. Other well-defined roles of CNGCs are conducting Ca2+ 

and responding to pathogens (Martinez-Atienza et al., 2007). Direct activation 

of CNGCs by Ca2+ provides a viable alternative that bypasses the need for 

activation via cyclic nucleotide-dependent kinases (Zhang and Lu, 2003). This 

is by far the most convincing mechanistic explanation for plant cyclic 

nucleotide signaling as evidence for other possible mechanisms such as 

those involving the indirect activation of target proteins via PKAs or PKGs are 

either absent or achieved negative outcomes. However, this does not mean 

that such mechanisms do not exist in plants since these kinases and their 

substrate specificity may differ greatly from their animal counterparts (Bridges 

et al., 2005).  

 

Current literatures provide overwhelming evidence for the presence and to a 

lesser extent the physiological significance of cyclic nucleotides in plants, 

although the key components involved in this signaling pathway remain 

unclear or elusive. Therefore, there is an urgent need to identify and 

characterize proteins that make or bind cyclic nucleotides. 
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1.3 Nitric oxide 

 

Nitric oxide is a small but highly toxic free radical reactive gas that is involved 

in many key physiological processes in animals such as neurotransmission, 

immunological and inflammatory responses, and relaxation of vascular 

smooth muscle (Schmidt and Walter, 1994). In plants, NO acts as a 

ubiquitous signal regulating diverse physiological processes which include 

development, stomatal closing as well as adaptive response towards biotic 

and abiotic stresses (Delledonne, 2005, Lamattina et al., 2003, Neill et al., 

2002b). In the regulation of plant development, NO promotes germination, leaf 

extension, root growth, delays leaf senescence and fruit maturation (Neill et 

al., 2002b). During adaptive response towards diseases, NO triggers 

hypersensitive cell death and induces expression of defense-related genes 

(Romero-Puertas et al., 2004).    

 

 

1.3.1 Nitric oxide biosynthesis 

 

In animals, NO is mainly generated from L-arginine which in the presence of 

NADPH, is oxidized to L-citrulline and NO by nitric oxide synthase (NOS) 

(Stuehr et al., 2004). While the physiological importance of NO is clear, the 

mechanism of NO-dependent signaling is less straight forward. This is 

because, unlike other signaling molecules, NO is a diffusible gas capable of 

existing as three interchangeable species: the radical (NO˙); the nitrosonium 

cation (NO+); and the nitroxyl radical (NO-) (Neill et al., 2003). It is able to 

move freely (by diffusion) within and across both the cell membrane and 

cytoplasm, and hence is unlikely to interact with one defined receptor (Neill et 

al., 2003). Instead, NO and its derivatives can act by chemical modifications 

of its protein targets via two possible mechanisms: 1) the binding to transition 

metals of proteins and certain amino acid residues, resulting in nitrosylation of 

the metallo-proteins, the S-nitrosylation of cysteine and the nitration of 

tyrosine residues or 2) the cGMP-mediated pathways (Besson-Bard et al., 

2008). A plethora of target proteins for NO binding have been identified 

covering all main cellular activities, particularly signaling events. However, the 
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concern lies in the lack of understanding of NO signaling specificity, hence the 

question: how do target proteins recognize and distinguish the relevant 

signals? Emerging evidence postulates several mechanisms that might confer 

specificity for NO signaling which include compartmentalization of the NO-

derived signals, regulating its production in terms of dynamics such as the 

kinetics and intensity, and NO spatial promiscuity of its effectors (Kone et al., 

2003). 

 

While the biosynthesis of NO in animals is well-understood, in plants however, 

there is still no consensus. One of two known options, the L-arginine-

dependent pathway, may involve a plant NOS-like enzyme. However, no 

animal NOS homolog has been found in the Arabidopsis genome (The 

Arabidopsis Genome Initiative, 2000). The reason for this speculation is the 

emergence of evidence supporting NOS-like activities in plant tissues and 

purified organelles such as mitochondria, nucleus and peroxisomes (Barroso 

et al., 1999, Ribeiro et al., 1999, Corpas et al., 2006). In addition, when NOS 

inhibitors commonly used on mammalian cells were tested on plants, NO 

synthesis was suppressed. Typical elevation of NO levels in response to 

many stimuli such as hormones (Guo et al., 2003), pathogens (Delledonne et 

al., 1998), iron overload (Arnaud et al., 2006) and salt stress (Zhao et al., 

2007) were also absent or reduced when the mammalian NOS inhibitors are 

applied, providing further evidence for a plant NOS-like enzyme. So far the 

only known plant enzyme displaying NO synthesis ability is ATNOS1, cloned 

from Arabidopsis. Despite demonstrating NOS activity and being sensitive to 

mammalian NOS inhibitors, this enzyme is however structurally dissimilar to 

classical animal NOS (Guo and Crawford, 2005). Functional characterization 

of ATNOS1 reveals a role in floral transition (He et al., 2004) as well as 

abscisic acid (ABA) (Guo et al., 2003) and lipopolysaccharides (LPS) 

triggered signaling pathways (Zeidler et al., 2004).  

 

A second possible option for the production of NO in plants involves the 

cytosolic nitrate reductase (NR) and the root-specific plasma membrane nitrite 

NO reductase (Ni-NOR) enzyme (Figure 1.3) (Stohr et al., 2001). The role of 

the former as an NO source was demonstrated in ABA-stimulated stomatal 
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closure in Arabidopsis. Nitrate reductase-deficient Arabidopsis mutants fail to 

induce NO production, leading to a break down in ABA signaling in guard cells 

(Bright et al., 2006). Exclusively localized in roots, the Ni-NOR enzyme 

catalyzes the formation of NO from nitrite which is reduced from nitrate by the 

preceding plasma membrane-bound NR activity (Stohr et al., 2001). Ni-NOR 

is responsible for vital root processes including development, anoxia and 

symbiosis responses. (Stohr and Stremlau, 2006). 

 

 

 

 

 

 

 

 

 

(Besson-Bard et al., 2008) 

 

Figure 1.3 The biosynthesis of nitric oxide (NO) in plants. Nitric oxide can be generated 

from nitrite via non-enzymatic or enzymatic pathways such as by nitrate reductase (NR) or 

nitrite-NO reductase (Ni-NOR). Alternatively, NO can be generated from the still 

uncharacterized L-arginine-dependent pathway involving the nitric oxide synthase (NOS)-like 

enzyme or from an unknown process involving polyamines (PAs) substrates. 

 

 

1.3.2 Nitric oxide signal transduction 

 

Since it is highly unlikely that the chemistry of NO molecule merits binding to a 

well-defined receptor, there must be other ‘NO sensors’ because many 

cellular activities are undoubtedly modulated by NO (Figure 1.4). In animals, 

cGMP-mediated NO signaling is already an established mechanism while in 

plants, there is growing data implicating cGMP as a mediator for NO signal 

transduction. In animals, cGMP is generated from guanosine triphosphate 

(GTP) by NO-activated GCs and the cGMP signal persists only as long as the 

heme moiety of GC is bound by NO, without which cGMP levels return to the 
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resting state as a result of its degradation by PDEs (Neill et al., 2003). 

Increased levels of cGMP were observed in response to NO source (gaseous 

NO, recombinant NOS or NO donor) in spruce needles (Pfeiffer et al., 1994), 

tobacco leaves and tobacco suspension cultures, while GC inhibitors (LY 

83583 and ODQ) inhibited NO-induced phenylalanine ammonia lyase (PAL) 

and pathogenesis-related 1 (PR-1) gene expression in tobacco (Hausladen et 

al., 1998, Feelisch et al., 1999). The cell-permeable cGMP analogue 8-Br-

cGMP, when added alone, induced both PAL and PR-1 gene expression and 

when added to GC-inhibited cultures, reversed the inhibitory effects (Clarke et 

al., 2000). Evidence from Arabidopsis and pea also supports the requirement 

of cGMP in NO-induced programmed cell death (PCD), and in ABA- and NO-

induced stomatal closure. It was also demonstrated that 8-Br-cGMP alone 

was not able to replicate the effects of ABA and NO, thus supporting the 

notion that cGMP acts as an intracellular mediator for NO-induced responses 

(Neill et al., 2002a). Although the presence of cGMP in plant tissues albeit in 

relatively low amount (pmol.g-1) and its role in mediating NO signals are now 

undoubted, the identities of enzymes that generate (GCs) and degrade 

(PDEs) this second messenger have not been convincingly determined (Neill 

et al., 2003). And while several novel genes encoding proteins with GC 

domain have been and are still being characterized, there is however still no 

functional characterization of a plant cGMP-PDE, despite the identification of 

potential PDE genes in the Arabidopsis genome (The Arabidopsis Genome 

Initiative, 2000).    

 

Another possible NO signal transduction mechanism could be via cyclic ADP-

ribose (cADPR)-induced Ca2+ release from vacuoles and endoplasmic 

reticulum (Allen et al., 1995, Leckie et al., 1998). Both tobacco PR-1 and PAL 

gene expressions were induced by cADPR (mimicking NO activity) while PR-1 

gene expression induced by recombinant NOS was reversed with 8-Br-

cADPR (an antagonist of cADPR), suggesting that cADPR mediates NO-

induced expression of these genes (Durner et al., 1998, Klessig et al., 2000). 

In Commelina communis, stomatal closure can be induced by cADPR which 

together with IP3, is speculated to release Ca2+ from intracellular stores. The 

cADPR inhibitors, nicotinamide or cADPR antagonist, were also demonstrated 
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to reduce ABA-induced stomatal closure in both C. communis and pea 

(MacRobbie, 2000, Neill et al., 2002a). Further evidence in tomato and 

Arabidopsis lend support to cADPR as a mediator for ABA-induced gene 

expression (Wu et al., 1997). In spite of this pharmacological evidence, a 

plant cADPR cyclase is yet to be found (Neill et al., 2003).  

 

Protein kinases (PKs) are commonly activated by cGMP in animal cells. From 

the many PKs identified in plants, none is known to be activated by cGMP 

(Wendehenne et al., 2001). Thus, whether or not NO signals are mediated by 

PKs via cGMP remains unanswered, although there are evidence from 

Arabidopsis and tobacco supporting NO-activated PKs (Clarke et al., 2000, 

Kumar and Klessig, 2000). Another possible mechanism for NO transduction 

in plants might be via the cyclic nucleotide-gated ion channels (CNGCs) (Leng 

et al., 1999). The atcngc2 mutant demonstrates elevated levels of SA when 

compared to wild-type while in another study on tobacco, NO was able to 

induce SA biosynthesis (Clough et al., 2000, Klessig et al., 2000). These two 

separate studies prompt suspicion that ATCNGC2 functions to suppress SA 

synthesis and NO reverses that by inhibiting this channel, which may well be 

mediated by cGMP. Some effects of NO may be mediated by non-cGMP 

pathways such as the nitrosylation of metallo-proteins and certain amino acid 

residues and NO is also capable of cross-talking with other signaling 

pathways or even interact with other signals, forming various reactive oxygen 

species (ROS) (Neill et al., 2003). However, a holistic consideration of the NO 

signaling mechanisms is beyond the scope of this work.   

 

In mammalian and bacteria systems, a new class of heme-binding proteins 

has been characterized. These are the soluble GCs and they have a highly 

conserved heme-nitric oxide/oxygen (H-NOX) domain that has a protein fold 

signature that is different from other known heme-binding proteins such as the 

hemoglobin and the cytochromes (Bellamy et al., 2002). The H-NOX domain 

contains a histidine residue that binds NO in a five-coordinate state thus 

breaking the Fe-His bond in the process (Olea et al., 2010, Dai et al., 2012), 

leading to a displacement of the heme group while a conserved ‘YxSxR’ 

signature downstream of the histidine, coordinates heme propionates through 
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hydrogen bonds (Pellicena et al., 2004), thus stabilizing the heme group. 

Structural and mutation studies have also identified a distal tyrosine residue 

which forms a molecular basis for the discrimination of the NO from oxygen 

(Boon and Marletta, 2005).  

 

While this H-NOX domain has been well-established and well-characterized in 

the mammalian system, only one NO-sensing plant GC molecule harboring 

the H-NOX domain, the ATNOGC1 (Mulaudzi et al., 2011), has been 

identified and characterized to date. Since there are many reported NO-

mediated biological responses in plants (Delledonne, 2005), it is therefore 

likely that there are more undiscovered H-NOX molecules in plants and it is 

also possible that these NO-binding H-NOX molecules also have functional 

GC catalytic centers, thus reflecting the NO-signaling paradigm of animals.   

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

(Besson-Bard et al., 2008) 
 

Figure 1.4 Nitric oxide (NO) signal transduction mechanisms in plant cells. NO 

modulates the activity of target proteins through nitrosylation processes, activation of 

intracellular and/or plasma membrane Ca
2+

 channels via cyclic ATP ribose (cADPR), cyclic 

GMP (cGMP) or protein kinases (PKs). 
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1.3.3 Nitric oxide (NO)-induced pollen responses 

 

One specific NO-induced plant biological response is evident in the pollen of 

higher plants. Specifically, NO caused the re-orientation of the growing pollen 

tubes of lily (Lilium longiforum) (Prado et al., 2004) and resulted in reduced 

pollen growth rates in both lily (Lilium longiforum) and the tea plant Camelia 

sinensis (Prado et al., 2004, Wang et al., 2012). While the biological 

implication of this observation is unclear, NO is likely to navigate the pollen 

tube growth direction during fertilization which is also supported by one 

indirect evidence in lily where NO was showed to be responsible for the 

targeting of pollen tube to the ovule (Prado et al., 2008). The molecular 

machinery of the NO-mediated guidance of the pollen tube and the 

components involved in this signaling pathway such as the targets of NO and 

the downstream processes leading to the mobilization of actin and 

microfilaments in the pollen tube remains unknown (Yemets et al., 2011). 

While NO was shown to be located in the peroxisomes of the pollen tube 

(Prado et al., 2004), how they are released and how their levels are being 

regulated, and/or the presence of a guiding external NO cue from the female 

tissues such as from the embryonic sac or the walls of the transmitting tract, is 

also unknown (Franklin-Tong, 2002). Since NO has been shown to have a 

clear re-orientation and/or inhibitory effect on the pollen tube and has 

implications in the fertilization process of higher plants, it is therefore 

important to discover and study the regulations of key molecular components 

in the NO signaling pathway and this includes the NO-sensing molecules.    

 

 

1.4 The DGK family 

 

Diacylglycerol kinases (DGKs) belong to a unique and conserved family of 

lipid kinases that catalyze the phosphorylation of diacylglycerol (DAG) into 

phosphatidic acid (PA) (Merida et al., 2008). First described in animals by 

Hokin and Hokin (1959), the phosphorylation of DAG into PA was identified 

during the characterization of the phosphatidylinositol (PI) cycle – an event 

that was inspired by the accidental discovery of the ‘phospholipid effect’ 
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(Hokin and Hokin, 1959). Diacylglycerol kinase enzymatic reactions lead to 

the attenuation of DAG levels at the cell membrane, thus regulating many 

intracellular signaling proteins that possess the ability to bind this lipid. 

Additionally, the PA generated from DGK catalytic reaction is also linked to 

many physiological functions including cell growth, membrane trafficking, 

differentiation and migration (Merida et al., 2008). In humans, the DGK 

pathway is intensely studied because of the potential therapeutic implications 

such as in the areas of cancer, heart and diabetic diseases, brain and 

immune afflictions (Merida et al., 2008).       

 

 

1.4.1 Plant DGKs 

 

In plants, DGK activity has been reported in tobacco, wheat and tomato 

(Merida et al., 2008). Plant DGKs have no regulatory region, and hence are 

smaller and simpler in organization than animal DGKs. They are clustered into 

3 groups: cluster I DGKs contain cysteine-rich domains in addition to the 

catalytic region while cluster II and III DGKs possess only the catalytic region 

(Wang et al., 2006). In Arabidopsis, seven DGK isoforms have been identified 

(ATDGKs 1 – 7). The first two ATDGKs belong to cluster I and have trans-

membrane domains that are responsible for ER localization, without which, 

the ATDGKs lose the ability to bind to ER membranes. The smaller ATDGKs 

3 – 7 belong to clusters II or III and, while they share common features, 

ATDGK5 is however unique because of the presence of an additional 

calmodulin-binding domain thus suggesting its involvement in cytosolic Ca2+ 

regulation during biotic or abiotic stress response (Arisz et al., 2009).     

 

Among the DGKs identified in Arabidopsis, only the cluster I DGKs (ATDGKs 

1 and 2) and one cluster II DGK (ATDGK7) have been cloned and/or 

characterized. The latter is the smallest (41.2 kDa) among the Arabidopsis 

DGKs. Cluster I DGKs are about 79 kDa while cluster II DGKs are 

approximately 55 kDa in size. While ATDGK1 was the first cloned plant DGK 

(Katagiri et al., 1996), ATDGK2 and ATDGK7 were the first to be 

characterized with respect to the DAG phosphorylation biochemistry and were 
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reported to exhibit Michaelis-Menten type kinetics. Their activity was also 

affected by pH, divalent ions and the DGK inhibitor, R59022 (Gomez-Merino 

et al., 2005, Gomez-Merino et al., 2004). Microarray expression studies reveal 

the presence of ATDGKs in many parts of the plant such as roots, shoots and 

flowers, suggesting the active involvement of plant DGKs in growth and 

development process (Arisz et al., 2009). 

 

 

1.4.2 Structural classification 

 

In animals, 10 DGKs have been identified and they are classified into 5 

different subtypes (Merida et al., 2008). In plants however, DGKs are simpler 

in organization and are divided into 3 phylogenetic clusters: I, II and III (Figure 

1.5). Cluster I DGKs have the conserved DGK kinase domain, a membrane-

targeting trans-membrane helix structure and two cysteine-rich domains (C1-

type) suggested for DAG binding. Clusters II and III DGKs are smaller and 

only exhibit the kinase catalytic domain although some cluster III DGKs have 

different spliced variants that demonstrate a calmodulin-binding domain 

(CaMBD) (Snedden and Blumwald, 2000). To date, 7 and 8 DGK-encoding 

genes have been found in the Arabidopsis and rice genomes respectively and 

they both fall into the same structural cluster classification. The absence of C1 

domains in clusters II and III DGKs as well as evidence from ATDGK7 study 

suggests that these cysteine-rich domains are not absolute requirement for 

DGK activity (Gomez-Merino et al., 2005). However, the presence of these 

domains may promote binding to other protein partners in addition to DAG 

which suggest the possibility of spatial and functional cooperation with other 

enzymatic activities (Colon-Gonzalez and Kazanietz, 2006).  

 

 

1.4.3 Localization  

 

Diacylglycerol kinase activity is predominantly found at the cytoplasmic side of 

the plasma membrane (Lundberg and Sommarin, 1992, Kamada and Muto, 

1991, Wissing and Wagner, 1992, Wissing et al., 1992, Wissing et al., 1995) 
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although there are some reports of DGK activity in organelles such as nucleus 

(Hendrix et al., 1989), chloroplast (Muller et al., 2000) as well as in the 

cytoskeleton (Tan and Boss, 1992). Unlike in mammals, plant DGK proteins 

lack the structural domains that direct them to specific targets at the plasma 

membranes or to specific organelles. However, a DGK from tomato, 

SlCBDGK1 and its homolog from Arabidopsis ATDGK5, have a CaMBD 

region that assists in localization of the proteins in a Ca2+-dependent manner 

which is similar to how mammalian type I DGKs are regulated (Snedden and 

Blumwald, 2000). Whether the CBD is involved in events other than 

localization of DGKs (for example, Ca2+ signaling during biotic and abiotic 

stresses) remains unknown.  

 

Diacylglycerol kinase activity has thus far been reported from roots and 

shoots of wheat (Lundberg and Sommarin, 1992), tobacco suspension 

cultures (Kamada and Muto, 1991) and Catharanthus roseus (Wissing and 

Wagner, 1992, Wissing et al., 1992, Heim and Wagner, 1987). In Arabidopsis, 

localization studies involving fluorescent proteins reveal that cluster I ATDGKs 

(ATDGKs 1 and 2) are likely to be permanently localized on membranes of 

the ER, and although nuclear localization signals (NLS) have been identified 

in between the two C1 domains of cluster I ATDGKs, no experimental 

evidence of nuclear localization has been reported yet. Clusters II and III 

DGKs are likely to be responsible for the many in vitro reports of plasma 

membrane DGK activities (Arisz et al., 2009). The ATDGK5-green fluorescent 

protein (GFP) fusion protein was found on the plasma membrane when 

expressed in Arabidopsis (van Schooten & Munnik, unpublished) while a 51 

kDa DGK from C. roseus was purified from the intrinsic plasma membrane 

(Wissing et al., 1995). Since these DGKs lack the membrane-targeting C1 

domains and the hydrophobic domains found in mammalian and plant cluster 

I DGKs, the question of how clusters II and III DGKs are located to and 

anchored in the plasma membrane remains unanswered. 
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(Arisz et al., 2009) 

 

Figure 1.5 Structural classification of the DGK family in both mammals and Arabidopsis 

thaliana. The regulatory domains are specifically indicated, with the DAG kinase domain 

highlighted in green. The DGK clusters of Arabidopsis are based on amino acid homology to 

animal proteins. ATDGKs 1 and 2 belong to cluster I, ATDGKs 3, 4 and 7 belong to cluster II 

while ATDGKs 5 and 6 belong to cluster III.  

 

From the many expression studies (during different development stages of 

Arabidopsis) involving various techniques such as northern blotting, ATDGK 

promoter-beta glucuronidase (GUS) fusions and reverse transcriptase-PCR 

analysis of DGK transcripts performed, ATDGKs are expressed in many parts 

of the plant. For example, ATDGK1 and ATDGK2 transcripts are detected in 

roots, shoots and flowers, and in cauline leaves, flowers, sliques, roots and 

rosette leaves respectively (Katagiri et al., 1996, Gomez-Merino et al., 2004). 
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High levels of ATDGK7 mRNA transcripts were also measured in flowers, 

seeds and cauline leaves (Gomez-Merino et al., 2005). A search using the 

‘genevestigator’ (www.genevestigator.com) online tool reveals the expression 

levels of different ATDGK genes. It was particularly interesting to find that the 

ATDGK4 mRNA is highly expressed in the pollen and it is also interesting to 

note that this induction is the highest among all ATDGKs expressed 

elsewhere in Arabidopsis (Figure 1.6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

Figure 1.6 Relative expression levels of DGK genes in Arabidopsis. Legend: dark-blue, 

highest expression; white, lowest expression. Data retrieved from www.genevestigator.com. 

1.4.4 DGK-specific physiological responses 

http://www.genevestigator.com/
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Phosphatidic acid (PA) is a lipid second messenger in plants and is known to 

be involved in many abiotic and biotic responses. This important signaling 

molecule is generated from one of two possible pathways: 1) direct formation 

by phospholipase D (PLD) and 2) indirect formation from DAG which is 

phosphorylated to PA by a DGK enzyme (Arisz et al., 2009). In response to 

pathogen invasion (bacteria, fungi or oomycetes), PA is accumulated via the 

PLC/DGK pathway (Laxalt and Munnik, 2002). Studies on Arabidopsis and 

tobacco suggest an initial rapid (first phase) accumulation of PA involving the 

phospholipase C (PLC)/DGK pathway. Phosphatidic acid levels are 

maintained by the slower-acting PLD pathway (second phase) that succeeds 

the PLC/DGK response. The DGK-specific PA response is also observed 

when reactive oxygen species (ROS) accumulate upstream of the first phase 

PA-dependent pathway in xylanase-treated tomato cells (Laxalt et al., 2007). 

This first phase PA-dependent ROS accumulation may lead to a downstream 

hypersensitive response in infected cells, expression of defense genes and 

synthesis of antimicrobial compounds (Testerink and Munnik, 2005). The 

expression of a DGK gene from rice, OsBIDK1 was induced by 

benzothiadiazole (a structural analogue of salicylic acid) or by infection with 

the rice blast fungus Magnoporthe grisea while overexpression of the same 

gene in tobacco plants, resulted in increased resistance against tobacco 

mosaic virus and Phytophtora parasitica infections (Zhang et al., 2008). In an 

Arabidopsis dgk5 knockout mutant, basal resistance towards virulent 

Pseudomonas syringae was impaired while transcriptional induction of 

pathogen- or salicylic acid-induced genes was abolished (Arisz et al., 2009). 

This evidence suggests that DGK (and therefore PA signaling) plays an 

important role in regulating plant’s defense response to pathogens.          

 

In response to abiotic stresses such as salinity (NaCl treatment) and osmotic 

stress (drought, mannitol or PEG treatments), Diacylglycerol-specific PA 

increment was observed in different plant systems (Zonia and Munnik, 2004, 

Munnik et al., 2000, van Leeuwen et al., 2004, Vermeer et al., 2006, 

Bargmann et al., 2009, Einspahr et al., 1989). When exposing Arabidopsis to 

cold-shock treatment (0°C), DGK-specific PA accounts for 80% of the total PA 
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response in the first 10 min and thereafter, the PLD activity dominates 

(Ruelland et al., 2002). Transcriptome analysis of Arabidopsis seedlings 

reveals that both ATDGK1 and ATDGK2 genes were induced during cold-

shock treatment, suggesting that they play a role in cold response (Lee et al., 

2005). In another study, freezing stress, which causes a dramatic decrease in 

external water potential, triggers massive PA formation in Arabidopsis 

(Bargmann et al., 2009). Although majority of the PA is formed via PLD 

activity, there is however a small fraction of lipid that is broken down to DAG 

before being phosphorylated to PA, thus implying a DGK activity (Welti et al., 

2002). 

 

While currently there is sufficient evidence at both the phenotypic and 

transcriptomic level to demonstrate the involvement of DGK in plant 

responses (mainly through PA signaling) towards biotic and abiotic stresses, 

the downstream responses such as the targets for this DGK-specific PA are 

however unknown. 

 

  

1.5 Aims and outline of this research  

 

This research aims to characterize a recently discovered plant NO-sensing 

GC candidate molecule using different approaches such as conducting 

computational evaluations of the predicted domains, performing in vitro 

biochemical tests on the molecule which has been recombinantly expressed 

in E. coli and performing in vivo studies on both wild-type and mutant plants.  

 

The computational assessments of the predicted domains using homology 

modeling and molecular docking strategies will provide some degree of 

confidence on the proposed catalytic abilities of the molecule. The in vitro 

biochemical assays will reveal the functions and behavior of the predicted 

domains. In addition, the regulation of the different domains will also be 

investigated in vitro. Further, in vivo studies on both wild-type and mutant 

plants will confirm the in vitro functional conclusions and importantly, reveals 

the biological functions of the molecule in planta.  
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The results obtained from the in vitro and in vivo studies will then be analyzed 

with reference to the literature to determine the role(s) of this molecule in the 

overall plant NO/cGMP signaling pathway and in addition, a hypothetical 

model describing the biological importance of this molecule will also be 

proposed.    
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CHAPTER 2 

 

COMPUTATIONAL EVALUATION OF ARABIDOPSIS GC CATALYTIC 

CENTERS 

 

 

Abstract 

 

Second messengers link external cues to complex physiological responses. 

One such messenger, 3’,5’-cyclic guanosine monophosphate (cGMP), has 

been shown to play a key role in many physiological responses in plants. 

However, in higher plants, guanylyl cyclases (GCs), enzymes that generate 

cGMP from guanosine-5’-triphosphate (GTP) have remained elusive until 

recently. A ‘relaxed’ GC search motif constructed from the alignment of known 

GC catalytic centers form vertebrates and lower eukaryotes has led to the 

identification of a number of plant GC candidates of which some have been 

characterized in vitro and in vivo. By analyzing the amino acid sequence and 

the structural features of the catalytic centers of these recently characterized 

Arabidopsis GCs, new search parameters which can identify novel candidate 

GCs in plants can be developed. In this chapter, computational approaches 

including homology modeling and molecular docking were used to evaluate 

the GC catalytic centers of known Arabidopsis GCs. The 3D models of these 

Arabidopsis GCs harbor distinct solvent-exposed cavities which are 

presumably ideal for substrate interactions. Docking experiments suggest that 

GTP docks at these catalytic centers with favorable binding energies and 

positions in an orientation deemed suitable for catalysis while mutation of key 

residue(s) in the GC motif abolish this interaction, thus suggesting that the GC 

motif has indeed identified catalytic centers of functional GCs from plants. 

Based on the catalytic centers of these Arabidopsis GCs, a new GC search 

motif which is more rigid than the previous motif ‘and possibly only specific to 

plants’ was built. Despite the rigidity and specificity, this motif identifies >40 

molecules with potentially functional GC catalytic centers in Arabidopsis, thus 

suggesting that there are a substantial number of undiscovered plant 

molecules with functional GC catalytic centers.  
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2.1 Introduction 

 

While cGMP is increasingly accepted as an important signaling component in 

many plant responses (Donaldson et al., 2004, Maathuis, 2006, Pasqualini et 

al., 2009), it is perhaps astonishing that the discovery and functional 

characterization of GCs in higher plants is only just beginning, particularly so 

since in the single-celled green algae Chlamydomonas reinhardtii there are 

>90 annotated nucleotide cyclases (NCs) that come in >20 different domain 

combinations with 13 different domain partners (Meier et al., 2007). The 

structural diversity and complexity of molecules with NC activity (Meier et al., 

2007, Gehring, 2010, Irving et al., 2012) is one likely reason why BLAST 

searches with known NCs from lower and higher eukaryotes do not yield 

candidate molecules in higher plants.  

 

Search strategies based on conserved and functionally assigned amino acid 

(AA) residues in the catalytic center of known NCs (Ludidi and Gehring, 2003) 

have now opened the way to a systematic search of NCs in higher plants and 

have led to the discovery of a number of Arabidopsis thaliana candidate 

molecules with catalytic activities in vitro and in vivo. These molecules include 

a wall-associated kinase like protein (ATWAKL10) with a role in defense 

(Meier et al., 2010), the brassinosteroid receptor (ATBRI1) (Kwezi et al., 

2007), the PEP1 receptor (ATPEPR1) (Qi et al., 2010) and the phytosulfokine 

receptor (ATPSKR1) (Kwezi et al., 2011) as well as a nitric oxide-binding GC 

(ATNOGC1) (Mulaudzi et al., 2011). Since this search strategy considered 

GC catalytic centers across species, it is likely that this ‘relaxed’ GC motif has 

also identified false GC candidates. This is because plant GCs have evolved 

from their animal and bacteria counterparts and are often part of multi-domain 

molecules with only key residues of the catalytic center being conserved 

(Meier et al., 2007). One such example is the ATPSKR1 molecule where the 

GC catalytic center is embedded within a larger kinase domain which itself is 

located in the cytosolic region of the receptor that consists of an extracellular 

ligand binding domain and a transmembrane domain (Kwezi et al., 2011). 

Therefore, a new GC search motif which is more rigid and plant-specific is 

required to provide a more accurate identification of plant GC molecules.   
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Firstly, the catalytic centers of previously characterized Arabidopsis GCs will 

be evaluated using computational methods including the construction of 

homology models and substrate docking studies and from these structural 

evaluations, key residues that are important for catalytic activity will be 

identified. The building of 3D models based on known crystal structures of a 

homologous protein is at present the only reliable method to obtain structural 

information about a molecule such as the catalytic center characteristics, 

ligand binding site (De Rienzo et al., 2000, Jung et al., 2000) and substrate 

specificity (Ginalski et al., 2004), in the absence of experimental data (Vyas et 

al., 2012, Xiang, 2006). This technique takes advantage of the structural 

similarity shared by evolutionary related proteins to predict the 3D coordinates 

of an unknown structure since structural conformation of a protein is more 

conserved than its amino acid sequence (Vitkup et al., 2001). The interaction 

and behavior of small molecules in the binding sites of target proteins can be 

modeled using molecular docking techniques (Yuriev and Ramsland, 2013, 

Meng et al., 2011). This substrate docking study provides predictions of the 

ligand conformation, the position and the orientation at the binding sites of the 

3D models as well as their accompanying binding affinities (Morris and Lim-

Wilby, 2008). While molecular docking is usually applied for structure-based 

drug design (Kroemer, 2007), this technique when used in tandem with 

homology modeling can however serve as an effective strategy for structural 

assessments of GC catalytic centers of the recently characterized Arabidopsis 

GCs.  

 

In the evaluation of the plant GC catalytic centers, the ATPSKR1-GC was 

selected as a model for the structural, docking and mutation studies because 

this molecule is relatively well-studied (Kwezi et al., 2011, Hartmann et al., 

2014, Wheeler et al., 2013). The ATPSKR1 molecule belongs to a family of 

NCs that contains the GC catalytic center embedded within the intracellular 

kinase domain of leucine-rich repeat receptor-like molecules and both the 

kinase and the GC domains have catalytic activities in in vitro experiments. 

(Kwezi et al., 2011, Hartmann et al., 2014). Importantly, the natural ligands for 

both the ATPSKR1 and ATBRI1 receptors increase intracellular cGMP levels 

in isolated mesophyll protoplast assays suggesting that the GC activity is 
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functionally relevant in planta (Irving et al., 2012, Kwezi et al., 2011). In this 

study, the 3D models and docking experiments of non-mutated and mutated 

atpskr1-gc will be demonstrated. In the latter, replacements of key residues of 

the GC catalytic center with another amino acid (e.g. leucine) will reveal their 

catalytic roles which can be characterized by distortion of the catalytic center 

configuration in the 3D model and/or failure of substrate to dock at the binding 

site or docking in the wrong orientation or docking with reduced binding 

affinity at the GC catalytic center.     

 

Secondly, catalytic centers of these recently characterized Arabidopsis GCs 

will be aligned and a new GC motif will be constructed by including the 

functionally-important residues of the catalytic centers determined from the 

previous structural, docking and mutation studies, in their respective positions 

in the GC motif. This alignment and construction of a GC search motif is 

based on a step-by-step guide described by Wong and Gehring (2013) (Wong 

and Gehring, 2013). Since this motif only considers sequence of 

characterized Arabidopsis GC catalytic centers, it is therefore more rigid than 

the previous GC motif which was ‘relaxed’ because it considered GC 

sequence from different species (Ludidi and Gehring, 2003). This new search 

motif is thus more reliable for the identification of GC molecules from plant 

proteomes especially from Arabidopsis.    

 

Finally, this new GC motif will be used in a pattern matching (PatMatch) 

search (Yan et al., 2005) against the Arabidopsis proteome of the TAIR 

database to identify molecules harboring potentially functional GC catalytic 

centers. If indeed many candidates were retrieved from this PatMatch search, 

then Arabidopsis and higher plants in general, harbor many undiscovered and 

uncharacterized multi-domain molecules with GC catalytic centers that are 

very dissimilar to their animals and bacteria counterparts. 
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2.2 Materials and Methods 

 

 

2.2.1 Homology modeling of Arabidopsis GCs 

 

The amino acid sequence of known Arabidopsis GCs (i.e. ATGC1, 

ATNOGC1, ATPSKR1, ATPEPR1, ATBRI1 and ATWAKL10) was analyzed 

with BLAST against the protein data bank (PDB) database in order to find 

suitable template structures for the homology modeling of the respective GC 

molecules (Table 2.1). The 3D models of known Arabidopsis GCs were built 

using the Modeller (ver. 9.10) software (Sali et al., 1995) and the ‘best’ 

models were selected based on the energy minimization (mol pdf) values, and 

the DOPE and GAL statistical scores. The GC catalytic center in these 3D 

models was assessed for the presence of any distinct cavity or binding sites 

which may rationally allow for substrate docking and interactions.  

 

Table 2.1 Template structures used for the modeling of the respective Arabidopsis GCs  

Arabidopsis GC Template structure PDB ID 

ATPSKR1 
Bacterial effector protein AvrPtoB bound to host BAK1 3TL8 

ATBRI1 

ATPEPR1 Bacterial effector protein AvrPtoB 2QKW 

ATWAKL10 Bacterial effector protein AvrPtoB complexed with kinase Pto 3HGK 

 

 

2.2.2 Molecular docking of GTP to GC catalytic centers 

 

Substrate GTP docking to the GC catalytic centers of known Arabidopsis GCs 

were performed in silico using the AutoDock Vina (ver. 1.1.2) software (Trott 

and Olson, 2010). Arabidopsis GC structures built from homology modeling 

were used as the ‘receiving molecule’ for the docking of the GTP ‘ligand’. 

Docking feasibility was analyzed based on the predicted free energy of 

binding and the orientation of the bound ligand at the catalytic center. In order 

to study the relevance of the functionally-assigned residues which were 

previously determined to be at positions 1, 3 and 14 of the GC motif (Ludidi 



51 

 

 
 

and Gehring, 2003), these key residue(s) were sequentially replaced with 

another amino acid and docking experiments repeated. Substrate docking 

feasibility, binding affinity and substrate orientation at the catalytic center were 

assessed to determine any detrimental effect of mutations of the key residues 

to the catalytic activity. 

 

  

2.2.3 Building a new GC search motif  

 

A new GC search motif was built based on a step-by-step guide as described 

by Wong and Gehring (2013) (Wong and Gehring, 2013). Briefly, the GC motif 

was constructed by first aligning the amino acid sequence of the catalytic 

centers of the recently characterized Arabidopsis GCs. All amino acid 

residues appearing in each position of the catalytic centers of the respective 

molecules were included in the GC search motif while amino acids with high 

chemical similarity to the amino acid residue in the position of the motif can be 

included to increase search flexibility. This constructed GC motif was then 

used in a pattern matching (PatMatch) search against the TAIR10 Arabidopsis 

protein database for candidate GC molecules (Yan et al., 2005). 

 

 

2.3 Results and Discussion 

 

 

2.3.1 Building 3D models for Arabidopsis GCs 

 

In order to obtain structural information about the catalytic centers of 

Arabidopsis GCs, 3D models were constructed using readily available crystal 

structures as templates (Table 2.1). The 3D models of the GC domains of 

ATPSKR1, ATBRI1, ATWAKL10 and ATPEPR1 were successfully built 

(Figures 2.1A – D) and these models were of good quality due to high 

template-to-structure sequence identity and coverage. When comparing the 

3D models, the GC catalytic centers all formed a distinct cavity with the amino 

acid residues at positions 1 and 3 of the motif sitting deep in the pocket and 
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the residue at position 14 located closer to the solvent exposed region of the 

cavity. These arrangements of key residues at the catalytic center would 

rationally accommodate GTP in an orientation where the guanine faces 

inwards forming interactions with the residues at positions 1 and 3 deep in the 

catalytic pocket and the phosphates facing outwards interacting with the 

residue at position 14 of the motif. The following GTP docking studies will 

confirm these predictions.    

 

The 3D models for ATNOGC1 and ATGC1 GC domains were not built due to 

the absence of suitable template structures with sufficient amino acid 

sequence identity and coverage to these molecules. In order to have high 

model accuracy and reliability for further mutation and docking studies, only 

template structures with high sequence similarity to the subjects were 

selected for homology modeling. While sequence similarity of 25% is sufficient 

for structural predictions, templates with a BLAST alignment score of at least 

50 – 80 (color key: green) were selected for accurate model predictions 

(Wong and Gehring, 2013, Vyas et al., 2012). 

 

Of the four GC models, the 3D model of the ATPSKR1-GC was specifically 

selected as the focus of this study because the ATPSKR1 molecule is 

relatively well-studied and the GC activity has been previously demonstrated 

in vitro and in vivo (Irving et al., 2012, Kwezi et al., 2011, Wheeler et al., 2013, 

Hartmann et al., 2014). While modeling against template structures with the 

highest sequence similarity to the candidate GCs is the common practice 

(Vyas et al., 2012), the ATPSKR1-GC was also evaluated against a known 

GC template (e.g. crystal structure of a bacterial or human GC) since many 

plant candidate GCs are embedded within kinases (Kwezi et al., 2011, Meier 

et al., 2010), and modeling against a kinase template may not reflect 

accurately on the configuration of an activated candidate GC. The reason is 

that dual-activity enzymes (e.g. the ATPSKR1) do not assume concurrent 

activation states for both the kinase and GC catalytic domains (Irving et al., 

2012), and it is likely that a molecular switch (e.g. Ca2+ and/or dimerization 

with another molecule) is required to shift from kinase to GC activation 

(Wheeler et al., 2013). 
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Therefore, in this study, the ATPSKR1-kinase domain (Phe734 – Val1008) was 

modeled against the AvrPtoB-BAK1 complex (PDB entry: 3TL8) and against 

the bacteria GC Cya2 (PDB entry: 2W01) (Figure 2.1). The 3D model of the 

GC region of ATPSKR1 built against a kinase template revealed that the GC 

catalytic center was embedded within a cavity, presumably providing ideal 

steric interactions for the GTP substrate (Figures 2.1A and E) although this 

GC catalytic center appears to be partially buried. When ATPSKR1 assumes 

the kinase activation state (Figure 2.1E), the GC catalytic center was partially 

covered by a nine amino acid long ‘latch’ which can be loosened by binding to 

a ‘molecular switch’ (e.g. Ca2+) or by interaction with other proteins forming 

homo- or hetero-dimers (Wheeler et al., 2013). When ATPSKR1 assumes a 

GC configuration, the GC catalytic center became completely exposed and 

assessable to GTP (Figure 2.1F). In in vitro studies, Ca2+ has been identified 

as the ‘switch’ that shifts from kinase to GC activation in the ATPSKR1 

molecule (Wheeler et al., 2013), and this suggests that a structural alteration 

that led to the seemingly buried GC domain when in a kinase configuration to 

be exposed and subsequently activated, took place in the presence of Ca2+. 

Therefore, in multi-domain molecules such as the ATPSKR1, differential 

activation states of the different domains that involve some degree of 

structural dynamicity, needs to be modeled against different template 

structures to allow for a more accurate assessment of the catalytic centers. 

The 3D models of the Arabidopsis GCs can thus accommodate the GTP 

substrate at a distinct cavity which is a common feature for all the Arabidopsis 

GC catalytic centers. 
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Figure 2.1 3D models of (A) ATPSKR1, (B) ATBRI1, (C) ATPEPR1 and (D) ATWAKL10 

GC catalytic centers, and (E and F) the different activation states of the ATPSKR1 kinase and 

GC domains. ATPSKR1-kinase domain was modeled against the (E) AvrPtoB-BAK1 complex 

(PDB entry: 3TL8) and the (F) bacteria GC Cya2 (PDB entry: 2W01). Homology modeling and 

GTP docking was performed using Modeller and AutoDock Vina softwares. The GC catalytic 

center is represented in yellow, functionally assigned residues in the GC motif are in cyan or 

yellow, amino acids implicated in metal binding are in green, the ATP-binding site is in orange 

and the nine amino acid long ‘latch’ partially covering the GC catalytic center is in magenta. 
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2.3.2 Evaluation of GC catalytic centers by molecular docking 

 

To further evaluate the GC catalytic centers of Arabidopsis GC molecules, 

substrate docking experiments using the previously constructed 3D models, 

were performed. While 3D models of the Arabidopsis GCs showed a common 

cavity/pocket at the catalytic center, docking experiments using GTP will 

demonstrate feasibility of GTP binding to the proposed pocket as well as the 

orientation in which GTP binds. In the evaluation of the ATPSKR1 3D model, 

GTP docked at the ATPSKR1-GC center with good binding energy and 

positioned in an orientation deemed favorable for interactions with the key 

residues within the cavity (Figures 2.1A and 2.2A). The GTP substrate docked 

successfully with the guanine portion at the inner-most of the cavity for 

interaction with the serine residue (position 1) and the phosphate end pointing 

outwards of the cavity towards the arginine residue (position 14) - an 

orientation deemed suitable for GC activity (Figure 2.2A). Similar GTP 

docking orientations at the catalytic centers of ATBRI1, ATPEPR1 and 

ATWAKL10 models were also observed (Figures 2.1B – D), thus implying that 

these catalytic centers can rationally accommodate GTP and establish 

interactions that leads to the formation of cGMP.  

 

Table 2.2 Molecular docking of GTP with the GC catalytic center  

 Amino acid position in the GC motif replaced with leucine 

 1 3 14 1,3 1,14 3,14 1,3,14 

ATPSKR1       

ATPEPR1       

ATBRI1       

ATWAKL10       

Functionally-important amino acid residues at positions 1, 3 and/or 14 of the GC motif were 
replaced with leucine for homology modeling and docking experiments.  
 indicates successful docking of GTP and in an orientation deemed suitable for catalysis. 
 indicates unsuccessful docking of GTP or GTP docking in an orientation deemed 

unsuitable for catalysis. 
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In addition, functionally assigned residue(s) of the GC motif were replaced 

with another amino acid to estimate the importance or relevance of these 

residues in maintaining a functional configuration of the catalytic center. When 

one or more key amino acid residues at positions 1, 3 and/or 14 of the 

catalytic center was replaced with a leucine residue, docking experiments 

indicated disruptions in the docking orientations of GTP in all except for the 

leucine replacements at positions 1 and 3 of the GC domain (Table 2.2). This 

suggests an aberrant GC catalytic activity when these key residues are 

replaced which was likely to be a result of conformational changes at the 

catalytic center or inability of the residues at the catalytic center to interact 

with GTP through the formation of hydrogen bonds. The GTP docking 

aberrations at ATPSKR1-GC domain with leucine replacements at position 

14, positions 1 and 3, and positions 1, 3 and 14 are as shown in Figures 2.2B 

– D.  

 

In other previously characterized Arabidopsis GCs, GTP docking was also 

disrupted when key residues were mutated (see Table 2.2 for summary of 

GTP docking results). Of the three identified key residues at positions 1, 3 and 

14 of the GC catalytic center, the residue at position 14 was the most crucial 

for proper GTP binding and orientation as mutation at this position resulted in 

docking aberrations in all the GC models tested while mutation at position 1 

only resulted in docking aberrations in the ATPEPR1 and ATWAKL10 GC 

models (Table 2.2). Double mutations and triple mutations were even more 

likely to cause docking aberrations at the catalytic centers of the GC models, 

thus suggesting that the mutation of the respective key residues at the 

catalytic center have cumulative effects (Table 2.2). Therefore, substrate 

docking studies conducted on the 3D models of the Arabidopsis GCs have 

demonstrated feasible docking of GTP at the catalytic centers implying that 

the GC catalytic centers can be functionally active while docking aberrations 

of GTP were observed when key residues of the catalytic center were 

mutated, thus confirming the catalytic importance of these residues.  
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Figure 2.2 Assessment of the ATPSKR1-GC catalytic center by molecular docking of 

GTP. (A) Un-mutated ATPSKR1-GC domain. GTP docking aberration at the ATPSKR1-GC 

domain with leucine (L) replacements at (B) position 14, (C) positions 1 and 3, and (D) 

positions 1, 3 and 14 of the GC motif are as shown. ATPSKR1-GCD (Asn
871

 – Glu
980

) was 

modeled against the AvrPtoB-BAK1 complex (PDB entry: 3TL8) and docked with GTP using 

the Modeller and AutoDock Vina softwares. 
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2.3.3 Building a GC motif based on known Arabidopsis GCs 

 

In addition to the six characterized GCs in Arabidopsis thaliana to date 

(ATGC1, ATNOGC1, ATPSKR1, ATPEPR1, ATBRI1 and ATWAKL10), higher 

plants may harbor a substantially larger number of GCs that have yet to be 

discovered and characterized. This hypothesis is based on the fact that the 

tested GCs share a distinct AA signature in the catalytic center (Figure 2.3A) 

where the AA at position 1 forms the hydrogen bond with the guanine, the 

residue in position 3 confers substrate specificity for GTP while the AA in 

position 14 stabilizes the transition state from GTP to cGMP and two or three 

AAs away from the C-terminal end of the motif is the residue that interacts 

with the Mg2+/Mn2+ ions (Figure 2.3B). In order to identify with greater 

confidence and accuracy more candidate GCs from plants, a new search 

motif is required. A more rigid and plant-specific GC motif was required 

because it is likely that the previous GC motif which was constructed based 

on GC catalytic centers across species, was ‘relaxed’ and thus was likely to 

have identified false GC molecules in plants. The newly constructed GC motif 

was 14 AA long and has an AA implicated for metal binding at 2 or 3 positions 

downstream of the motif (Figure 2.3B).  

 

This new motif based on experimentally tested GCs identified 41 novel 

Arabidopsis candidate GCs using the PatMatch program (Yan et al., 2005) of 

which, 20 are leucine-rich repeat proteins while wall-associated kinase-like 

proteins and cysteine-rich kinases contributed 9 and 8 candidates respectively 

(Figure 2.4). It must be noted that not all retrieved candidates will definitely 

have GC activities in vitro and/or in vivo or that molecules that do not contain 

the motif cannot function as GCs. This is because only limited number and 

types of plant GC molecules have been identified to date and it is therefore 

possible that other unknown types of molecules may also harbor functional 

GC catalytic centers. As more plant GCs are discovered and characterized, 

the GC motif can be altered to be more inclusive while still retaining its 

specificity to plants. Therefore, the identification of many plant candidate GC 

molecules even with a more rigid and specific new GC motif suggest that 

there are a substantial amount of plant molecules with GC catalytic centers 
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that have yet to be discovered and characterized. This also suggests that 

plant GC molecules have evolved differently from their animal or bacteria 

counterparts and have become part of many multi-domain molecules with 

complex regulatory mechanisms and structural dynamicity.     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 The construction of a new GC search motif based on catalytic center of 

characterized Arabidopsis GCs. (A) The GC catalytic centers in the alignment of all previously 

characterized GCs in Arabidopsis is represented in the red box while the blue box implicates 

binding with Mg
2+

 or Mn
2+

 ions. (B) A 14 amino acid long GC search motif was built by 

including all the residues present in each position of the catalytic center. The amino acid 

substitutions are in square brackets ([ ]), ‘X’ stands for any amino acid and the gap size is 

marked in curly brackets ({ }). Underlined amino acids have been added to the motif because 

of their chemical similarity to the amino acid at this position. Amino acids highlighted in red 

are functionally assigned residues; amino acid in position 1 forms the hydrogen bond with the 

guanine, amino acid in position 3 confers substrate specificity for GTP while amino acid in 

position 14 stabilizes the transition state from GTP to cGMP. 
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Pattern Matching (PatMatch) search parameters: 

Search pattern [KS][YF][GCS][VIL][VILFG][DVIL][VILADG][EPVIL][DVIL][TVIL][WST][PDRG][KEG][KR]x{2,3}[DHSE] 

Dataset searched TAIR10 Proteins (protein) 

Bytes searched 14482855 

Sequences with hits 47 

List of retrieved hits: 

TAIR ID Name  AA coverage Matched sequence 

AT1G16110.1 (ATWAKL6) 620 636 SFGVVLVELITGEKPLS 

AT1G16120.1 (ATWAKL1) 615 631 SFGVVLVELITGEKPLS 

AT1G16130.1 (ATWAKL2) 602 618 SFGVVLVELLTGEKPSS 

AT1G16160.1 (ATWAKL5) 598 614 SFGVVLVELITGEKPLS 

AT1G16260.1 (ATWAKL) 576 592 SFGVLLIELLTGEKPVS 

AT1G16260.2 (ATWAKL) 576 592 SFGVLLIELLTGEKPVS 

AT1G17750.1 (ATPEPR2) 981 997 SYGVVLLELVTGKRALD 

AT1G28440.1 (ATHSL1) 878 894 SFGVVILEIVTRKRPVD 

AT1G31420.1 (ATFEI1) 491 507 SFGVLVLEVLSGKRPTD 

AT1G31420.2 (ATFEI1) 490 506 SFGVLVLEVLSGKRPTD 

AT1G52540.1 (Kinase) 226 242 SFGVLLLELVTGKRPTE 

AT1G55610.1 (ATBRI1-L) 1049 1065 SYGVILLELLSGKKPID 

AT1G55610.2 (ATBRI1-L) 1049 1065 SYGVILLELLSGKKPID 

AT1G61430.1 (Kinase-L) 679 695 SFGVLLLEIISGKKISS 

AT1G62580.1 (ATNOGC1) 191 207 SFSIGLGIDTWPGKQIH 

AT1G69270.1 (ATRPK1) 446 462 SYGIVLLELISDKRALD 

AT1G69730.1 (ATWAKL) 634 650 SFGVVLVELITGEKSIS 

AT1G73080.1 (ATPEPR1) 1014 1030 SYGVVLLELVTRKRAVD 

AT1G79670.1 (ATWAKL22) 607 623 SFGVVLVELITGEKPFS 

AT1G79670.2 (ATWAKL22) 570 586 SFGVVLVELITGEKPFS 

AT1G79680.1 (ATWAKL10) 620 636 SFGVVLAELITGEKSVS 

AT2G02220.1 (ATPSKR1) 921 937 SFGVVLLELLTDKRPVD 

AT2G26290.1 (ATARSK1) 280 296 SFGVVLLELITGKRSMD 

AT2G39660.1 (ATBIK1) 264 280 SFGVLLLEILSGKRALD 

AT3G02130.1 (ATCLI1) 1057 1073 SYGVVLLELLSDKKALD 

AT3G13380.1 (ATBRI1-L) 1047 1063 SYGVILLELLSGKKPID 

AT3G19300.1 (Kinase-L) 514 530 SYGVVLLEIITGKRAVD 

AT3G49670.1 (ATBAM2) 878 895 SFGVVLLELITGKKPVGE 

AT4G05200.1 (ATCRK22) 534 550 SFGVLVLELITGKKNSS 

AT4G11530.1 (ATCRK34) 532 548 SFGVLVLEIISGKKNSS 

AT4G13190.1 (Kinase-L) 260 276 SFGVVLLELITGKRVID 

AT4G21390.1 (ATB120) 716 732 SFGVLLLEIVSGKRNTS 

AT4G23180.1 (ATCRK10) 535 551 SFGVLVLEIISGKKNSS 

AT4G23230.1 (ATCRK15) 404 420 SFGVLVLEIISGKKNNS 

AT4G23250.1 (ATCRK17) 541 557 SFGVLILEIISGKKNSS 

AT4G23260.1 (ATCRK18) 526 542 SFGVLILEIISGKKNSS 

AT4G23260.2 (ATCRK18) 515 531 SFGVLILEIISGKKNSS 

AT4G23300.1 (ATCRK22) 540 556 SFGILILEIISGKKNSS 

AT4G39400.1 (ATBRI1) 1071 1087 SYGVVLLELLTGKRPTD 

AT5G05930.1 (ATGC1)  32 48 KYCLFDDPLVSDGKYRD 

AT5G07180.1 (ATERL2) 837 853 SFGIVLLELLTGKKAVD 

AT5G58150.1 (Kinase-L) 702 719 SFGVVLLELVSGKKPEGD 

AT5G61480.1 (ATPXY)  911 927 SYGVILLEIITGKRSVE 

AT5G62230.1 (ATERL1) 834 850 SFGIVLLELLTGKKAVD 

AT5G62230.2 (ATERL1) 786 802 SFGIVLLELLTGKKAVD 

AT5G62710.1 (Kinase-L) 499 515 SFGVLLLELVTGKRPTD 

AT5G65710.1 (ATHSL2) 883 899 SFGVVLLELITGKRPND 

 

Figure 2.4 The pattern matching (PatMatch) search parameters and the 41 GC candidates retrieved using the new GC motif. Bolded proteins are 

previously reported GCs. Leucine-rich repeats (LRR), cysteine-rich kinases (CRK) and wall-associated kinase-like (WAKL) proteins constituted 20, 8 and 9 of 

the new candidate GCs respectively. 
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2.3.4 Computational-based evaluations as an initial screen for in vitro and/or 

in vivo characterizations 

 

On its own, the computational methods detailed in this chapter are not 

diagnostic of GC activity and do not distinguish GCs from other enzymes that 

also catalyze GTP (e.g. GTPases). Homology modeling and substrate 

docking techniques can only reveal substrate binding and interactions at the 

catalytic center which is the first step for any catalytic activity to take place. 

These methods however cannot distinguish between enzymes that catalyze 

the same substrate such as between GTPases and GCs. Therefore, these in 

silico-based strategy cannot determine whether or how the GTP substrate is 

successfully converted into cGMP. They however lend good support to 

experimental evidence and more importantly, they act as an initial screen to 

assist in the selection of candidate molecules from a potentially large pool of 

proteins for the following in vitro and/or in vivo enzymatic functional assays. 

 

Following a computational-based screening, the candidate GCs need to be 

tested in vitro by incubating the recombinant protein harboring the GC domain 

with GTP and the appropriate metal ions (Mg2+ and/or Mn2+). This 

recombinant protein can be made by molecular cloning methods with the DNA 

construct expressed in an E. coli host system and affinity purified for the 

following in vitro GC activity testing. GC enzymatic reaction is initiated by 

incubating the purified recombinant protein in buffer containing the 

aforementioned ingredients. cGMP generation can then be measured using 

immunoassay coupled with colorimetric detection methods which will provide 

an indication of GC activity. Cyclic GMP production should be further verified 

using mass spectrometry based techniques that consistently record higher 

cGMP amounts in independent in vitro experiments than those obtained with 

ELISA-based assays (Kwezi et al., 2007). 

 

The typically substantially lower in vitro activities of plant GCs as compared to 

the animal GCs (Gehring, 2010) have raised concerns regarding (1) the 

folding and structural integrity of the recombinant plant GCs and (2) the 

reliability of the in vitro recombinant GC activity assays to detect such low 
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amounts of cGMP (Ashton, 2011, Berkowitz et al., 2011). Therefore, it is 

recommended that candidate GCs be evaluated with both the biochemical 

assays and the more sensitive mass spectrometric methods. GC candidates 

should also be studied in vivo with fluorescent cGMP-reporter assays (Isner et 

al., 2012), since this is a direct way to link ligand–binding to receptor-coupled 

GCs, and to the generation of cGMP and cGMP-dependent downstream 

effects. 

 

  

2.4  Conclusion 

 

Currently, a growing number of fundamental physiological processes, 

including gating of ion channels (Zelman et al., 2012), specific 

phosphorylation events (Isner et al., 2012), post-translational modifications 

(Marondedze et al., 2013), stomatal guard cell movements and responses to 

hormones (Isner et al., 2012, Pharmawati et al., 1998) all depends, at least in 

part, on cGMP. Consequently, a major outstanding question is, where are the 

enzymes that catalyze the reaction from GTP to cGMP, how many are there 

in for example Arabidopsis, and how are they regulated? 

 

In this study, recently discovered Arabidopsis GC catalytic centers were 

structurally evaluated in silico by homology modeling, substrate docking and 

mutation studies. Taken together, these computational results lend support to 

the previous experimental conclusions that the catalytic centers of these 

Arabidopsis molecules can function as GCs and that mutations of the key 

residues at the catalytic center resulted in aberrant docking of the GTP 

substrate, thus implicating suppressed GC activities. 

 

Based on these GC catalytic centers, a new GC motif was built and this motif 

identified >40 candidate molecules with potentially functional GC catalytic 

centers in Arabidopsis. If indeed more novel multi-domain enzymes with 

stimulus- and/or ligand-specific GC activity will be discovered, complex signal 

transduction networks that link environmental stimuli to cGMP-dependent 
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responses in plants such as chloroplast development and anthocyanin 

synthesis (Bowler et al., 1994b, Bowler et al., 1994a) will be unraveled.  
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CHAPTER 3 

 

DISCOVERY OF ATDGK4 AS AN NO-BINDING GC CANDIDATE, CLONING 

AND EXPRESSION OF RECOMBINANT ATDGK4  

 

 

Abstract 

 

This chapter describes the identification of an NO-binding GC candidate, the 

Arabidopsis thaliana DIACYLGLYCEROL KINASE 4 (ATDGK4), the analyses 

of the predicted ATDGK4 catalytic activities using computational tools, the 

cloning and expression of the recombinant ATDGK4 protein and the 

spectroscopic characterization of the heme environment of ATDKG4. This 

molecule is annotated as a diacylglycerol kinase (DGK) which catalyzes the 

ATP-dependent phosphorylation of diacylglycerol (DAG) to phosphatidic acid 

(PA). Previously, DGKs from animals and bacteria have been recombinantly 

expressed and enzymatically characterized while structures of several 

bacteria DGKs have also been solved by crystallization. In plants and in 

particular Arabidopsis thaliana, only two DGKs (ATDGK2 and ATDGK7) have 

been characterized in vitro. Here, the discovery of ATDGK4 (AT5G57690) as 

an NO-binding GC candidate using a combined H-NOX – GC motif was 

described. A 3D ATDGK4 model was constructed using homology modeling 

techniques, from which the location of the kinase catalytic center, the ATP-

binding site and the gas-binding H-NOX domain were estimated. Docking 

experiments indicated successful docking of ATP at the kinase catalytic 

center and importantly, ATP positioned in an orientation deemed favorable for 

kinase activity, thus implying that ATDGK4 can be a functional DGK. The full-

length ATDGK4 coding sequence was cloned and expressed in E. coli, and 

the ATDGK4 recombinant protein affinity purified. UV-visible spectroscopic 

studies revealed successful incorporation of heme group in the purified 

recombinant ATDGK4. In summary, recombinant ATDGK4 was successfully 

produced for the subsequent in vitro biochemical characterizations.  
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3.1 Introduction 

 

Although nitric oxide (NO) and 3’,5’-cyclic guanosine monophosphate 

(cGMP)-mediated signaling responses in plants are well-documented 

(Neuhaus et al., 1997, Pharmawati et al., 1998, Gehring and Irving, 2003, 

Kwezi et al., 2011, Maathuis and Sanders, 2001, Donaldson et al., 2004, 

Pasqualini et al., 2009, Qi et al., 2010, Delledonne, 2005, Lamattina et al., 

2003, Neill et al., 2002), their respective protein targets and generating 

enzymes, guanylyl cyclases (GCs) have remained elusive until recently. 

Search strategy using a GC motif as described in Chapter 2, has identified 

>25 molecules from Arabidopsis thaliana with potentially functional GC 

catalytic centers of which six (ATGC1, ATNOGC1, ATPSKR1, ATPEPR1, 

ATBRI1 and ATWAKL10), have GC activity in vitro. Several, for example the 

brassinosteroid and phytosulfokine receptors are moonlighting kinases, i.e. 

they have dual-catalytic functions. These proteins have GC catalytic centers 

that are embedded within their intracellular kinase domains (Irving et al., 

2012). In addition to having in vitro kinase and GC activities, these molecules 

when bound to their natural ligands, resulted in elevated intracellular cGMP 

levels in isolated mesophyll protoplast assays, suggesting that the GC 

activities are functionally relevant (Kwezi et al., 2011).  

 

In animal systems, soluble GCs bind NO and have activities that are regulated 

by NO binding. Specifically, binding of NO at the heme nitric oxide/oxygen 

binding (H-NOX) domain of soluble GCs activate catalytic activity of these 

molecules thus resulting in cGMP generation (Friebe and Koesling, 2003). In 

plants however, NO targets have remained elusive and of the six 

characterized GCs, only the ATNOGC1 (AT1G62580) binds NO (Mulaudzi et 

al., 2011) and remains the only identified plant NO-binding molecule to date. 

In the latter, the GC activity is specifically elevated by the binding of NO which 

suggests that NO-mediated responses in plants occur through the same 

molecular mechanism as in the animal models, that is through the activation 

of GCs (Bellamy et al., 2002). One indirect evidence for this stems from the 

pollen of lily where NO-induced bending of the growing tube was abolished by 
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the addition of a GC inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-

one) (Prado et al., 2004), thus drawing parallels to the animal models. 

 

Here, the ATDGK4 molecule was identified using the H-NOX motif extracted 

from the alignment of mammalian gas-sensing soluble GCs (Boon and 

Marletta, 2005) and additionally, this molecule also harbors a predicted GC 

domain. Along with the discovery of ATDGK4 as a candidate gas-binding GC, 

this chapter also describes computational evaluation of the molecule using 

structural and substrate docking studies. Since structures of plant DGKs have 

not been elucidated, any structural information of the ATDGK4 molecule can 

only be obtained by homology modeling of the molecule against a known 

template which to date is the crystal structures of bacteria DGKs. The quality 

and accuracy of the model depends on the identity and coverage of the 

ATDGK4 amino acid residues to the available template structures and from 

the constructed 3D model, the predicted kinase, GC and H-NOX domains can 

be estimated. Additionally, substrate docking studies on the ATDGK4 model 

can provide further indications on the feasibility of the molecule to perform the 

predicted catalytic and/or gas-binding functions (Bordogna et al., 2011).     

 

In order to study the ATDGK4 molecule in vitro, the full-length ATDGK4 

coding sequence can be cloned and expressed in E. coli, and affinity purified 

using the Ni-NTA purification system. The Gateway universal cloning 

technology which incorporates the bacteriophage lambda att sequences 

(Landy, 1989) for site-specific recombination can be adopted as the cloning 

method to provide rapid and highly efficient transfer of the ATDGK4 gene from 

the entry to destination vectors. The Gateway pDEST17 destination vector 

(Invitrogen, USA) can be used as the expression vector for ATDGK4 as this 

vector contains a 6 X His-tag and T7 lac promoter upstream of the N-terminal 

of the insertion site which allows for protein purification by immobilized metal 

affinity chromatography (IMAC) system thus taking advantage of the 

coordinative bonding property of transitional metal ions and amino acid such 

as histidine, cysteine and tryptophan (Deutscher, 1990). This vector can be 

transformed into the E. coli BL-21 A1 strain allowing for the induction of 

ATDGK4 expression by L-arabinose which is preferred over IPTG especially 
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for potentially toxic or insoluble proteins since arabinose induction is titratable, 

thus providing different expression strength that corresponds to the inducer 

concentration (Invitrogen, USA). Additionally, the E. coli BL21 A1 strain has 

tight T7 regulation of amBAD promoter upstream of the T7 RNA polymerase 

gene, thus resulting in low basal expression while providing high yields and 

this is favorable for the expression of toxic proteins (Guzman et al., 1995). In 

this chapter, the cloning and expression of the recombinant ATDGK4 as well 

as the purification (and refolding) steps leading to the production of a high 

purity recombinant ATDGK4 is described.  

 

Since ATDGK4 has a predicted H-NOX domain which is known for heme 

incorporation (Pellicena et al., 2004), free hemin (iron-containing porphyrin) 

must be added into the expression media and/or the purification buffers to 

allow for the recruitment of hemin into the heme environment (H-NOX 

domain) of the recombinant ATDGK4. The heme environment of recombinant 

ATDGK4 can then be examined using UV-visible spectroscopy whereby 

covalent binding of heme group to the protein can be characterized by the 

present of a Soret peak in the region of ~400 nm (Nienhaus and Nienhaus, 

2005). Further reduction and/or ligation of the iron to gas species such as NO 

can reveal the stability of the heme group. Overall, this chapter details the 

production of a heme-containing recombinant ATDGK4 that is of high purity 

for the subsequent in vitro biochemical characterizations. 
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3.2 Materials and Methods 

 

 

3.2.1 Identification of ATDGK4 as an NO-binding GC candidate 

  

Nitric oxide (NO) sensing candidate proteins with functional GC catalytic 

centers from Arabidopsis thaliana were identified using a combined H-NOX 

and GC search motif: 

 

Hx{12}Px{14,16}YxSxRx{0,1000}[RKS]x[GCTHS]x{9,10}[KR] 

 

      H-NOX       GC 

 

Individually, the H-NOX motif was extracted from the alignment of known H-

NOX domains in soluble GCs across species (Boon and Marletta, 2005) while 

the GC search motif was constructed based on the alignment of GC catalytic 

centers in soluble and particulate GCs across species (Ludidi and Gehring, 

2003). The combined H-NOX – GC search motif was used in a Pattern 

Matching (PatMatch) search against The Arabidopsis Information Resource 

(TAIR) protein database available online at http://www.arabidopsis.org/cgi-

bin/patmatch/nph-patmatch.pl (Yan et al., 2005).    

 

 

3.2.2 Bioinformatics and structural analyses of ATDGK4 predicted functions 

 

In order to obtain information about the secondary structure of ATDGK4 such 

as the distribution of helices, beta sheets and coils, the full length ATDGK4 

amino acid sequence was submitted to the PsiPred server available at: 

http://bioinf.cs.ucl.ac.uk/psipred (McGuffin et al., 2000) where the ATDGK4 

secondary structure was determined by fold recognition method.  
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Further, the 3D structure of ATDGK4 was built using homology modeling 

techniques based on a template with the highest identity and coverage to the 

ATDGK4 amino acid sequence. In order to select the suitable template 

structure, the ATDGK4 amino acid sequence was aligned with the crystal 

structures from the protein data bank (PDB) database using BLAST and the 

template structure was selected considering first the identity, and then the 

coverage of the template sequence (Wong and Gehring, 2013b). The ‘best’ 

models were selected based on the energy minimization (mol pdf) values, and 

the DOPE and GAL statistical scores. The ATDGK4 3D models were further 

evaluated using the Ramachandran plot generated by the ProCheck software 

available at: http://www.ebi.ac.uk/thornton-srv/software/PROCHECK 

(Laskowski et al., 1996). The structure having the most residues in the ‘most 

favorable’ and ‘allowed’ regions were selected for further substrate docking 

studies. 

 

Substrate ATP docking to the kinase catalytic center of known ATDGK4 was 

performed in silico using the AutoDock Vina (ver. 1.1.2) software (Trott and 

Olson, 2010). The 3D structure of ATDGK4 built from homology modeling was 

used as the ‘receiving molecule’ for the docking of the ATP ‘ligand’. Docking 

feasibility was analyzed based on the predicted free energy of binding and the 

orientation of the bound ligand at the catalytic center. Docking studies of the 

GC and H-NOX domains using their respective GTP and heme substrates 

were also attempted. 

 

 

3.2.3 Verification of the recombinant pDEST17-ATDGK4 gene construct 

 

The ATDGK4 coding sequence (CDS) has been previously cloned into the 

pDEST17 vector by Ng Yi Peng (BESE division, KAUST) and is maintained as 

a glycerol stock in E. coli DH5α cells. Briefly, the Gateway compatible 

ATDGK4 clone (stock number: DKLAT5G57690.1) was purchased from the 

Arabidopsis Biological Resource Center (ABRC) as bacterial stabs and 

streaked onto LB-kanamycin (100 µg/mL) plates. Several colonies were 

selected and cultured in 5mL LB-kanamycin (100 µg/mL) broth. Plasmid from 
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each overnight culture was extracted (see Section 3.2.3.1) and glycerol stocks 

were made for each culture and stored in -80ºC. The ATDGK4 insert was 

verified using a combination of PCR detection (see Section 3.2.3.2) with 

ATDGK4 F and ATDGK4 R primers (Table 3.1) and DNA sequencing (see 

Section 3.2.3.3) also with the same primer pair. The colony containing the 

correct full-length ATDGK4 insert was selected for subsequent LR reaction 

into the pDEST17 expression vector and transformation into E. coli DH5α 

cells. The ATDGK4 insert was similarly checked by PCR and sequencing 

methods. 

 

 

3.2.3.1 Plasmid DNA isolation 

 

Small-scale plasmid DNA isolation was performed using the Invitrogen Quick 

Plasmid Miniprep kit (Invitrogen, USA) according to the manufacturer’s 

instructions. Briefly, 10 µL glycerol stock of E. coli DH5α cells transformed 

with the pDEST17-ATDGK4 plasmid was streaked onto 1.5% (w/v) lysogeny 

broth (LB) agar containing 50 µg/mL carbenicillin antibiotic and incubated 

overnight at 37ºC. A single colony was inoculated into 5 mL LB broth 

containing 50 μg/mL carbenicillin and incubated overnight at 37ºC with 

shaking at 225 rpm. The cell suspension was centrifuged at 12000 X g for 3 

min and the supernatant discarded. The resulting cell pellet was stored at -

20°C until use. 

 

 

3.2.3.2 PCR detection of the ATDGK4 gene 

 

Gene-specific primers were designed based on the coding sequence of 

ATDGK4 downloaded from TAIR, accession number: AT5G57690. To amplify 

the full-length ATDGK4, the ATDGK4 F and ATDGK4 R primers (Table 3.1) 

were used and PCR amplification carried out in 20 µL reactions, each 

containing 1 X KAPATaq reaction buffer (containing 1.5 mM Mg2+ and loading 

dye), 0.2 mM KAPA dNTP mix, 0.4 mM of each ATDGK4 F and ATDGK4 R 

primers, ~100 ng/mL pDEST17-ATDGK4 template, and 0.02 U/µL KAPATaq 
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polymerase. All PCR reagents were purchased from KAPA Biosystems, USA. 

The reaction tubes were mixed thoroughly and the amplification was carried 

out under the following PCR cycle: Initial denaturation at 95ºC for 2 min, 

followed by 30 cycles each consisting of denaturation at 95ºC for 30 s, 

annealing at 58ºC for 30 s and elongation at 72ºC for 1 min, and a final 

elongation at 72ºC for 5 min. The PCR products were analyzed by 

electrophoresis. PCR products were resolved in a 1% (w/v) agarose gel made 

up in 1 X TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) 

containing 0.16 µg/mL ethidium bromide and ran in the same 1 X TAE buffer. 

The O’Gene Ruler 1 kb ladder (Fermentas, USA) was included on the gel to 

estimate the size of the PCR products. DNA gel was visualized using the 

GelDoc XR molecular imager (Bio-Rad, USA) and images captured using the 

ImageLab software (Bio-Rad, USA). 

 

 

3.2.3.3 DNA sequencing 

 

The plasmid containing the ATDGK4 construct was sent to the KAUST 

Biosciences Corelabs for capillary sequencing using the T7 F and T7 R 

primers (Table 3.1). The sequencing results were analyzed using the 

DNAMAN (version 6.0) software (Lynnon, Canada) and the sequence quality 

analyzed using Sequence Scanner (version 1.0) (Applied Biosystems, USA). 

The forward and reverse sequences were aligned to the full-length ATDGK4 

coding sequence downloaded from TAIR and the ATDGK4 sequence was 

translated into protein sequence using DNAMAN. The sequence upstream 

and downstream from the ATDGK4 insert was also checked for accuracy and 

whether it was in-frame with the att sites, 6 X his-tag and promoter sequences 

of the pDEST17 vector. 
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Table 3.1 Primers and PCR conditions 

Primer name Sequence (5’ - 3’) Ta (ºC) # of cycle 

Detection of ATDGK4 

ATDGK4 F  

ATDGK4 R 

 

ATGGAATCACCGTCGATTGG 

TCAATCTCCTTTGACGACCAA 

58 30 

Site-directed 
mutagenesis 

ATDGK4 H-L F 

ATDGK4 H-L R 

ATDGK4 Y-L F 

ATDGK4 Y-L R 

 

 

TTATGACATTGCTTATAAAAAAGTTGG 

CAACTTTTTTATAAGCAATGTCATAAA 

ATCTACATAGCTTAGGAAGTGGAAGAA 

TCTTCCACTTCCTAAGCTATGTAGATT 

see note 

 

 

 

30 

 

 

 

Sequencing 

T7 F 

T7 R 

 

TAATACGACTCACTATAGGG 

CTAGTTATTGCTCAGCGGT 

 

53.2 

54.5 

- 

Note: The underlined nucleotides incorporate the mutations, replacing the respective 
histidine and/or tyrosine residues at position 350 and 379 with leucine. 

 Fragment 1  = ATDGK4 F + ATDGK4 H-L R or ATDGK4 H-L F + ATDGK4 R   
 Fragment 2  = ATDGK4 F + ATDGK4 Y-L R or ATDGK4 Y-L F + ATDGK4 R   
 Fragment 1 Ta  = 61ºC 
 Fragment 2 Ta  = 58ºC 

 

 

3.2.4 Expression and purification of the ATDGK4 recombinant protein  

 

 

3.2.4.1 Transformation of plasmid DNA into competent cells 

 

E. coli BL21 A1 competent cells (Invitrogen, USA) were thawed on ice for 5 

min. Two µL of the pDEST17-ATDGK4 plasmid (~100 ng/mL) was gently 

added into 25 µL competent cells and incubated on ice for 30 min. The cells 

were then heat-shocked by incubation at 42ºC for 30 s and immediately 

transferred to ice for a further 2 min. Two hundred and fifty µL of pre-warmed 

super optimal broth (SOC) medium was added into the tubes which were then 

incubated at 37ºC for 1 hr with shaking at 225 rpm. A total of 100 µL culture 

was then platted on LB agar plates containing 50 µg/mL carbenicillin and 

incubated overnight at 37ºC. Positive transformants were picked into 

overnight cultures and maintained as glycerol stocks. 
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3.2.4.2 Expression of recombinant ATDGK4 in E. coli  

 

E. coli BL21 A1 transformed with the pDEST17-ATDGK4 plasmid (see 

Section 3.2.4.1) was streaked from glycerol stock onto LB agar containing 50 

µg/mL carbenicillin. A single colony was inoculated into 5 mL LB broth 

containing 50 µg/mL carbenicillin and incubated overnight at 37ºC with 

shaking at 225 rpm. The entire overnight starter culture was transferred into a 

250 mL LB broth which also contains the carbenicillin (50 µg/mL) antibiotic 

and incubated at 37ºC with shaking at 225 rpm until the optical density (OD) 

at 600 nm reaches 0.5 - 0.6 (approximately 2 hrs). Protein expression was 

induced by the addition of 0.2% (w/v) of L-arabinose (Sigma, USA) and the 

culture was incubated at 37ºC with shaking at 225 rpm for a further 4 hrs. The 

bacterial cells were harvested by centrifugation at 3900 X g for 30 min using 

the Allegra X-22R centrifuge (Beckman Coulter, USA) and the pellet was 

stored at -20ºC until use. 

 

 

3.2.4.3 Affinity purification of His-tagged proteins 

 

 

Cell lysis 

 

The frozen cell pellet (see Section 3.2.4.2) was thawed on ice and re-

suspended in 10 mL/g pellet weight lysis buffer containing 6 M GuHCl, 20 mM 

Na2H2PO4, 500 mM NaCl and SIGMAFAST protease inhibitor cocktail (one 

tablet per 100 mL buffer volume) at pH 7.8, and incubated at room 

temperature with occasional shaking for 30 min. The cell lysate was 

centrifuged at 3900 X g for 30 min and the supernatant transferred to a fresh 

tube for the subsequent affinity purification.  

 

 

 

 

 



76 

 

 
 

Bench-top protein purification 

 

The recombinant ATDGK4 protein was purified using the Ni-NTA affinity 

system (Lindwall et al., 2000) under denaturing conditions (Stempfer et al., 

1996). The cell lysate was loaded unto an empty PD-10 desalting column (GE 

Healthcare, USA) pre-packed with 1 mL Ni-NTA agarose beads to every 5 mL 

lysate (Qiagen, USA) and equilibrated with 10 mL lysis buffer. The column 

was washed with 10 column volumes (1 mL/column volume) of wash buffer 

containing 8 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 20 mM imidazole and 

SIGMAFAST protease inhibitor cocktail at pH 7.8. Washing was repeated 

twice before eluting the proteins with 10 column volumes (0.5 mL/column 

volume) of elution buffer containing 8 M urea, 20 mM Na2H2PO4, 500 mM 

NaCl, 250 mM imidazole and SIGMAFAST protease inhibitor cocktail at pH 

7.8. At each step of the purification process, samples were collected for 

analysis by SDS-PAGE. The eluted proteins were concentrated to 

approximately 500 µL by centrifugation at 3900 X g using the 30 kDa cut-off 

centrifugal filter unit (Millipore, USA) before re-suspended into 15 mL of FPLC 

equilibration buffer containing 8 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 

100 mM sucrose, 100 mM non-detergent sulfobetaines (NDSB), 0.05% 

poly(ethylene glycol) (PEG), 4 mM reduced glutathione, 0.04 mM oxidized 

glutathione and SIGMAFAST protease inhibitor cocktail at pH 7.8.  

 

 

Protein refolding 

 

The re-suspended ATDGK4 proteins were first loaded into a pre-packed 1 mL 

HisTrap HP Ni-NTA column (GE Healthcare, USA) after 10 column volumes 

(1 mL per column) of equilibration (at a rate of 1 mL per minute) with the 

equilibration buffer, at a rate of 0.2 mL per minute. The denatured 

recombinant ATDGK4 that is bound to the Ni-NTA beads can gradually 

assume its native configuration and at the same time reduce aggregation by 

gradual removal of urea (Middelberg, 2002). This can be achieved by slowly 

and linearly diluting the equilibration buffer from 8 M urea to 0 M urea at a rate 

of 1 mL per minute over a long gradient length of 50 column volumes (1 mL 
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per column volume) with refolding buffer containing 20 mM Na2H2PO4, 500 

mM NaCl, 500 mM sucrose, 100 mM NDSB, 0.05% PEG, 4 mM reduced 

glutathione, 0.04 mM oxidized glutathione and SIGMAFAST protease inhibitor 

cocktail at pH 7.8. In order to incorporate a heme group into the recombinant 

ATDGK4, an iron-containing porphyrin, hemin (Sigma, USA) added with 

stirring to the refolding buffer until saturation (approximately 50 mg per 200 

mL buffer volume), was used to allow the recombinant ATDGK4 to 

incorporate hemin as it gradually refolds into its native state during the FPLC-

driven refolding step. The refolded recombinant ATDGK4 was then washed 

with 10 column volumes (1 mL per column volume) refolding buffer at a flow 

rate of 1 mL per minute. Since imidazole competes with the poly-histidine tag 

for binding to the nickel-charged beads in the column, gradual addition of 

imidazole can first remove any proteins that were loosely bound to the 

ATDGK4 protein or to the Ni-NTA beads (for e.g. histidine-rich proteins) 

before the removal of the tightly bound refolded ATDGK4 proteins from the Ni-

NTA beads, thus resulting in high purity of recombinant ATDGK4. Elution of 

the bound ATDGK4 protein was performed with a linear gradient of 20 column 

volumes (1 mL per column) elution buffer containing 20 mM Na2H2PO4, 500 

mM NaCl, 500 mM sucrose, 500 mM imidazole, 100 mM NDSB, 0.05% PEG, 

4 mM reduced glutathione, 0.04 mM oxidized glutathione and SIGMAFAST 

protease inhibitor cocktail at pH 7.8 at the same flow rate. The eluted 

recombinant ATDGK4 was concentrated and imidazole was removed by 

centrifugation at 3900 X g in a centrifugal filter unit (Millipore, USA) with a cut-

off point of 30 kDa until the volume reaches approximately 500 µL, before re-

suspending with 4.5 mL storage buffer containing 20 mM Na2H2PO4, 500 mM 

NaCl, 500 mM sucrose, 100 mM NDSB, 0.05% PEG, 4 mM reduced 

glutathione, 0.04 mM oxidized glutathione and SIGMAFAST protease inhibitor 

cocktail at pH 7.8. The recombinant ATDGK4 protein product was analyzed 

and quantified by the respective SDS-PAGE and Bradford methods, and 

trypsin-digested for analysis using the mass spectrometer to confirm the 

identity and purity of the purified protein (see Section 3.2.4.4).   
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3.2.4.4  Analyses of purified recombinant ATDGK4  

 

 

SDS-PAGE 

 

Purified recombinant ATDGK4 proteins were analyzed by SDS-PAGE in a 

mini protean gel system (Bio-Rad, USA). A 12% resolving gel solution was 

prepared from 30% 37:5:1 acrylamide/bis-acrylamide, 1.5 M Tris-HCl pH 8.8, 

20% (w/v) SDS, 10% (w/v) ammonium persulfate (APS) and 0.05% (v/v) 

tetramethylethylenediamine (TEMED). A 4% stacking gel solution was 

prepared from 30% 37:5:1 acrylamide/bis-acrylamide, 0.5 M Tris-HCl pH 6.8, 

20% (w/v) SDS, 10% (w/v) ammonium persulfate APS and  0.05% (v/v) 

TEMED. A 1 X sample buffer was prepared from 0.5 M Tris-HCl pH 6.8, 

glycerol, 20% (w/v) SDS and ~20 mg of bromophenol blue (Sigma, USA). A 

total of 2% (v/v) Β-mercaptoethanol was added to the sample buffer prior to 

use. The sample buffer was added to the protein samples at a 2:1 ratio and 

mixed well before incubating at 95ºC for 5 min and loading into the wells of an 

electrophoresis tank pre-filled with running buffer (25 mM Tris, 192 mM 

glycine and 1% SDS). The boiled protein samples, PageRuler pre-stained 

protein ladder (Thermo Scientific, USA) and controls were loaded into the 

wells and the run was started at 120 V for an initial 20 min, before increasing 

to 150 V until dye front reaches the bottom of the gel. The gels were stained 

in Coomassie Brilliant Blue R-250 staining solution for 1hr with slight shaking 

and de-stained in Coomassie Brilliant Blue R-250 de-staining solution (Bio-

Rad, USA) until the background becomes clear. 

 

 

Protein quantification by Bradford 

 

Protein concentrations were estimated by Bradford Assay using BSA as a 

standard (Bradford, 1976). From a BSA stock solution of 2 mg/mL, the 

following standards concentrations of 1500, 1000, 750, 500, 200 and 100 

µg/mL were prepared by diluting the stock solution with the same buffer in 

which the proteins were stored. A total of 20 µL standard was mixed with 1 mL 
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of Quick Start Bradford 1 X dye reagent (Bio-Rad, USA) and incubated for 5 

min at room temperature before measuring the absorbance at 595 nm using a 

Biophotometer (Eppendorf, USA). The storage buffer was used as the blank. 

The resulting absorbance readings corresponding to the BSA standards were 

used to plot a BSA standard curve and a linear trend-line with equation was 

determined using Microsoft Office Excel 2010. The absorbance of ATDGK4 

samples was similarly measured and the protein concentrations extrapolated 

using the BSA standard curve. 

 

 

Tryptic digest and mass spectroscopy 

 

The identity of the purified protein is also confirmed by mass spectrometry 

analysis. The purified protein samples were digested by trypsin and re-

solubilized in 5% acetonitrile and 0.1% formic acid and ran on the Q-Trap 

mass spectrometry coupled with a LC system with a LC gradient of 45 min. 

The resulting Q-Trap data was ran on the MASCOT (Matrix Science, USA) 

and the Scaffold softwares (Proteome Software, USA) using both the 

Arabidopsis (TAIR10 version) and E. coli (SwissProt version 57.15) databases 

(Huynh et al., 2009). The resulting peptide sequence was analyzed by BLAST 

to confirm the identity, purity and coverage of the protein sample.    

 

 

3.2.5 Cloning and purification of site-directed atdgk4 mutants 

 

In order to test for NO-binding at the H-NOX domain, key residues within the 

domain were replaced with leucine. Two single atdgk4 mutants (H350L, and 

Y379L) and one double atdgk4 mutant (H350L Y379L) were constructed 

using site directed mutagenesis by PCR (Ho et al., 1989). To construct the 

H350L atdgk4 mutant, two overlapping fragments of the ATDGK4 coding 

sequence both incorporating the mutation, were amplified from the pDEST17-

ATDGK4 plasmid (see Section 3.2.4.1) using the respective ATDGK4 F and 

ATDGK4 H-L R (for 1st fragment amplification), and ATDGK4 H-L F and 

ATDGK4 R (for 2nd fragment amplification) primer pairs (Table 3.1). Each 
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PCR reaction (25 µL) contained 1 X KAPA HiFi Buffer (containing 2.0 mM 

Mg2+), 0.3 mM dNTP mix, 3 mM of each forward and reverse primers, ~100 

ng/µL DNA template, and 0.02 U/µL KAPA HiFi DNA polymerase, and the 

reactions were run using the following PCR cycle: Initial denaturation at 95ºC 

for 2 min, followed by 30 cycles each consisting of denaturation at 98ºC for 20 

s, annealing at (61ºC for 1st fragment amplifications and 58ºC for 2nd fragment 

amplifications) for 30 s and elongation at 72ºC for 1 min, and a final 

elongation at 72ºC for 5 min. A bulk PCR reaction of the two fragments was 

carried out by pooling together 6 tubes of 20 µL each PCR products, and 

analyzed by agarose gel electrophoresis. The two fractions were excised from 

the agarose gel under long wavelength UV (365 nm) and purified using the 

Wizard DNA clean-up system (Promega, USA) according to the 

manufacturer’s instructions, and DNA quantified using a NanoDrop 2000 UV-

visible spectrophotometer (NanoDrop Technologies, USA). The amount of 

each template required to achieve an equimolar (1:1) ratio was calculated 

according to the following steps: 

 

Nanodrop reading of template 1 (X) = X ng/µL and template 2 (Y) = Y ng/µL 

Therefore 1 µL X = X ng 

Moles X in 1 µL  : X ng/size of X x 660 x 1/10
6
   = X fmol 

For equal moles Y : X fmol x 660 x 1/10
6
 x size of Y  = Y ng 

Vol. of Y required : Y ng/Y ng/µL = Y µL 

Therefore Y µL of template 2 is molar equivalent of 1 µL template 1 

 

The two overlapping fragments both incorporating the mutations, were then 

used as templates (at 1:1 molar ratio) for a PCR reaction using the full-length 

ATDGK4 F and ATDGK4 R primer pairs (Table 3.1) which will yield a full-

length H350L atdgk4 mutant sequence. This PCR reaction (25 µL) contained 

1 X KAPA HiFi Buffer (containing 2.0 mM Mg2+), 0.3 mM dNTP mix, 0.3 mM of 

each forward primer and reverse primers, ~100 ng of each DNA fragments at 

1:1 molar ratio, 0.02 U/µL KAPA HiFi DNA polymerase, and the reactions 

were run using the following PCR cycle: Initial denaturation at 95ºC for 2 min, 

followed by 30 cycles each consisting of denaturation at 98ºC for 20 s, 

annealing at 58ºC for 30 s and elongation at 72ºC for 1 min, and a final 

elongation at 72ºC for 5 min. The resulting PCR product was analyzed by 
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agarose gel electrophoresis, and the DNA band excised from the gel and 

purified using the Wizard DNA clean-up system (Promega, USA) according to 

the manufacturer’s instructions, before cloning into the PCR8/GW/TOPO TA 

cloning vector (Invitrogen, USA). This purification procedure prior to the 

following dA-tailing and TA cloning was essential to remove the KAPA HiFi 

DNA polymerase thus preventing the 3’-5’ exonuclease activity of the 

polymerase from degrading the newly generated dA-overhangs which may 

reduce the efficiency of the subsequent TA cloning. The Y379L atdgk4 mutant 

was generated using the same method but with the following mutagenic 

primers pairs: ATDGK4 F and ATDGK4 Y-L R (for 1st fragment amplification), 

and ATDGK4 Y-L F and ATDGK4 R (for 2nd fragment amplification) (Table 

3.1). To generate the H350L Y379L atdgk4 double mutant, the previously 

generated H350L atdgk4 mutant PCR product was used as a template for 

mutagenesis at position Y379, following the aforementioned methods. 

 

The respective atdgk4 mutant PCR products were inserted into the 

PCR8/GW/TOPO vector by TA cloning before transforming into competent E. 

coli DH5α. The PCR products lack TA ends, therefore TA ends were added by 

incubating the purified PCR products (25 µL) for 15 min at 72ºC in a simple 

reaction (100 µL) containing 0.02 U/µL KAPA Taq DNA polymerase, 1 X 

KAPA Taq buffer (containing 2.0 mM Mg2+) and 0.2 Mm dATP. The dA-tailed 

PCR product was purified using the Wizard DNA clean-up system (Promega, 

USA) according to the manufacturer’s instructions and concentrated to 25 µL 

and quantified before cloning into pCR8/GW/TOPO TA cloning vector 

(Invitrogen, USA) which has att sites for rapid recombination into Gateway 

destination vectors.  

 

 

TOPO cloning reaction 

 

A total of 2 µL of the TOPO cloning reaction was transformed into E. coli 

DH5α competent cells according to procedures detailed in Section 3.2.4.1, 

and plated on spectinomycin (100 µg/mL) containing 1.5% (w/v) LB agar and 

incubated overnight at 37ºC. Single colonies were then inoculated into 5 mL 
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LB broth containing 100 µg/mL spectinomycin and incubated overnight at 

37ºC with shaking at 225 rpm. Plasmid extraction was performed and the 

cloned DNA sequence confirmed by sequencing before performing an LR 

recombination reaction between the pCR8/GW/TOPO entry vector containing 

the DNA insert and the pDEST17 vector. A total of 100 ng entry clone was 

used in the LR reaction mixture and the recombination reaction performed 

according to methods detailed in the Gateway E. coli expression system 

manual (Invitrogen, USA) before transforming into E. coli DH5α competent 

cells (see procedures in Section 3.2.3). The DNA insert sequence was 

checked for accuracy and if they are inserted in the correct orientation and are 

in-frame with the promoter sequences. The plasmid containing the correct 

DNA insert was then transformed into E. coli BL21 A1 competent cells and the 

mutant ATDGK4 proteins were subsequently expressed and affinity purified 

according to methods detailed in Section 3.2.4, and the purified proteins 

analyzed by SDS-PAGE and Bradford methods (Bradford, 1976).  

 

 

3.2.6 UV-visible spectroscopic characterization of heme environment  

 

The heme environment of both the non-mutated recombinant ATDGK4 and 

the atdgk4 mutant (H350L Y379L) was characterized by UV-visible 

spectroscopy. Spectra of 200 µg/mL purified proteins were recorded on a 

PHERAstar FS microplate reader (BMG Labtech, USA) using a flat-bottom 

Costar 96-well UV transparent plate (Corning, USA) at room temperature. The 

reduced spectra of the heme environment were measured by adding sodium 

dithionite to a final concentration of 10 mM and any shift in absorbance peak 

was recorded. The spectra were continuously measured at 5 min intervals 

until the reduction peak shifted back to its oxidized position. The heme-NO 

complexes were generated by adding DEA NONOate (Sigma, USA) to the 

Fe2+-unligated protein previously obtained through dithionite reduction, and 

the spectra were similarly recorded. 
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3.3 Results and Discussion 

 

 

3.3.1 ATDGK4 – A gas binding lipid kinase and a candidate GC  

 

Crystal structures revealed that the H-NOX domain is highly conserved from 

bacteria to mammals and has a protein fold that is unrelated to known heme-

binding structures (e.g. the cytochrome c and hemoglobin) and represents a 

new class of heme-binding domain which is capable of nitric oxide/oxygen 

sensing (Bellamy et al., 2002). In order to identify potential gas-binding 

proteins in Arabidopsis thaliana, an H-NOX motif (Figure 3.1A) was extracted 

from the alignment of gas-sensing H-NOX GCs across species (Boon and 

Marletta, 2005). The extracted H-NOX motif contains a histidine residue which 

is essential for coordinative binding to the iron center of the porphyrin ring and 

a conserved ‘YxSxR’ motif that stabilizes the heme group by hydrogen 

bondings (Pellicena et al., 2004). In animal models, NO activates the soluble 

GCs resulting in cGMP-mediated biological responses (Bellamy et al., 2002). 

In plants, only one NO-GC has been identified (ATNOGC1) (Mulaudzi et al., 

2011) and therefore, using a combined H-NOX – GC motif as a search pattern 

(Figure 3.1A), potential NO-GC molecules from Arabidopsis can be identified. 

The GC search motif was previously constructed by Ludidi and Gehring 

(2003) (Figure 3.1A) based on alignment of GC catalytic centers across 

species (Ludidi and Gehring, 2003) and this motif differs from the GC motif 

proposed in Chapter 2 which was built based on the alignment of recently 

characterized Arabidopsis GC catalytic centers. That motif was more rigid as 

it only identifies ‘more of the same type’ of molecules due to the limited 

number of GCs in which the motif was built from and in order to broaden the 

search to include all types of molecules, the GC motif from Ludidi and Gehring 

(2003) was considered (Ludidi and Gehring, 2003). A PatMatch search 

against the Arabidopsis proteome using this combined H-NOX – GC motif 

identified two candidate proteins, AT1G62580 (ATNOGC1) and AT5G57690. 

In this study, a second NO-GC candidate AT5G57690 was identified and 

investigated (Figure 3.1B).  
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The AT5G57690 is annotated as a diacylglycerol kinase (ATDGK4) in TAIR 

and this enzyme catalyzes the ATP-dependent phosphorylation of 

diacylglycerol (DAG) to phosphatidic acid (PA). The kinase catalytic domain of 

ATDGK4 has 146 residues (91 - 236) and includes a highly conserved ATP 

binding consensus sequence ‘GxGxxG’ (Pfam accession number: PF00781) 

(Figure 3.1B) (Bunting et al., 1996) while the DGK accessory domain 

encompasses 178 residues (282 - 459) (Pfam accession number: PF00609). 

The predicted GC domain (yellow) is located within the kinase catalytic 

domain (cyan) upstream of the ATP binding site (green) while the H-NOX 

domain (magenta) sits ~100 residues downstream of the kinase catalytic 

domain and within the DGK accessory domain. The red amino acids within 

the GC domain have annotated roles in the catalytic center while the bolded 

amino acids within the H-NOX domain have important heme-binding 

functions. In the GC domain, the arginine at position 1 forms hydrogen bond 

with the guanine, glycine in position 3 confers substrate specificity for GTP 

while arginine at position 14 stabilizes the transition state from GTP to cGMP 

(Wong and Gehring, 2013a) (Figure 3.1B). The organization of GC catalytic 

center within a larger kinase domain is also observed in other Arabidopsis 

GCs (for e.g. the PSKR1 (Kwezi et al., 2011)) and it is interesting to 

investigate how this multi-domain molecule regulates its catalytic functions.  

 

The ATDGK4 molecule belongs to Cluster II of plant DGKs which also 

includes the ATDGK3 and ATDGK7. The ATDGK7 and the ATDGK2 from 

Cluster I have been shown to be functional in vitro and remained the only 

characterized DGK molecules in plants (Gomez-Merino et al., 2005, Gomez-

Merino et al., 2004). Like all Clusters II and III ATDGKs, ATDGK4 lacks the N-

terminal DAG/phorbol ester-binding regions, the upstream basic region, and 

the extended cysteine-rich domain (extCRD-like domain) found in ATDGK2 

(Figure 3.2). The ATDGK4 protein shares 67% and 66% amino acids with 

ATDGK3 (NP_849980.1) and ATDGK7 (NP_567845.4) respectively, 29% with 

the human diacylglycerol kinase gamma isoform 3 (NP_001074214.1), and 

32% with DGK5 from Caenorhabditis elegans (NP_495301.1). The closest 

plant homologue (70% identical amino acids) is the DGK7 isoform 2 from 

cocoa (EOY31637.1). Despite the high sequence similarity to other ATDGKs 
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and DGKs of various species, the H-NOX domain is however specific only to 

ATDGK4.    

 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.1 The (A) search motifs and (B) domain organizations of ATDGK4. (A) The 

combined H-NOX – GC query motif was constructed from the individual H-NOX and GC 

motifs and used in the identification of ATDGK4. (B) The red amino acids within the GC 

domain have annotated roles in the catalytic center while the bolded amino acids within the H-

NOX domain have important heme-binding functions.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Structural organizations of Arabidopsis DGK isozymes. ATDGKs 1 and 2 

have additional DAG/phosphatidylethanolamine (PE) binding domain downstream of a basic 

region at the N-terminal and they belong to Cluster I of plant DGKs. ATDGKs 3, 4 and 7 

belong to Cluster II and ATDGKs 5 and 6 belong to Cluster III of plant DGKs. ATDGK5 has an 

additional ATDGK5β domain at the C-terminal (Gomez-Merino et al., 2004).   

 

MESPSIGDSL TARMIPRHSS LDSFGAMKVS LLVNLASIRV SKAELRQRVM 

LPQYLRIAIR DCILRKDDSF DASSSVAPPL ENNALTPEVP LMVFVNPKSG 

GRQGPLIKER LQNLISEEQV YDLTEVKPNE FIRYGUGCLE AFASRGDECA 

KEIREKMRIV VAGGDGTVGW VLGCLGELNL QNRLPVPPVS IMPLGTGNDL 

SRSFGWGGSF PFAWKSAIKR TLHRASVAPI SRLDSWNILI TMPSGEIVDP 

PYSLKATQEC YIDQNLEIEG EIPPSTNGYE GVFYNYFSIG MDAQVAYGFH 

HLRNEKPYLA NGPIANKIIY SGYGCSQGWF LTHCINDPGL RGLKNIMTLH 

IKKLDSSEWE KVPVPKSVRA VVALNLHSYG SGRNPWGNLK QDYLEKRGFV 

EAQADDGLLE IFGLKQGWHA SFVMVELISA KHIAQAAAIR LEIRGGDWKD 

AFMQMDGEPW KQPMTRDYST FVDIKRVPHQ SLVVKGD 
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3.3.2 ATDGK4 model and docking of ATP at the kinase catalytic center 

 

As mentioned in Section 3.3.1, only two plant DGKs (ATDGK2 and ATDGK7) 

have been shown to be functional in vitro and crystal structures of these 

molecules are still unavailable. In order to obtain insights into the structural 

conformations of the DAG kinase catalytic center and to evaluate the catalytic 

feasibility of ATDGK4, computational methods such as homology modeling 

and substrate docking were performed. The secondary structure of ATDGK4 

was predicted by fold recognition method using the PsiPred server (McGuffin 

et al., 2000) (Figure 3.3).  

 

A 3D model based on the crystal structure of a bacteria lipid kinase, 

Salmonella typhimurium YegS (PDB ID: 2P1R) using the Modeller (ver. 9.10) 

software (Sali et al., 1995) was constructed (Figures 3.4A-C) and an 

evaluation of the ATDGK4 model using the Ramachandran plot from 

ProCheck (Laskowski et al., 1996) revealed that >90% of residues lie in the 

‘favorable’ and ‘additional allowed’ regions, suggesting that the model is of a 

reasonably good quality (Figure 3.4D). The domain organizations of ATDGK4 

such as the kinase, GC and H-NOX domains were shown in the amino acid 

sequence in Figure 3.1 and in the ATDGK4 model in Figures 3.4B-C. The 

YegS structure was selected as the template for ATDGK4 model construction 

because it has the highest amino acid identity to ATDGK4 at 38% (compared 

to other DGK structures) based on a BLAST alignment of ATDGK4 against 

proteins in the PDB database. Although the amino acid coverage of YegS to 

ATDGK4 was only 12%, the covered region however encompassed the DAG 

kinase catalytic center of ATDGK4 which at 38% identity, should act as a 

reasonably good template for accurate building of a 3D model (Wong and 

Gehring, 2013b). Since the coverage of YegS corresponds to the region of the 

DAG kinase catalytic domain of ATDGK4, this region is therefore highly 

reliable and can be used for further substrate docking studies. The GC and H-

NOX domains were unfortunately less reliable due to the dissimilar sequence-

to-template amino acid sequence in those regions. According to the 3D 

model, the ATP-binding site forms part of a helical coil that is similar to the 

reference structure, and is buried in a cleft-like pocket (Figure 3.4A) thus 
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suggesting that ATDGK4 can bind ATP at this cleavage. This kinase fold is 

also a characteristic of other kinases including the YegS lipid kinase. The GC 

and H-NOX domains however occupy regions of ATDGK4 that are exposed to 

the solvent and have no clear cleavage or substrate binding pockets (Figure 

3.4B).  

 

To facilitate the transfer of phosphate to DAG, ATDGK4 must be able to 

derive its source of phosphate from a bound ATP. The docking feasibility of 

ATP to the ATDGK4 catalytic center was therefore evaluated using the 

AutoDock Vina (ver. 1.1.2) software (Trott and Olson, 2010). The substrate 

and protein files for docking with Vina were prepared using AutoDock tools 

(ADT), which is a free graphics user interface of MGL-tools. Based on Figure 

3.4A, ATP docked successfully at the catalytic center with a docking energy of  

-7.6 kcal/mol, thus suggesting that ATDGK4 may have a functional DAG 

kinase domain. Docking studies of the GC and H-NOX domains using their 

respective GTP and heme substrates failed to identify any docking sites due 

to 1) poor structure quality at these domains and/or 2) requirement for a co-

factor for example Ca2+ and Mg2+, which when bound to the ATDGK4, may 

result in structural changes leading to favorable docking of GTP or heme.  
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Figure 3.3 Secondary structure determination of ATDGK4 by fold recognition. The 

ATDGK4 protein consists of conserved helices (pink barrels) and beta sheets (yellow arrows) 

interlinked by loops (black line). Fold recognition of ATDGK4 was determined using the 

PsiPred server (McGuffin et al., 2000). 
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Figure 3.4 The ATDGK4 protein modeled against the crystal structure of Salmonella 

typhimurium YegS (PDB entry: 2P1R). (A) Ribbon representation of the ATP-binding sites of 

ATDGK4 and the YegS reference structure, and molecular docking of ATP to ATDGK4 DAG 

kinase catalytic center. The kinase domain and the ATP binding site are highlighted in cyan 

and green while the predicted H-NOX and GC domains are highlighted in magenta and yellow 

shown in both (B) surface and (C) ribbon representations. (D) The evaluation of ATDGK4 

model by Ramachandran plot generated by ProCheck (Laskowski et al., 1996). 
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3.3.3 Verification of the ATDGK4 clone and production of recombinant 

ATDGK4  

 

In order to study the molecular functions of ATDGK4 in vitro, the full-length 

coding sequence of ATDGK4 (TAIR accession: AT5G57690) was amplified 

and cloned into the Gateway pDEST17 expression vector. The ATDGK4 

insert was verified by PCR amplification and sequencing. A PCR product 

corresponding to the ATDGK4 expected size of 1464 bp (based on TAIR) was 

visible and the sequencing results confirmed the accurate coding sequence 

(with no mutations) of ATDGK4 in the pDEST17 plasmid (Figure 3.5). After 

translation of the sequenced ATDGK4, the amino acid residues were checked 

to be correct, aligning 100% to the ATDGK4 (TAIR accession: AT5G57690) 

protein sequence. Therefore, ATDGK4 was successfully cloned into the 

pDEST17 vector for recombinant protein expression. 

 

 

 

 

 

 

 

Figure 3.5  Agarose gel electrophoresis analysis of the ATDGK4 clone. Lanes 1 and 2 

are negative controls and lanes 3 and 4 are the amplified ATDGK4 PCR product (1464 bp). L 

refers to the O’GeneRuler 1 kb DNA ladder mix (Fermentas, USA). 

 

The recombinant ATDGK4 was expressed and affinity purified according to 

methods detailed in Section 3.2.4 under denaturing conditions because the 

recombinant protein was predicted to be insoluble when expressed in E. coli. 

This prediction was performed using the recombinant protein solubility 

prediction software provided by the University of Oklahoma (Diaz et al., 2010). 

A pronounced band corresponding to the expected recombinant ATDGK4 size 

(~57 kDa) was seen in the elution fractions of the Ni-NTA affinity purification 

system and only little proteins were lost during the washes, suggesting that 

the his-tagged recombinant ATDGK4 protein bound strongly to the Ni-NTA 
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beads (Figure 3.6). The expected recombinant ATDGK4 size (~57 kDa) was 

larger than the size (54.2 kDa) predicted by the ProtParam program (Wilkins 

et al., 1999) due to the presence of additional histidine tags upstream of the 

ATDGK4 gene. Elution fractions containing the recombinant ATDGK4 were 

pooled together and concentrated to approximately 500 µL using a 30 kDa 

cut-off centrifugal filter unit (Millipore, USA) before re-suspended into 15 mL of 

equilibration buffer for the subsequent re-folding using a gradual and linear 

buffer gradient provided by the FPLC machine (see Section 3.2.4.3). Based 

on Figure 3.7, the refolded recombinant ATDGK4 can be seen as ~57 kDa 

band on the polyacrylamide gel from the elution fraction number 15 through to 

19. Besides the recombinant ATDGK4 band, there were other smaller-sized 

bands which suggest degradation of the recombinant ATDGK4 or that there 

were contaminating proteins especially those with rich histidine residues 

present in the FPLC eluted fractions. Further analysis by mass spectrometry 

was performed to confirm the purity of the purified FPLC products. The elution 

fractions containing the refolded purified recombinant ATDGK4 was 

concentrated and the imidazole removed by centrifugation at 3900 X g in a 

centrifugal filter unit (Millipore, USA) with a cut-off point of 30 kDa until the 

volume reaches approximately 500 µL, before re-suspending into 4.5 mL 

filter-sterilized storage buffer (see Section 3.2.4.3). Imidazole was removed to 

avoid any potential interference during the downstream enzymatic assays and 

immune-detections. The protein concentration of the purified recombinant 

ATDGK4 was estimated to be ~366 µg/mL by Bradford method (Bradford, 

1976) and the whole FPLC-purified protein product was trypsin digested and 

analyzed by mass spectrometry (Huynh et al., 2009) (see Section 3.2.4.4) 

(Figures 3.8 and 3.9). Mass spectrometry results confirmed the presence of 

the recombinant ATDGK4 with a good protein coverage of 56.46% thus 

indicating presence of a full-length ATDGK4, and no other Arabidopsis 

(TAIR10 database) or E. coli (SwissProt version 57.15) peptides were 

detected. This confirms that the recombinant ATDGK4 was pure. Thus, 

ATDGK4 was successfully cloned and expressed in E. coli. In the same way, 

the incorporation of a heme group into the recombinant ATDGK4 was 

performed using a hemin-added refolding buffer (see Section 3.2.4.3).  
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Figure 3.6 SDS-PAGE profiles of recombinant ATDGK4 purified under denaturing 

conditions. A total of 5 µL protein samples were loaded into the wells. Lanes 1 - 4 contain 

samples from cell lysis suspension, lysate/supernatant resulting from centrifuged cell lysis, 

pellet resulting from centrifuged cell lysis and flow-through of cell lysate loaded onto Ni-NTA 

column. Lanes 5 - 7 contain samples from the flow-through of washes 1, 2 and 3 respectively. 

Lanes 8 - 18 contain samples from the collected elution fractions. Lane 19 contains sample 

from the elution fractions that have been pooled together, concentrated and re-suspended in 

15 mL of filter-sterilized equilibration buffer. L represents PageRuler pre-stained protein 

ladder (Thermo Scientific, USA). The red arrow indicates band of the expected ATDGK4 size 

(~57 kDa). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Elution profile chromatogram of FPLC-refolded recombinant ATDGK4. 

Recombinant ATDGK4 was eluted with imidazole in a linear gradient (corresponding to 

fractions A1 to B5) and proteins containing fractions were detected by UV (280 nm) from 

column 15 through to 19 of elution (corresponding to fractions B10 to B6) and were analyzed 

by SDS-PAGE (inset). Lanes 1 - 5 are FPLC elution fraction number 15 through to 19 and 

lane 6 is the recombinant ATDGK4 in storage buffer while L represents PageRuler pre-

stained protein ladder (Thermo Scientific, USA). A total of 5 µL protein samples were loaded 

into the wells. 
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Figure 3.8 BSA standard curve for the determination of protein concentration by 

Bradford assay. The standard curve of BSA standards with known concentrations and the 

concentration of recombinant ATDGK4 was determined to be 366 µg/mL based on the 

generated linear equation: y=0.0011x.    

 

 

 

 

 

 

Figure 3.9 Mass spectrometry analysis of purified recombinant ATDGK4. Purified 

protein samples were digested by trypsin and ran on mass spectrometer coupled with a LC 

system. Positive hits detected from the TAIR10 database were identified as ATDGK4 peptide 

fragments (underlined), providing total protein coverage of 56.46%. No other peptides were 

found, thus indicating good sample purity. 
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3.3.4 Cloning, expression and purification of recombinant atdgk4 mutants 

 

In order to investigate the role of the H-NOX domain, the key residues, 

histidine (H350) and/or tyrosine (Y379) in ATDGK4 were replaced with 

leucine. As described, the histidine residue in the H-NOX motif is implicated in 

coordinate bonding with the iron at the core of the porphyrin ring while the 

tyrosine residue stabilizes the ring by hydrogen bonding (Dai et al., 2012). 

Replacements of these functionally important residues within the H-NOX 

domain may have severe implications on NO binding and the concomitant 

NO-modulation of the DAG kinase activity. Two single site-directed atdgk4 

mutants (H350L, and Y379L) and one double atdgk4 mutant (H350L Y379L) 

clones were constructed using specifically designed mutagenic primer pairs 

(see Section 3.2.5). The DNA gel in Figure 3.10 shows the presence of each 

mutant band (fragments 1 and 2) and the full-length mutant bands 

respectively. Mutagenesis was confirmed by sequencing of the full-length 

mutants.    

 

These recombinant atdgk4 mutants were expressed and affinity purified using 

the same method as that used for the purification of recombinant ATDGK4 

(see Section 3.2.4). The bands (~57 kDa) corresponding to the respective 

H350L, Y379L and H350L Y379L recombinant atdgk4 mutants were visible on 

polyacrylamide gel after the full purification and refolding steps (Figure 3.11). 

The recombinant atdgk4 mutants showed similar expression profile (band size 

and yield) as the recombinant ATDGK4 suggesting that the mutations did not 

interfere with the protein expression. In the same way, the incorporation of a 

heme group into the H350L Y379L recombinant atdgk4 mutants was 

performed using a refolding buffer added with hemin (see Section 3.2.5). In 

summary, recombinant atdgk4 with mutations at H350 and/or Y379 was 

successfully produced.    
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Figure 3.10 Agarose gel electrophoresis analysis of the atdgk4 mutant PCR products. 

Lanes 1 and 2 are the 1
st
 and 2

nd
 fragments (corresponding to ~1000 bp and ~500 bp) of the 

H350L atdgk4 mutant PCR products. Lanes 3 and 4 are the 1
st
 and 2

nd
 fragments 

(corresponding to ~1100 bp and ~400 bp) of the Y379L atdgk4 mutant PCR products. Lanes 

5 and 6 are the full-length H350L and Y379L atdgk4 mutant PCR products (corresponding to 

1464 bp). L refers to the O’GeneRuler 1 kb DNA ladder mix (Fermentas, USA). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 SDS-PAGE profiles of recombinant atdgk4 mutants purified under denaturing 

conditions. A total of 5 µL of protein samples were loaded into the wells. Lanes 1, 2 and 3 are 

H350L, Y379L and H350L Y379L recombinant atdgk4 mutant proteins while L represents 

PageRuler pre-stained protein ladder (Thermo Scientific, USA).  
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3.3.5 Heme environment characterization of recombinant ATDGK4 by UV-

visible spectroscopy 

 

The heme environment of the affinity purified non-mutated recombinant 

ATDGK4 and H350L Y379L recombinant atdgk4 mutant purified proteins were 

investigated using UV-visible spectroscopy (Nienhaus and Nienhaus, 2005). 

When recombinant ATDGK4 was purified using a hemin-added refolding 

buffer a clear Soret peak of 410 nm was obtained, while in the absence of 

hemin from the refolding buffer the recombinant ATDGK4 did not show any 

peak in the UV-visible region (Figure 3.12A). In order to confirm that the peak 

observed at 410 nm was indeed due to a bound heme group and not because 

of residual free hemin, the purified recombinant proteins were spiked with 

hemin and spectra were similarly recorded. Based on Figure 3.12A, the free 

hemin recorded a distinct peak at 435 nm and no clear peak around 410 nm. 

This 410 nm peak is therefore a characteristic of the presence of a bound 

heme group that has been incorporated by the recombinant ATDGK4 during 

the refolding step of the purification. In the purification steps, any free hemin 

was also removed from the purified ATDGK4 by centrifugation using a 30 kDa 

cut-off centrifugal filter unit (Millipore, USA) (see Section 3.2.3.4). This 

recombinant ATDGK4 Soret peak of 410 nm was higher than that of the 

bovine lung H-NOX sGC (393 nm) but lower than that of the T. tengcongensis 

H-NOX protein (416 nm) in their Fe(II)-O2 ligated heme states (Table 3.2). 

 

The H350L Y379L recombinant atdgk4 mutant purified with hemin added in 

the refolding buffer also showed a similar Soret peak of 410 nm (Figure 

3.12B), suggesting that the H350 and Y379 residues were not crucial in 

maintaining the heme environment of ATDGK4. Based on the H-NOX (see 

Figure 3.1) heme environment of known NO-sensing GCs, the histidine 

residue is responsible for heme docking by coordinate bonding with the Fe(II) 

at the center of the porphyrin ring while the tyrosine residue stabilizes the 

heme group (Pellicena et al., 2004). The results observed in this study seems 

to suggest that either 1) the H350 and Y379 residues are not vital in 

maintaining a heme environment in ATDGK4 or 2) ATDGK4 incorporates 

heme at other sites away from the predicted H-NOX domain. 
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The heme environment of recombinant ATDGK4 was further investigated by 

reduction of the bound Fe(II)-heme complex. In the reduced Fe(II)-unligated 

state, the Soret peak shifted by 14 nm to 424 nm and this was also observed 

with the H350L Y379L recombinant atdgk4 mutant (Figure 3.13). The oxidized 

peak of 410 nm, the Fe(II)-O2, was successfully recovered by incubation with 

exposure to air (Figure 3.13), thus demonstrating that the recombinant 

ATDGK4 heme group was still intact after reduction. A similar shift in Soret 

peak was also observed in the bovine lung H-NOX sGC and in the T. 

tengcongensis H-NOX protein where both recorded a 38 nm and 13 nm right 

shift respectively (Table 3.2).  

 

Table 3.2 UV-visible Soret peaks of H-NOX proteins  

 Soret (nm) Source 

Fe(II)-unligated 

T. tengcongensis 

S. woodyi 

P. atlantica 

V. fischeri 

V. cholera  

Shewanella oneidensis 

sGC (bovine) 

 

429 

430 

431 

428 

429 

427 

431 

 

(Karow et al., 2004) 

(Liu et al., 2012) 

(Dai et al., 2012) 

(Wang et al., 2010) 

(Karow et al., 2004) 

(Price et al., 2007) 

(Stone and Marletta, 1994) 

Fe(II)-O2 

T. tengcongensis 

sGC (bovine) 

 

416 

393 

 

(Karow et al., 2004) 

(Stone and Marletta, 1994) 

Fe(II)-NO 

T. tengcongensis 

S. woodyi 

P. atlantica 

V. fischeri 

V. cholera 

Shewanella oneidensis 

sGC (bovine) 

 

419 

399 

398 

398 

398 

398 

398 

 

(Karow et al., 2004) 

(Liu et al., 2012) 

(Dai et al., 2012) 

(Wang et al., 2010) 

(Karow et al., 2004) 

(Price et al., 2007) 

(Stone and Marletta, 1994) 
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In order to study NO-binding at the heme group of the recombinant ATDGK4, 

the purified protein was first reduced to form the Fe(II)-unligated complex 

before the addition of NO (provided by an NO donor, DEA NONOate). Based 

on Figure 3.14, the reduction peak at 424 nm dropped with increasing 

concentration of NO and the peak is completely lost with 1 mM DEA 

NONOate. This observation suggests a loss of stability at the heme 

environment of the recombinant ATDGK4 where the bound-heme group may 

have been liberated or freed in the presence of NO. One explanation for this 

is that NO formed a stronger coordinate bond with the Fe(II) at the center of 

the porphyrin ring of the H-NOX domain thereby partially, in cases where a 

shift in peak was recorded (Table 3.2) or in this case completely, rupturing the 

Fe(II)-histidine bond holding the heme group at the H-NOX domain thus 

resulting in unconfirmed conformational changes of the protein (Russwurm 

and Koesling, 2004). This is only true if indeed the heme group was 

incorporated at the predicted H-NOX domain of the recombinant ATDGK4. It 

may be possible that NO binds to other parts of the protein in events such as 

S-nitrosylation or Y-nitration leading to a destruction of the heme environment 

(Kovacs and Lindermayr, 2013, Abello et al., 2009). This loss of Soret peak in 

the presence of NO is in contrary to previous reports of H-NOX proteins 

whereby the NO-ligated Fe(II) all recorded left-shifted peaks (Table 3.2).   
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Figure 3.12 UV-visible spectroscopy of (A) purified recombinant ATDGK4 and (B) 

ATDGK4 mutant (H350L Y379L) proteins. ‘Buffer’ represents the storage solution in which the 

proteins were stored (see Section 3.2.4.3 for content), ‘DGK4’ represents recombinant 

ATDGK4 purified with no-hemin FPLC refolding buffer, ’DGK4-heme’ represents recombinant 

ATDGK4 purified with hemin-containing FPLC refolding buffer, ‘DGK4 (HY-L)’ represents 

atdgk4 mutant (H350L Y379L) proteins and ‘DGK4 + hemin’ indicates recombinant ATDGK4 

spiked with free hemin. A clear Soret peak of 410 nm which is a characteristic of heme-

containing moieties was recorded for DGK4-heme but not DGK4. All spectra were recorded 

with a PHERAstar FS microplate reader (BMG Labtech, USA) at room temperature using 200 

µg/mL of purified proteins on a Costar 96-well UV transparent plate (Corning, USA). 
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Figure 3.13 Reduction spectra of (A) purified recombinant ATDGK4-heme and (B) atdgk4 

mutant (H350L Y379L)-heme proteins. The Fe
2+

-unligated complex of the purified proteins 

(200 µg/mL) were generated by adding sodium dithionite to a final concentration of 10mM and 

spectra recorded continuously at 5 min intervals for 45 min at room temperature using a 

PHERAstar FS microplate reader (BMG Labtech, USA) on a Costar 96-well UV transparent 

plate (Corning, USA). The Soret peaks of both the hemin purified ATDGK4 and atdgk4 mutant 

(H350L Y379L) proteins shifted approximately 14 nm, from 410 nm to 424 nm when reduced 

by dithionite. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

350 370 390 410 430 450 470 490

A
b
s
o
rb

a
n
c
e

 

Wavelength (nm) 

0 min

5 min

10 min

15 min

20 min

25 min

30 min

35 min

40 min

45 min

Reduced 

Oxidized 

A 

0

0.1

0.2

0.3

0.4

0.5

350 370 390 410 430 450 470 490

A
b
s
o
rb

a
n
c
e

 

Wavelength (nm) 

0 min

5 min

10 min

15 min

20 min

25 min

30 min

35 min

40 min

45 min

Reduced 

Oxidized 

B 



101 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Nitric oxide (NO)-heme complex of recombinant ATDGK4. The Fe
2+

-unligated 

complex of the purified proteins (200 µg/mL) were first generated by adding sodium dithionite 

to a final concentration of 10 mM before the addition of DEA NONOate. All spectra were 

recorded at room temperature using a PHERAstar FS microplate reader (BMG Labtech, USA) 

on a Costar 96-well UV transparent plate (Corning, USA). The Soret peak of the reduced iron-

heme complex (~420 nm) drops with increasing NO (provided by DEA NONOate) suggesting 

that the NO-ligated heme complex is freed from the protein as the His-Fe(II) bond is likely 

ruptured by NO binding.  

 

 

3.4  Conclusion 

 

The gas binding H-NOX motif extracted from the alignment of soluble GCs 

across species (Boon and Marletta, 2005), has identified the ATDGK4 

molecule as an NO-sensing candidate. In addition to the H-NOX motif, 

ATDGK4 also harbors a predicted GC domain that is embedded within a 

larger DAG kinase region.  

 

Models for ATDGK4 were made using homology modeling techniques based 

on the lipid kinase crystal structure of Salmonella typhimurium YegS and 

together with ATP docking simulation, the kinase catalytic center was 

evaluated. ATP docked with favorable binding energy and positioned in the 
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correct orientation at the kinase catalytic center, suggesting a feasible kinase 

activity for ATDGK4. However, docking simulations for GTP with the predicted 

GC domain or NO with the H-NOX domain failed due to poor structural quality 

in those regions of the constructed model. 

 

The cloning and expression of recombinant ATDGK4 and the site-directed 

atdgk4 mutants was also described in this chapter. The recombinant ATDGK4 

and its mutants (H350L, Y379L and H350L Y379L atdgk4) were successfully 

cloned into the Gateway pDEST17 vector, transformed into E. coli expression 

cells, and expressed and affinity purified under denaturing conditions. The 

recombinant proteins were refolded with and without hemin using a gradual 

and linear refolding buffer gradient provided by the FPLC machine, and 

concentrated with imidazole removed for downstream in vitro enzymatic 

characterizations. Mass spectrometry data confirmed the presence of a full-

length ATDGK4 and a pure recombinant ATDGK4 product. UV-visible 

spectroscopy showed that the recombinant ATDGK4 and the H350L Y379L 

atdgk4 mutant both incorporate a heme group with a Soret peak detected at 

410 nm in the Fe(II)-O2 state and a shift to 424 nm in the Fe(II)-unligated 

state.  

 

Overall, this chapter described the identification of ATDGK4 as an NO-

sensing GC candidate and provided computational analysis for the predicted 

functions of this molecule. The recombinant ATDGK4 and its mutants (H350L, 

Y379L and H350L Y379L atdgk4) were also cloned and expressed in E. coli, 

and purified for downstream in vitro functional characterizations (see Chapter 

4) while the present of heme group in the purified recombinant proteins were 

confirmed by UV-visible spectrometry. 
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CHAPTER 4 

 

ENZYMATIC CHARACTERIZATION OF ATDGK4 

 

 

Abstract 

 

Despite overwhelming evidence of nitric oxide (NO) and 3’,5’-cyclic guanosine 

monophosphate (cGMP)-mediated signaling responses in plants, the targets 

of NO and the enzymes that make cGMP, the guanylyl cyclases (GCs), have 

until recently remained elusive. This chapter describes the in vitro enzymatic 

characterization of the Arabidopsis thaliana DIACYLGLYCEROL KINASE 4 

(ATDGK4). The recombinant ATDGK4 has diacylglycerol (DAG) kinase 

activity that is inhibited by the mammalian DAG kinase inhibitor R59949, and 

importantly, this activity is abolished by NO. Recombinant ATDGK4-heme 

also has NO-dependent DAG kinase activity which suggest that NO-

modulation of the kinase did not occur through heme-binding but through 

other mechanisms such as S-nitrosylation. The recombinant ATDGK4 also 

has GC activity with preference for Mn2+ over Mg2+ and this activity is 

enhanced by Ca2+. The recombinant ATDGK4-heme showed identical GC 

catalytic behaviour which suggest that the presence of heme did not affect the 

GC activity. The DAG kinase activity is unaffected by Ca2+ and only slightly 

inhibited by cGMP, while the GC activity is unaffected by NO, thus suggesting 

independent regulation of the two catalytic domains although the GC is 

embedded within the kinase domain. Activation of the kinase activity may 

however stimulate intracellular release of Ca2+ via the PA signaling pathway 

and the increased in cytosolic Ca2+ may have a positive feedback regulatory 

role on the GC. In summary, ATDGK4 is a multi-domain molecule whose 

catalytic activities have been demonstrated in vitro.     
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4.1 Introduction 

 

The second messenger 3’,5’-cyclic guanosine monophosphate (cGMP), is an 

important signaling molecule that regulates many physiological responses in 

plants. Among the well-documented roles of cGMP in plants include 

responses to light (Neuhaus et al., 1997), hormones and signaling peptides 

(Pharmawati et al., 1998, Gehring and Irving, 2003, Kwezi et al., 2011), salt 

and drought stress (Maathuis and Sanders, 2001, Donaldson et al., 2004), 

and ozone and pathogens (Pasqualini et al., 2009, Qi et al., 2010). Cyclic 

nucleotides can also directly affect cellular ion homeostasis by gating cyclic 

nucleotide-gated channels (CNGCs) (Leng et al., 1999). Despite the 

importance of cGMP as a signaling molecule in plants, the generating 

enzymes, guanylyl cyclases (GCs), have only recently been discovered. To 

date, only six plant GCs (ATGC1, ATNOGC1, ATPSKR1, ATPEPR1, ATBRI1 

and ATWAKL10) have been functionally characterized with potentially more 

multi-domain molecules with functional GC catalytic centers remain to be 

discovered and characterized (Wong and Gehring, 2013).  

 

Another important signaling molecule, nitric oxide (NO), also regulates many 

important physiological responses in plants which include development, 

stomatal closing and adaptive response towards biotic and abiotic stresses 

(Delledonne, 2005, Lamattina et al., 2003, Neill et al., 2002). However, plant 

NO sensors have remained elusive until recently. Based on evidence from 

animal studies, soluble GCs act as targets for NO in which binding of NO at 

the H-NOX domain of these molecules, activates their catalytic activity 

thereby generating cGMP. In plants, there is increasing evidence for cGMP-

mediated NO responses (Prado et al., 2004, Hausladen et al., 1998, Feelisch 

et al., 1999, Wang et al., 2012). For example, the pollen tube bends away 

when challenged by NO and this bending response is abolished by the GC 

inhibitor ODQ (1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one), thus implying 

that cGMP mediates the NO-induced bending response of pollen and that GC 

acts downstream of the NO-perception (Prado et al., 2004). While this 

suggests that the animal model of NO-cGMP signaling also exists in plants, 

however only one NO-sensing GC (ATNOGC1) has been discovered to date 
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(Mulaudzi et al., 2011). With many reports on cGMP-mediated NO responses 

in plants (Salmi et al., 2007, Wang et al., 2012, Meier et al., 2009), therefore it 

is likely that there are more NO-sensing GC molecules that remained to be 

discovered and characterized. A second NO-GC candidate, the Arabidopsis 

thaliana DIACYLGLYCEROL KINASE 4 (ATDGK4) has been identified based 

on a search against the Arabidopsis proteome using a combined NO and GC 

motif as described in Chapter 2, and the recombinant ATDGK4 was also 

shown to be able to incorporate a heme group (see Chapter 2).   

 

This chapter therefore describes the in vitro characterization of the NO-GC 

candidate, ATDGK4. The ATDGK4 is one of seven membered Arabidopsis 

DAG kinases and belongs to Cluster II which also consists of ATDGK3 and 

ATDGK7. ATDGK1 and ATDGK2 belong to Cluster I and are generally larger 

ATDGKs as they have an additional transmembrane helix and a C1 domain at 

the N-terminal which presumably binds the DAG substrate which is the case 

for mammalian DAG kinases. ATDGK5 and ATDGK6 belong to Cluster III and 

along with the Cluster II ATDGKs they have a highly conserved kinase 

domain (Arisz et al., 2009). Briefly, the GC activity is determined by 

measuring the cGMP generated by the recombinant ATDGK4 using cGMP-

specific antibodies while the phosphatidic acid (PA) generated from the 

recombinant ATDGK4 is measured by lipase digestion that is coupled to a 

fluorescent dye (see Section 4.2). The GC activity of ATDGK4 will also be 

characterized using different divalent ions (e.g. Mg2+, Mn2+ and Ca2+) since 

they act as co-factors for many GCs (Kwezi et al., 2007, Kwezi et al., 2011, 

Meier et al., 2010, Qi et al., 2010). Ca2+ in particular is released from the 

intracellular store as a result of PA signaling (Munnik, 2001, Munnik and 

Testerink, 2009) and since PA is generated from ATDGK4, Ca2+ may thus 

have a feedback regulatory role on the GC activity of ATDGK4. Since the 

ATDGK4 molecule has a predicted H-NOX domain and has been shown to 

incorporate heme (see Chapter 2), the activities of the respective DAG kinase 

and GC of ATDGK4 will also be investigated in the presence of NO provided 

by NO donors such as sodium nitroprusside (SNP) and diethylamine 

NONOate (DEA NONOate). Since ATDGK4 is a multi-domain molecule, it is 

therefore interesting to investigate how these different domains are regulated. 
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As described in Chapter 2, the GC domain sits within the kinase domain 

which suggests that the activation of the GC and kinase domains may be 

regulated by the same mechanism such as in the case of ATPSKR1 where 

Ca2+ acts as a ‘switch’ shifting from kinase to GC activation (Wheeler et al., 

2013). The involvement of NO binding presumably at the H-NOX domain and 

the effect of NO-binding on the kinase and GC domains will also be 

investigated. 

 

  

4.2 Materials and Methods 

 

 

4.2.1 DAG kinase assay 

 

DAG kinase assay was performed according to methods described by 

Gomez-Merino et al. (2004). Briefly, a standard 250 µL reaction mixture 

contains 40 mM Bis-Tris (pH 7.5), 5 mM MgCl2, 0.1 mM EDTA, 1 mM 

spermine, 0.5 mM dithiothreitol, 1 mM sodium deoxycholate, 0.02% (v/v) 

Triton X-100, 500 µM 1,2-DOG, 1 mM ATP and 30 µg purified recombinant 

ATDGK4 or ATDGK4-heme. The assay mixture was pre-incubated at room 

temperature for 5 min before initiating the reaction with the addition of ATP. 

The reaction mixture was incubated at room temperature for a further 30 min. 

The reaction was stopped by adding 750 µL chloroform/methanol (1:2) 

containing 1% (v/v) HCl and followed by extraction of phospholipids according 

to methods detailed in Section 4.2.2. In experiments involving the NO donor 

diethylamine NONOate sodium salt hydrate (DEA NONOate) (Sigma, USA) 

and the DAG kinase inhibitors R59022 and R59949 (Sigma, USA), the 

chemicals were added to the 250 µL reaction mixture to achieve the following 

concentrations: 0, 0.0065, 0.065, 0.65, 6.5 and 13 µM DEA NONOate, and 0, 

10, 50, 100, 250, 500 and 1000 µM R59949 or R59022 and incubated for 5 

min at room temperature before the addition of recombinant protein. Stocks 

(100mM) of R59022 and R59949 were made by dissolving the chemical in 

DMSO and stored at -20ºC until use.  
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4.2.2 Phospholipids extraction 

 

Phospholipids extraction was performed according to methods described by 

Gomez-Merino et al. (2004). Briefly, one mL of chloroform/methanol (1:1) and 

500 µL 1 M KCl, 0.2 M H3PO4 were added to the reaction mixture and mixed 

thoroughly by vortex. Samples were then centrifuged at 800 X g for 5 min. 

The resulting lower lipid phase was transferred to a new tube and vacuum 

dried. The samples were then re-suspended in 50 µL of Triton X-100 for the 

subsequent PA detection according to methods described in Section 4.2.3. 

 

 

4.2.3 PA detection  

 

The PA detection was performed using the Total Phosphatidic Acid Assay kit 

according to the manufacturer’s instructions (Cayman Chemical, USA). PA 

generated from the enzymatic assays of the recombinant DAG kinase protein 

(see Section 4.2.1) was measured by fluorescence-based method following 

phospholipids extraction (see Section 4.2.2). The PA was first hydrolyzed by 

lipase to glycerol-3-phosphate before being oxidized by glycerol-3-phosphate 

oxidase to generate hydrogen peroxide (H2O2). H2O2 then reacts with ADHP 

(10-acetyl-3,7-dihydroxyphenoxazine) in the presence of peroxidase yielding 

a highly fluorescent compound which can be analyzed using the respective 

excitation and emission wavelengths of 530 – 540 nm and 585 – 595 nm 

(Figure 4.1A).  

 

 

4.2.4 GC assay 

 

The GC activity assays of recombinant ATDGK4 were performed according to 

the method of Meier et al. (2010). A standard 150 µL reaction mixture 

containing 50 mM Tris-HCl (pH 7.5), 1 mM GTP, 5 mM MgCl2 or MnCl2 and 

30 µg recombinant ATDGK4 or ATDGK4-heme was prepared. Samples were 

pre-incubated for 5 min at room temperature before initiating the reaction with 

the addition of GTP. The reaction mixtures were incubated at room 
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temperature for 30 min before terminating the reactions by boiling to denature 

the proteins for 3 min. The tubes were then cooled on ice for 2 min and 

centrifuged at 2300 X g for 3 min. The resulting supernatant was subjected to 

cGMP detection according to methods described in Section 4.2.5. In 

experiments involving Ca2+, CaCl2 was added to the 150 µL reaction mixture 

to achieve the following concentrations: 0, 2.5, 5.0, 7.5 and 10 µM CaCl2. In 

experiments involving NO, 5 mM SNP was added to the reaction mixture and 

incubated at room temperature for 5 min before the addition of recombinant 

protein.  

 

 

4.2.5 cGMP detection 

 

The cGMP detection was performed according to the acetyltation protocol of 

the Amersham cGMP Enzymeimmunoassay BiotrakTM System from GE 

Healthcare (GE Healthcare, USA). cGMP generated from the GC assays of 

the recombinant ATDGK4 (see Section 4.3.4) was measured by a colorimetric 

competitive enzyme immunoassay method. Briefly, in the present of hydrogen 

peroxide, peroxidase oxidizes tetramethylbenzidine (TMB) to form a blue-

colored compound, TMBox. Unlabeled or free cGMP displaces a fixed quantity 

of cGMP-labeled peroxidase from the binding sites on a cGMP specific 

antibody, thus yielding reduced OD readings at 450 nm (less blue in color) 

upon the addition of the peroxidase substrate, TMB (Figure 4.1B).  

 

 

4.2.6 Statistical analysis 

 

The differences in DAG kinase and GC activities of recombinant ATDGK4, 

ATDGK4-heme and mutant atdgk4 in the presence or absence various co-

factors and NO, were determined to be statistically significant or insignificant 

by conducting a Student’s t-test using Microsoft Excel 2007. Only p-values of 

< 0.05 were considered to be statistically significant. The one-tailed, unpaired 

type of t-test was selected for p-value calculations. 
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Figure 4.1 Assay schemes of PA and cGMP detections. PA and cGMP generated from 

the in vitro enzymatic reactions of recombinants ATDGK4, ATDGK4-heme and atdgk4 

mutants were detected and measured by (A) fluorescent and (B) colorimetric methods 

respectively.  
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 Cayman Chemical, USA; GE Healthcare, USA 
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4.3 Results and Discussion 

 

 

4.3.1 Recombinant ATDGK4 has NO-dependent kinase activity 

 

To examine the DAG kinase activity of ATDGK4 in vitro, full-length ATDKG4 

was cloned and expressed in E. coli host system, and the recombinant protein 

affinity purified (see Chapter 3). DAG kinase is an enzyme that catalyzes the 

ATP-dependent phosphorylation of diacylglycerol (DAG) to phosphatidic acid 

(PA). In order to measure the enzymatic activity of ATDGK4, an in vitro kinase 

assay was performed by incubating the purified recombinant protein with 1,2-

DOG (DAG), ATP and Mg2+ at room temperature for 30 min and the 

subsequent PA generation was detected using the Cayman Chemical Total 

Phosphatidic Acid Assay kit according to the manufacturer’s instructions (see 

Section 4.2). This fluorometric method of PA detection has been used 

successfully in both mammalian (Foster, 2007, Avila-Flores et al., 2005, 

Epand and Topham, 2007) and plant cells (Morita et al., 2009) thus proving to 

be sufficiently robust and sensitive for the purpose of this work. It must be 

noted that in previous characterizations of Arabidopsis DGKs (ATDGK2 and 

ATDGK7), the in vitro kinase activities of the respective recombinants 

ATDGK2 and ATDGK7 were measured by the incorporation of [ʸ-32P]ATP into 

PA (Gomez-Merino et al., 2004, Gomez-Merino et al., 2005). While the in vitro 

DAG kinase assay method of Gomez-Merino et al. (2004) was followed in this 

study, the fluorometric detection of PA was however adapted instead of radio-

labeling to avoid any potential hazards as well as the additional clean-up, 

preparatory and disposal steps that are associated with using radioactive 

reagents (Patton, 2002). 

 

The recombinant ATDGK4 has DAG kinase activity in vitro, generating higher 

levels of PA than the no-ATP control and the sample from the un-induced 

ATDGK4 E. coli cultures (Figure 4.2B). The DAG kinase activity reached a 

maximum of about 22 µM PA per µg protein with approximately 6.7 µg of 

recombinant ATDGK4 within an incubation period of 30 min at room 

temperature and further increase in protein to a maximum of 30 µg did not 
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generate more PA (Figure 4.2). This PA detection method recorded a 

background level of <10 µM PA per µg protein in the no-ATP controls of all 

the assays (Figures 4.2 – 4.6) and in the un-induced sample (Figure 4.2) due 

to contaminating E. coli DAG kinases and/or phosphorylation of the DAG 

substrate by trace amount of ATP which may have remained bound to the 

catalytic center of the recombinant ATDGK4 during the purification process. 

However, this recombinant protein concentration dependent increase in PA 

generation suggest that the generation of PA was indeed due to the catalytic 

activity of recombinant ATDGK4 and not from other sources. A 30 µg 

recombinant ATDGK4 was therefore used in subsequent DAG kinase assays 

to study the effects of the respective DAG kinase inhibitors, NO, cGMP and 

Ca2+ on the DAG kinase activity in the presence of excess recombinant 

protein.  

  

In order to further confirm that the measured PA was indeed a product of the 

recombinant ATDGK4 enzymatic activity, the reaction mixture was pre-

incubated with the DAG kinase inhibitor R59949, which has been shown to be 

active in mammalian cells (Kurohane Kaneko et al., 2013, Sato et al., 2013, 

Marumo et al., 2012). Two commonly used DAG kinase inhibitors, R59022 

and R59949 were shown to inhibit many mammalian DGK isoforms by direct 

interaction with the kinase catalytic center and are considered as broad range 

mammalian DAG kinase inhibitors. R59949 in particular, inhibits DAG kinases 

by binding to the catalytic center specifically at the MgATP binding site of the 

kinase thus effectively preventing binding of ATP and the concomitant transfer 

of phosphate to the DAG substrate (Jiang et al., 2000). Here, a decrease in 

PA generation was recorded in the presence of R59949 and this decrease 

was dependent on the concentration of the inhibitor (Figure 4.3), thus 

suggesting that the recombinant ATDGK4 demonstrated catalytic activity that 

is typical of a DAG kinase. The R59949 concentration needed for half-

maximal inhibition (IC50) was 10 µM in the presence of 500 µM 1,2-DOG 

(Figure 4.3). The DAG kinase inhibitor R59022 however has no inhibitory 

effect on the DAG kinase activity of recombinant ATDGK4 (Figure 4.2B). In 

contrast, the ATDGK2 and ATDGK7 kinase activities were inhibited by the 

DAG kinase inhibitor R59022, recording IC50 of 50 µM and 350 µM 



115 

 

 
 

respectively in the presence of 100 µM 1,2-DOG (Gomez-Merino et al., 2005, 

Gomez-Merino et al., 2004), but not by the DAG kinase inhibitor R59949. Of 

the two, ATDGK7 belongs to the same cluster (Cluster II) as ATDGK4 but is 

smaller due to having an incomplete kinase accessory domain which may 

result in different DAG kinase behavior from ATDGK4 (Arisz et al., 2009). It is 

unclear whether the DAG kinase inhibitors are cluster or protein specific and it 

is also impossible to cross-compare the ATDGK4 inhibition behavior with the 

mammalian DAG kinases since they are more diverse and have domains in 

addition to the conserved kinase catalytic center such as the C1 domain (for 

DAG binding), EF hands (for Ca2+ binding) and the pleckstrin domain (Arisz et 

al., 2009).     

 

Since ATDGK4 has a predicted NO-binding H-NOX domain, the DAG kinase 

activity was tested in the presence of NO, provided by the NO donor 

diethylamine NONOate sodium salt hydrate (DEA NONOate) and sodium 

nitroprusside (SNP). Recombinant ATDGK4 was inhibited by both NO donors, 

thus suggesting that the DAG kinase inhibition of ATDGK4 was indeed a 

result of the presence of NO (Figure 4.5). The kinase activity of ATDGK4 was 

inhibited by NO in a dose-dependent manner and the DEA NONOate 

concentration needed for half-maximal inhibition (IC50) was 3 µM (Figure 4.4). 

This NO-modulation of DAG kinase activity suggest that the recombinant 

ATDGK4 can sense NO by direct binding of NO to the heme group at the H-

NOX domain or through other mechanisms such as S-nitrosylation of amino 

acid residues of ATDGK4. It is predicted that the H-NOX motif (Hx[12]Px[14-

16]YxSxR) near the C-terminal of the ATDGK4 molecule binds NO (see 

Chapter 3) and the modulation of the in vitro kinase activity by NO as 

observed in this study, lent support to this hypothesis. While the mechanism 

NO interaction with ATDGK4 that led to the inhibition of kinase activity is 

unclear, it is likely that NO interaction with the recombinant ATDGK4 molecule 

resulted in a structural change that led to the inability of the kinase center to 

perform its catalytic function. 
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Figure 4.2 DAG kinase activity of recombinant ATDGK4 (A) as a function of ATDGK4 

concentration and (B) in the presence of DAG kinase inhibitors. Phosphatidic acid (PA) levels 

were measured using the Total Phosphatidic Acid Assay (Cayman Chemical, USA). (A) 

Recombinant ATDGK4 amounts of up to 30 µg was tested and only amounts of up to 10 µg 

was shown since there were no further increase of PA levels beyond 6.67 µg of recombinant 

ATDGK4. (B) The PA levels were also measured from reaction mixtures containing no ATP 

(control) and using 30 µg recombinant proteins purified from un-induced and induced 

ATDGK4 E. coli cultures, and in the presence of 50 mM of the respective DAG kinase 

inhibitors R59033 and R59949. Induced recombinant ATDGK4 has increased kinase activity 

(* p < 0.005) while R59949 inhibits this kinase activity (* p < 0.05). All enzymatic reactions 

were performed in triplicates with error bars expressed as standard error of the mean (SEM). 

Note: n indicates biological repeats.    
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Figure 4.3 DAG kinase activity of recombinant ATDGK4 as a function of R59949 

concentration. Phosphatidic acid (PA) levels were measured using the Total Phosphatidic 

Acid Assay (Cayman Chemical, USA) with 30 µg recombinant ATDGK4 and in different 

concentrations of R59949. ‘Control’ is the reaction mixture containing no R59949 and ‘DMSO’ 

is the reaction mixture containing 2.5 µL of DMSO which was the solvent for R59949. All 

enzymatic reactions were performed in triplicates with error bars expressed as standard error 

of the mean (SEM).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 DAG kinase activity of recombinant ATDGK4 in the presence of the NO 

donor DEA NONOate. Phosphatidic acid (PA) levels were measured using the Total 

Phosphatidic Acid Assay (Cayman Chemical, USA) with 30 µg recombinant ATDGK4 and in 

different concentrations of DEA NONOate. ‘Control’ is the reaction mixture containing no NO 

donor. All enzymatic reactions were performed in triplicates with error bars expressed as 

standard error of the mean (SEM).  
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In order to examine whether the DAG kinase activity of ATDGK4 is affected 

by heme incorporation, the DAG kinase activity of the recombinant ATDGK4-

heme was tested. Based on Figure 4.5, ATDGK4-heme showed comparable 

kinase activity as ATDGK4 suggesting that the heme group was not essential 

for the kinase activity of ATDGK4. Importantly, the presence of heme group in 

the recombinant ATDGK4 molecule was not destructive to the kinase activity 

thus suggesting that the heme group did not obstruct or hinder access of 

substrates (ATP and/or DAG) to the catalytic center or caused any structural 

alterations to the recombinant ATDGK4 which is destructive to the kinase 

activity. In the presence of NO, ATDGK4-heme kinase activity was reduced to 

levels similar to that of ATDGK4, thus suggesting that the NO-modulation of 

kinase activity did not occur via NO-binding to the heme (Figure 4.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 DAG kinase activity of recombinant ATDGK4-heme. Phosphatidic acid (PA) 

levels were measured using the Total Phosphatidic Acid Assay (Cayman Chemical, USA) 

with 30 µg recombinant ATDGK4 and in the presence of DEA NONOate (0.65 mM) or SNP (1 

mM). In reactions containing Ca
2+

 and cGMP, a final concentration of 1 mM CaCl2 and 5 mM 

8-Br-cGMP were added accordingly. cGMP slightly reduced the kinase activity of ATDGK4 (* 

p < 0.05) while SNP and NONOate drastically reduced the kinase activity of both ATDGK4 (* 

p < 0.005) and ATDGK4-heme (** p < 0.005). All enzymatic reactions were performed in 

triplicates with error bars expressed as standard error of the mean (SEM).  
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In order to specifically test for NO binding at the H-NOX domain, recombinant 

ATDGK4 with key residues of the H-NOX domain mutated were constructed 

(see Chapter 3), and the DAG kinase assays repeated. Two single site-

directed atdgk4 mutants (H350L, and Y379L) and one double atdgk4 mutant 

(H350L Y379L) were constructed using specifically designed mutagenic 

primer pairs (see Chapter 3). The H350 and Y379 residues were selected for 

replacements because they play important functions in the H-NOX domain. 

For example, the histidine residue in the H-NOX domain (presumably the 

H350 of ATDGK4) binds NO in a five-coordinate state thus breaking the Fe-

His bond in the process (Olea et al., 2010), leading to a displacement of the 

heme group while the tyrosine (presumably the Y379 of ATDGK4) together 

with the serine and arginine in the motif, stabilizes coordinates heme 

propionates through hydrogen bonds (Pellicena et al., 2004). In theory, 

replacements of these residues with another amino acid (e.g. leucine) should 

disrupt the ability of the protein to incorporate the heme group and the 

concomitant NO sensing functionality, thus resulting in atdgk4 mutants being 

less-responsive to NO which will be reflected by reduced kinase inhibition in 

the presence of NO. In other words, the atdgk4 mutants should generate 

more PA than the non-mutated ATDGK4 in the presence of NO due to the 

presumably reduced kinase inhibition by NO.  

 

Based on Figure 4.6, the non-mutated and the mutated (H350L, Y379L and 

H350L Y379L) recombinant atdgk4 generated comparable amounts of PA in 

the absence of NO. Therefore, the mutations did not result in any effects (e.g. 

protein folding changes) detrimental to the DAG kinase catalytic activities. In 

the presence of NO (provided by 0.65 µM DEA NONOate), both the non-

mutated and mutated recombinant atdgk4 have impaired enzymatic activities, 

generating lower amounts of PA. However, there was no significant difference 

in the level of NO inhibition on the kinase activities among the atdgk4 mutants 

(H350L, Y379L and H350L Y379L) and between the mutants and non-

mutated ATDGK4. Therefore, the mutations have not altered the NO-inhibition 

behavior of the DAG kinase of ATDGK4. One explanation for this observation 

is the possible overlapping functions (kinase and NO-binding) of the H350 and 

Y379 residues. The H-NOX domain of ATDGK4 is located within a larger 
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kinase accessory domain beginning at V282 to P459 (Pfam accession 

number PF00609) and this accessory domain is always associated with the 

DAG kinase catalytic domain (Pfam accession number PF00781). While the 

precise functions of the accessory domain are unknown, it is speculated that 

one or more functions essential for DAG kinase catalysis (e.g. DAG binding 

and stabilization, protein-protein interactions and structural integrity) occurs at 

this region. The H350 and Y379 residues may therefore be implicated in both 

catalysis and NO binding, hence the indifferent results between the atdgk4 

mutants and the non-mutated ATDGK4 observed here. As such, alternative 

methods to demonstrate direct binding of NO to the H-NOX domain such as 

cyclic voltammetry should be explored. This method measures the redox 

property of iron bound to the heme group of the recombinant ATDGK4 which 

is immobilized by coating on an electrode. Because recombinant ATDGK4 is 

insoluble, buffers with high salt content were used to prevent aggregation and 

to maintain the native fold of ATDGK4 and this makes coating of electrode 

potentially challenging due to drying difficulties.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 DAG kinase activity of non-mutated and mutated recombinant atdgk4. 

Phosphatidic acid (PA) levels were measured using the Total Phosphatidic Acid Assay 

(Cayman Chemical, USA) with 30 µg of non-mutated or mutated recombinant atdgk4 in the 

presence of 0.65 µM DEA NONOate. There is no statistical difference between the kinase 

activities of mutated atdgk4 and ATDGK4, both in the presence or absence of NO. All 

enzymatic reactions were performed in triplicates with error bars expressed as standard error 

of the mean (SEM). Note: n indicates biological repeats. 
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Since the atdgk4 mutants and the non-mutated ATDGK4 showed similar 

kinase behavior both in the absence and presence of NO, it is therefore 

possible that NO-modulation of DAG kinase via other mechanisms. Besides 

the H-NOX domain, NO can also binds to the sulfur group of amino acid 

residues particularly cysteine or tyrosine in post-translational modifying events 

such as S-nitrosylation or tyrosine nitration causing loss or gain in catalytic 

functions (Grennan, 2007, Martinez-Ruiz and Lamas, 2004, Astier et al., 

2011). However, no nitrosylated residues were found in the full length 

ATDGK4 amino acid sequence when analyzed using the GPS-SNO and GPS-

YNO2 prediction softwares available online at http://sno.biocuckoo.org (Xue et 

al., 2010). Since the prediction softwares were developed based on 

algorithms generated from known nitrosylation or nitration sites, it is therefore 

unreliable for the prediction of NO-modified sites of lesser- or un-

characterized proteins especially plant proteins including the ATDGK4 

molecule. Additionally, post-translational modifying events in plants have only 

been identified in recent years (Lounifi et al., 2013, Paris et al., 2013, Kovacs 

and Lindermayr, 2013, Romero-Puertas et al., 2013) and with many more still 

to be discovered, these unique NO-modified sites of plant-specific proteins 

may not have been included in the development of the prediction algorithms. 

Thus, in addition to the possibility of NO binding to the heme group of 

ATDGK4, protein modifying events should also be explored in order to 

elucidate the mechanism of NO-binding that leads to the modulation of the 

kinase activity.  

 

 

4.3.2 Recombinant ATDGK4 has GC activity 

 

In addition to the in vitro DAG kinase assay, the GC activity of recombinant 

ATDGK4 was also investigated since the ATDGK4 molecule also harbors a 

predicted GC domain (see Chapter 3). Briefly, the in vitro GC assay was 

performed by incubating the purified recombinant ATDGK4 with GTP and 

Mg2+ or Mn2+ at room temperature for 30 min and the subsequent cGMP 

generation was measured using the Amersham cGMP Enzymeimmunoassay 

Biotrak System (see Section 4.2). 
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The recombinant ATDGK4 exhibits GC activity in vitro, generating higher 

levels of cGMP than the no-GTP control and the sample of un-induced 

ATDGK4 E. coli cultures (Figure 4.7). In the un-induced sample, there was a 

background of about 7 fmol cGMP/µg protein (Figure 4.7) which may be due 

to trace amounts of contaminating cGMP from E. coli or that some bacterial 

cGMP may have remained bound to the recombinant ATDGK4 during 

purification. The recombinant ATDGK4 also showed preference towards Mn2+ 

ion as a co-factor producing >40 fmol cGMP/µg protein after 30 min of 

incubation at room temperature compared to <10 fmol cGMP/µg protein 

generated by the Mg2+-containing reaction mixture (Figure 4.7). The 

preference for Mn2+ ion as a co-factor for GC activity was also observed with 

several previously characterized GCs from Arabidopsis thaliana, for e.g. the 

ATBRI1-GC, ATPEPR1-GC and ATNOGC1 (Kwezi et al., 2007, Qi et al., 

2010, Mulaudzi et al., 2011), but not the ATGC1 and ATWAKL10-GC (Ludidi 

and Gehring, 2003, Meier et al., 2010) while the ATPSKR1-GC did not show 

preference to either Mg2+ or Mn2+ (Kwezi et al., 2011). The amount of cGMP 

generated by the recombinant ATDGK4 (40 fmol cGMP/µg protein) was 

comparable to that of ATPSKR1-GC (Kwezi et al., 2011), and higher than that 

of ATGC1 and ATBRI1-GC (Ludidi and Gehring, 2003, Kwezi et al., 2007), 

although lower than those of ATWAKL10-GC, ATPEPR1-GC and ATNOGC1 

under similar reaction conditions (Meier et al., 2010, Qi et al., 2010, Mulaudzi 

et al., 2011). The GC activity of recombinant ATDGK4 increased with GTP 

concentration producing about 6 fmol cGMP/µg protein with 1 mM GTP and 

Mg2+ as the co-factor (Figure 4.8), thus suggesting that the cGMP measured 

was indeed generated by the recombinant ATDGK4. 

 

Since in animal systems the product of ATDGK4 kinase, PA, can release Ca2+ 

from intracellular stores (e.g. from the endoplasmic reticulum) (English, 1996), 

it is therefore possible that an increase in cytosolic Ca2+ regulates the GC 

activity of ATDGK4. In the presence of Ca2+, the recombinant ATDGK4 has 

increased GC activity producing about 90 fmol cGMP/µg protein when 

incubated with 10 µM Ca2+ and with Mg2+ as the co-factor, which is 

approximately a 9-fold increase compared to that recorded from reaction 

mixtures without Ca2+ (Figure 4.8). This amount of cGMP was also twice of 
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that observed with the preferred Mn2+ co-factor when Ca2+ is absent (Figures 

4.7 and 4.9), suggesting a greater enhancement of GC activity with the Ca2+ 

ion. In the presence of both Ca2+ and Mn2+, the recombinant ATDGK4 GC 

activity did not increase further, recording cGMP amounts comparable to that 

of reactions containing Ca2+ and Mg2+ (Figures 4.9 and 4.10). A similar result 

was observed with the ATPEPR1-GC and ATPSKR1-GC (Qi et al., 2010, 

Kwezi et al., 2011) in which the latter has GC activity that was ‘switched on’ 

by Ca2+ in a molecular shifting of kinase to GC activation (Wheeler et al., 

2013). There are also evidence pointing to Ca2+ playing important roles in the 

synthesis of cGMP (e.g. the Leishmaniado novani GC) (Karmakar et al., 

2006) and in the regulation of cGMP levels (Wheeler et al., 2013, Karmakar et 

al., 2006) which suggests a possible positive feedback regulatory role of Ca2+ 

on GC molecules. Therefore, it is likely that the GC activity of ATDGK4 is 

stimulated by Ca2+ in a positive feedback response via PA signaling. It is 

however unknown how Ca2+ interacted with ATDGK4 leading to enhancement 

of the GC activity since the molecule lacks an EF-hand in its structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 GC activity of recombinant ATDGK4. The cGMP levels were measured using 

the cGMP Enzymeimmunoassay Biotrak System (GE Healthcare, USA) with 30 μg of 

recombinant proteins purified from un-induced or induced ATDGK4 E. coli cultures. Induced 

recombinant ATDGK4 has increased GC activity than the un-induced sample (* p < 0.01). All 

enzymatic reactions were performed in triplicates with error bars expressed as standard error 

of the mean (SEM). Note: n indicates biological repeats.  
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Figure 4.8 GC activity of recombinant ATDGK4 as a function of GTP concentration. The 

cGMP levels were measured using the cGMP Enzymeimmunoassay Biotrak System (GE 

Healthcare, USA) with 30 μg of recombinant ATDGK4. All enzymatic reactions were 

performed in triplicates with error bars expressed as standard error of the mean (SEM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 GC activity of recombinant ATDGK4 in the presence of Ca
2+

. The cGMP 

levels were measured using the cGMP Enzymeimmunoassay Biotrak System (GE 

Healthcare, USA) with 30 μg of recombinant ATDGK4. All enzymatic reactions were 

performed in triplicates with error bars expressed as standard error of the mean (SEM). 
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Figure 4.10 GC activity of recombinant ATDGK4 in the presence of NO. The cGMP levels 

were measured using the cGMP Enzymeimmunoassay Biotrak System (GE Healthcare, USA) 

with 30 μg of recombinant ATDGK4 in the presence of Ca
2+

 and/or NO (provided by SNP). 

There is no statistical difference between the GC activities of recombinant ATDGK4 in the 

presence and absence of NO. All enzymatic reactions were performed in triplicates with error 

bars expressed as standard error of the mean (SEM). Note: n indicates biological repeats. 

 

In order to check whether the incorporation of heme to the recombinant 

ATDGK4 has affected the GC activity, the GC activity assay was repeated 

using the recombinant ATDGK4-heme. Based on Figure 4.11, ATDGK4-heme 

has in vitro GC activity generating cGMP amounts comparable to that of the 

recombinant ATDGK4, and this activity was similarly enhanced by Mn2+ and 

Ca2+. In the presence of these divalent ions, both ATDGK4 and ATDGK4-

heme generated ~50 fmol cGMP/µg protein and this activity was also 

unaffected by NO (Figure 4.11). This observation suggested that the heme 

group and/or NO-binding was not required for GC activation as in the case of 

the mammalian soluble GCs (Friebe and Koesling, 2003) and did not 

stimulate the GC activity as in the case of ATNOGC1 (Mulaudzi et al., 2011), 

nor does it inhibits the activity of GC activity of ATDGK4. Thus, the GC 
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is possible because based on the animal model and as well as emerging 

evidence from plants, the product of the ATDGK4 kinase activity, PA, is 

released from the membrane into the cytosol and acts as a second 

messenger activating a cascade of downstream signaling events including the 

release of Ca2+ from intracellular stores (Bootman et al., 2002, Munnik, 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 GC activity of ATDGK4-heme. The cGMP levels were measured using the 

cGMP Enzymeimmunoassay Biotrak System (GE Healthcare, USA) with 30 μg of 

recombinant ATDGK4 in the presence of Ca
2+

 and/or NO (provided by SNP). There is no 

statistical difference between the GC activities of ATDKG4 and ATDGK4-heme. All enzymatic 

reactions were performed in triplicates with error bars expressed as standard error of the 

mean (SEM). 
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contributed to false positive OD readings in the colorimetric-based cGMP 

detection and measurement. In the previous PA detection, both SNP and DEA 

NONOate were used because the PA detection was based on excitation of 

the fluorescent dye which was wavelength-specific (Cayman Chemical, USA), 

thus the colored DEA NONOate compound has little or no contribution to the 

emitted fluorescence. Based on Figure 4.10, GC assays containing NO has 

similar levels of cGMP with those without NO thus suggesting that the GC 

domain which is embedded within a larger kinase catalytic domain, was 

unaffected by NO.  

 

Unlike the GC, the kinase catalytic activity of ATDGK4 was a target of NO 

although the exact mechanism of this inhibition remains unknown. Since the 

GC catalytic domain (R133 – E148) sits within the kinase catalytic domain 

(L91 – W236; Pfam accession number PF00781) therefore sharing important 

structural and chemical properties, it is unlikely that NO binds at this region of 

the molecule as this will likely cause detrimental effects significant enough to 

disrupt both the kinase and GC activities. NO binding is therefore more likely 

to occur further downstream, for e.g. at the predicted gas-binding H-NOX 

domain (H350 – R383) which also sits in a larger kinase accessory domain 

(V282 to P459; Pfam accession number PF00609). As such, any NO binding 

at the H-NOX domain would abolish the any kinase-related functions of the 

accessory domain but is unlikely to have an effect on the GC catalytic domain 

which sits approximately 200 residues upstream (Figure 4.12). 

 

Additionally, the DAG kinase activity was also shown to be unaffected by Ca2+ 

while only slightly inhibited by cGMP (Figure 4.5). It is speculated that the 

product of kinase, PA, caused downstream release of Ca2+, which activates 

GC activity of ATDGK4 through a positive feedback response. Therefore, the 

NO and GC domains seemed to function independently whereas NO and 

DAG kinase domains may be linked. Future works using the GC inhibitor 

ODQ (1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one) and the DAG kinase 

inhibitors R59022 and R59949 in the GC assays will reveal the catalytic 

behavior of the GC and how it might differ from the kinase. Overall, the 

biochemical assays suggested that the GC and kinase catalytic domains were 
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independently regulated with Ca2+ acting as an enhancer for GC activity 

possibly via a downstream feedback response, and NO acting as a repressor 

for the DAG kinase activity.  

 

 

 

 

 

 

 

 

 

Figure 4.12 Domain organization of ATDGK4. The kinase catalytic and accessory 

domains are organized according to the Pfam protein family annotation (accession numbers 

PF00781 and PF00609) while the GC catalytic domain and the H-NOX gas-binding regions 

were predicted based on motifs constructed from the respective alignments of GCs and NO-

sensing soluble GCs across species (Ludidi and Gehring, 2003, Gomez-Merino et al., 2004).  

 

 

4.4  Conclusion 

 

In this chapter, the predicted roles and annotated functions of the ATDGK4 

molecule were tested in in vitro enzymatic assays. The recombinant ATDGK4 

has DAG kinase activity that was inhibited by the DAG kinase inhibitor, 

R59949 in a dose-dependent manner. More importantly, this activity was 

inhibited by NO, implying a direct interaction between NO and this molecule. 

This observation is in line with the prediction that ATDGK4 harbors a gas-

sensing H-NOX domain at the C-terminal which upon interaction with NO, 

results in a confirmation alteration that abolish the kinase activity. In addition, 

the kinase activity of ATDGK4 was unaffected by Ca2+ and slightly inhibited by 

cGMP. The ATDGK4-heme also showed NO-modulated kinase activity which 

seemed to suggest that the heme group was not essential to the kinase 

activity and that NO-modulation of the kinase may have occurred at other 

sites possibly through other mechanisms such as S-nitrosylation. 
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To test for NO binding at the H-NOX domain of the ATDGK4 molecule, key 

residues within the domain, H350 and Y379 were mutated to leucine and 

tested for possible restoration of kinase activity in the presence of the 

inhibiting molecule, NO. There were however no significant change in catalytic 

activities between the atdgk4 mutants and the non-mutated recombinant 

ATDGK4. This may be because the key residues deemed important for the 

incorporation of the heme group are also essential for the kinase activity since 

they sit within a larger kinase accessory domain, which is speculated to have 

kinase regulatory functions such as binding and stabilizing of the DAG 

substrate and maintaining structural integrity of the molecule for catalysis. The 

possibility of NO interacting with ATDGK4 via post-translational modification 

events such as S-nitrosylation and tyrosine nitration should be explored even 

though computational predictions have not identify any potential modification 

sites (Xue et al., 2010). Alternative means to demonstrate direct NO binding 

such as cyclic voltammetry and the potential challenges were also discussed.   

 

In addition to the NO-dependent kinase activity, ATDGK4 also harbors a 

functional GC domain which is embedded within the kinase region upstream 

of the H-NOX binding site. This molecule has GC activity that was comparable 

to the ATPSKR1-GC (Kwezi et al., 2011) and higher than that of ATGC1 and 

ATBRI1-GC (Ludidi and Gehring, 2003, Kwezi et al., 2007), although lower 

than those of ATWAKL10-GC, ATPEPR1-GC and ATNOGC1 (Mulaudzi et al., 

2011, Qi et al., 2010, Meier et al., 2010) under similar reaction conditions. 

Recombinant ATDGK4 generated >40 fmol cGMP/µg protein with Mn2+ but 

lower cGMP amounts when Mg2+ was used, suggesting a preference for the 

Mn2+ co-factor. Previously characterized Arabidopsis GCs that also have 

preference for the Mn2+ ion includes the ATBRI1-GC, ATPEPR1-GC and 

ATNOGC1 (Mulaudzi et al., 2011, Qi et al., 2010, Kwezi et al., 2007), while 

ATGC1 and ATWAKL10-GC favored the Mg2+ ion (Mulaudzi et al., 2011, 

Meier et al., 2010). The addition of Ca2+ ion also increased cGMP production 

of the recombinant ATDGK4, recording >90 fmol cGMP/µg protein while NO 

has no effect on the GC activity of this molecule. GC activity enhancement by 

Ca2+ was also observed in the ATPEPR1 and ATPSKR1 molecules and in the 

latter, Ca2+ also acts as a ‘molecular switch’ shifting from kinase to GC 
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activation (Ludidi and Gehring, 2003, Kwezi et al., 2007). Overall, the kinase 

and GC activities of recombinant ATDGK4 seemed to be regulated 

independently with Ca2+ acting as an enhancer of the GC activity most likely 

via downstream feedback response, and NO acting as a repressor of the 

kinase. Thus, this chapter has provided in vitro biochemical evidence for the 

predicted NO-sensing, GC and kinase catalytic functions of the multi-domain 

ATDGK4 molecule.   
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CHAPTER 5 

 

CHARACTERIZATION OF ATDGK4 MUTANT POLLEN TUBES 

 

 

Abstract 

 

Higher plants have developed complex physiological mechanisms to perceive 

and respond to stimuli in order to adapt to the changing environment. These 

highly coordinated responses are mediated by signaling molecules such as 

Ca2+ and nitric oxide (NO). Here, NO, an important plant signaling molecule 

that modulates a wide range of biological processes ranging from germination 

and development to defense response during pathogen infections is the main 

focus. Of specific interest is the pollen tube guidance to the ovule by NO as 

this important fertilization stage is crucial for plant reproductive success. 

Despite that, the targets of NO have remained elusive until recently. A 

potential NO-binding candidate, the Arabidopsis thaliana DIACYLGLYCEROL 

KINASE 4 (ATDGK4), has been identified and shown to have NO-modulated 

catalytic functions in vitro. In this chapter, the biological functions of ATDGK4 

were investigated. Computational analysis indicated high ATDGK4 expression 

in the pollen and further bioinformatic analyses suggested that ATDGK4 is 

located at the membrane and has phosphorylation catalytic activity. Mis-

expressed atdgk4 mutant lines were characterized and semi-in vivo pollen 

growth experiments showed that the mutant pollen tubes have lower growth 

rates and were less-sensitive to NO in comparison to the wild-type. 

Specifically, NO reduced pollen tube growth by 35% in the mutant as 

compared to a 70% reduction in growth that was recorded in the wild-type. 

Additionally, the wild-type pollen tubes have sharper bending angles than the 

mutant when challenged by an NO-source. Taken together, these in vivo 

results suggest important roles for ATDGK4 which include pollen growth, NO-

sensing and roles in the broader fertilization process.  
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5.1 Introduction 

 

In the previous chapters, the predicted enzymatic functions of ATDGK4 have 

been demonstrated in vitro via biochemical assays performed on purified 

recombinant ATDGK4 proteins expressed in E. coli host cells. Briefly, the 

recombinant ATDGK4 showed kinase activity and more importantly, this 

activity was inhibited by NO. Spectroscopic data indicated the presence of a 

bound heme group in the recombinant ATDGK4 which implied plausible NO-

binding at the H-NOX domain. This chapter focused on translating these in 

vitro data into biological implications. Firstly, the ATDGK4 expression pattern 

in Arabidopsis will be examined by analyzing the microarray data of various 

tissues available in the public domain and by using various web-based 

computational tools, the ATDGK4 biological functions at a systems level will 

be inferred. This sequential use of bioinformatic tools following a guide 

described by Meier and Gehring (2008), can infer biological roles to ATDGK4 

by analyzing the genes that have more well-defined functions and whose 

expression is correlated with ATDGK4 (Meier and Gehring, 2008). This is 

because genes collaborating to exert a common biological function are often 

co-expressed (Loraine, 2009). Secondly, these inferred biological functions 

will be investigated in vivo with particular focus on the tissue in which 

ATDGK4 is most highly expressed, and in the presence of NO which has 

been shown previously to inhibit the kinase catalytic activity of ATDGK4 in 

vitro (see Chapter 4).    

 

In order to study the function of ATDGK4 in planta, the Arabidopsis thaliana 

plant was selected as the working model due to the short life cycle, ease of 

growth, and more importantly, the entire genome has been sequenced. The 

genome has also been well-characterized with 69% of the genes classified 

according to sequence similarity to genes of known functions in other 

organisms, 9% experimentally confirmed gene functions and approximately 

30% of genes with unknown function (The Arabidopsis Genome Initiative, 

2000). In addition, Arabidopsis can be easily transformed giving rise to clear 

phenotypic traits that obey simple Mendelian genetics (Meinke et al., 1998). In 

an effort to characterize genes of unknown functions, a collection of T-DNA 
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insertion mutants was created, mapped and stored as seed stocks which 

have been made available to the public (Alonso and Stepanova, 2003). 

Currently, about 90% of the genes have at least one T-DNA insertion thus 

allowing for the testing of hypotheses about gene function since T-DNA 

insertion usually results in loss-of-function of the gene of interest (Daxinger et 

al., 2008) (Alonso et al., 2003). In this chapter, two atdgk4 T-DNA insertion 

mutants were identified from the SALK Institute (http://signal.salk.edu/cgi-

bin/tdnaexpress) and seeds purchased from Nottingham Arabidopsis Stock 

Centre (NASC) (Scholl et al., 2000), in order to examine the functions of 

ATDGK4 in planta, particularly in the tissue where ATDGK4 is predicted to be 

highly expressed. 

 

The pollen serves as an excellent single cell model system to study growth, 

ion fluxes and signal transduction as the angiosperm pollen tube has evolved 

to be a highly polarized, rapidly tip-growing plant cell specialized to deliver the 

genetic material from the site of pollination at the stigma to the site of 

fertilization at the ovule (Parton et al., 2003, Feijo et al., 2001). This single 

celled tube has been shown to be capable of responding towards external 

signaling molecules such as Ca2+, NO, cAMP and cGMP (Steinhorst and 

Kudla, 2013, Prado et al., 2004, Moutinho et al., 2001, Wang et al., 2012). NO 

in particular has been identified as the signal responsible for targeting the 

growing tube to the ovule (Prado et al., 2008). While NO-induced pollen tube 

responses (e.g. growth and re-orientation) have been well-documented 

(Prado et al., 2004, Prado et al., 2008), the cellular sensors for NO have 

remained elusive until recently. Mulaudzi et al. (2011) reported the first NO-

sensing molecule in plants and this has remained the only characterized NO-

binding plant protein to-date (Mulaudzi et al., 2011). Given the significant role 

of NO in the fertilization process and as a signaling molecule in plants 

(Delledonne, 2005), it is important to identify the NO-sensors in the pollen 

tubes of the Arabidopsis model plant. 
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Despite the advantages of the pollen single cell system, germinating pollen in 

vitro particularly tricellular pollen such as those from Arabidopsis is extremely 

challenging (Preuss et al., 1993, Taylor and Hepler, 1997). Arabidopsis pollen 

is fastidious as it requires a specific set of optimized conditions that include 

chemicals, pH, humidity and temperature in order to germinate and grow 

healthily, unlike bicellular pollen such as that in lily and tobacco which only 

require a simple medium for in vitro germination (Brewbake.Jl, 1967). The in 

vitro germination of smaller-sized pollen such as that in Arabidopsis is 

generally more challenging due to the larger surface area exposed to the 

germination media and hence requires a more specific set of conditions as 

mentioned previously, for optimal growth. For this reason, many pollen-related 

studies use the larger bicellular pollens such as those from lily (Holdaway-

Clarke et al., 1997, Pierson et al., 1996), tobacco (Cheung et al., 1995) and 

petunia (Lee et al., 1994) even though these plant species are less well-

understood due to their large genome size and limited molecular genetic 

information (Fan et al., 2001). Recent advances in in vitro pollen tube 

germination techniques have enabled Arabidopsis pollens to germinate and 

grow healthily at high rates and the concomitant advances in imaging 

techniques have enabled the growing tube to be visualized in real-time 

(Boavida and McCormick, 2007, Rodriguez-Enriquez et al., 2013, Fan et al., 

2001). Apart from pollen growth studies, pollen tube responses towards a 

myriad of signaling molecules, hormones and abiotic stresses can also be 

studied in vitro. The molecular information gained from the pollen such as NO 

and/or cGMP signal perception, transduction and regulation can be translated 

to other tissues of Arabidopsis and ultimately to higher plants. In this chapter, 

the in vitro Arabidopsis pollen germination technique introduced by Boavida 

and McCormick (2007) was adapted (Boavida and McCormick, 2007). The 

pollen germination, growth and bending responses of wild-type Arabidopsis 

and atdgk4 mutant lines was investigated in semi-in vivo format and these 

responses were further examined in the presence of NO. 
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5.2 Materials and Methods 

 

 

5.2.1 Analysis of ATDGK4 expression 

 

The expression pattern of ATDGK4 was analyzed by assessing the 

microarray data available online from the Arabidopsis development microarray 

series (ATGE) in the NCBI Gene Expression Omnibus website, 

http://www.ncbi.nlm.nih.gov/geo. Microarray data for all Arabidopsis DGKs 

(ATDGK1 to ATDGK7) in various tissues including leaf, root, seed, stem, 

shoot, flower, silique and pollen were downloaded, and the normalized signal 

intensities represented as a column graph. The level of ATDGK4 expression 

in the pollen was further analyzed by presenting the array data in the form of 

% signal intensity of the total expressed DGKs. 

 

 

5.2.2 Inferring biological functions of ATDGK4 

 

The inference of biological functions to ATDGK4 is performed sequentially 

using multiple online bioinformatic tools following a guide as reviewed by 

Meier and Gehring (2008) (Meier and Gehring, 2008). The genes whose 

expression is correlated with ATDGK4 were identified using the Co-

expression analysis for Arabidopsis thaliana, CressExpress which is available 

online at http://cressexpress.org (Srinivasasainagendra et al., 2008). To 

render significance to the data obtained, only genes with a Pearson 

correlation (r-value) of >0.70 were considered to have correlated expression 

with ATDGK4. If the number of genes with r-values >0.70 is too large, only the 

top-50 was selected for further analyses. These top-50 genes were then 

subsequently referred to as the ATDGK4-Expression Correlated Gene Group 

(ECGG-50). The ECGG-50 genes were analyzed for known gene ontologies 

(GO) using agriGO which is available at http://bioinfo.cau.edu.cn/agriGO/ (Du 

et al., 2010). The obtained GO terms provide information regarding the 

cellular component, molecular function and the related biological process of 

the ECGG-50 genes which may be used to infer function(s) to ATDGK4.  
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To determine whether the ECGG-50 genes are co-regulated, the regulatory 

promoter elements such as the transcription factor binding sites in the ECGG-

50 were identified and analyzed for similarities using ATHENA 

http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/About.pl (O'Connor et 

al., 2005). This is because co-expressed genes are likely to harbor similar 

regulatory motifs at their promoter which allow a similar set of transcription 

factors to bind to and modulate gene expressions (Meier and Gehring, 2008). 

Here, the ECGG-50 genes were submitted to ATHENA under the visualization 

mode, selecting a range of ‘up to 2000’ length of upstream region for analysis.   

 

     

5.2.3 Isolation of atdgk4 mutant SALK lines by PCR 

 

In order to study the in vivo functions of ATDGK4, two T-DNA insertion 

mutants of atdgk4 (SALK_151239 and SALK_145081) were identified from 

the T-DNA Express Arabidopsis Gene Mapping Tool available at the SALK 

Institute (http://signal.salk.edu/cgi-bin/tdnaexpress) and seed stocks were 

purchased through NASC (Scholl et al., 2000). The SALK_151239 line (dgk4-

1) was predicted to be homozygous mutant and the SALK_145081 line (dgk4-

2) was predicted to be heterozygous mutant according to SALK. In order to 

isolate the atdgk4 mutant SALK lines and to confirm whether they are 

homozygous or heterozygous mutants or homozygous wild-type, PCR 

screening was conducted on the segregating mutant seeds. Two sets of PCR, 

1) Wild-type PCR using the ATDGK4 promoter forward and ATDGK4 reverse 

primer pair and 2) Mutant PCR using the T-DNA and ATDKG4 reverse primer 

pair (Table 5.1), were performed. PCR amplifications were carried out in 20 

µL reactions, each containing 1 X KAPATaq reaction buffer (pre-mixed with 

1.5 mM Mg2+ and loading dye), 0.2 mM KAPA dNTP mix, 0.4 mM of the wild-

type or mutant primer pairs (Table 5.1), ~100ng/mL dgk4-1 or dgk4-2 genomic 

DNA (gDNA) template, and 0.02 U/µL KAPATaq polymerase. All PCR 

reagents were purchased from KAPA Biosystems, USA. The amplification 

was carried out under the following PCR cycle: Initial denaturation at 95ºC for 

2 min, followed by 30 cycles each consisting of denaturation at 95ºC for 30 s, 

annealing at 58ºC for 30 s and elongation at 72ºC for 1 min, and a final 



140 

 

 
 

elongation at 72ºC for 5 min. A band of ~1000 bp in the wild-type PCR and 

absence of band in the mutant PCR reactions indicates a homozygous wild-

type plant while a band at ~900 bp in the mutant PCR and absence of band in 

the wild-type PCR indicates a homozygous mutant plant. The presence of 

both ~1000 bp and ~900 bp bands in the two PCRs indicates a heterozygous 

plant.  

 

Table 5.1 Primers and PCR conditions 

Primer name 

 

Sequence (5’ - 3’) 

 

Ta (ºC) 

 

# of cycle 

 

Screening of SALK lines 

ATDGK4 promoter forward 

ATDGK4 reverse 

T-DNA  

 

 

TGTTTCTGACATCTGAGAACTTTT 

GATTGCATTCTTCGTAAAGACG 

GTTCACGTAGTGGGCCATCG 

 

 

 

58 

 

 

 

 

30 

 

 

Expression of ATDGK4 

ATDGK4 qPCR forward 

ATDGK4 qPCR reverse 

PP2AA3 qPCR forward 

PP2AA3 qPCR reverse 

 

CGTCGATTGGTGATTCATTG 

TTGCAATGCGGAGATATTGA 

GCGGTTGTGGAGAACATGATACG 

GAACCAAACACAATTCGTTGCTG 

58 

 

58 

 

28 

 

28 

 

Note: Mutant PCR - T-DNA + ATDGK4 reverse primer pair 
 Wild-type PCR  - ATDGK4 promoter forward + ATDGK4 reverse primer pair 
 ‘Housekeeping’  - PP2AA3 qPCR forward + PP2AA3 qPCR reverse primer pair 

 

 

5.2.4 Elucidation of the T-DNA insertion site and analysis of the T-DNA 

promoter elements 

 

The T-DNA insertion sites of both the dgk4-1 and dgk4-2 lines were 

determined by sequencing the product of the mutant PCR (obtained using the 

T-DNA and ATDGK4 reverse primer pair) and aligning this with 1) the 

ATDGK4 promoter sequence available from TAIR and 2) the T-DNA vector 

pBIN-pROK2 sequence available from SALK. The region where the two 

alignments meet is the actual site of insertion and this insertion site may differ 

from that predicted by SALK due to sequencing error.  
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The T-DNA insertion sequence was also analyzed by aligning the T-DNA 

sequence within the right and left borders in the vector pBIN-pROK2 against 

the NCBI nucleotide collection database (nr/nt) using BLAST and the retrieved 

sequences were examined for the presence of known promoter elements, 

resistance genes or transcription factor binding sites. The identities of these 

sequences within the T-DNA were also organized and mapped out to 

accurately determine the position and distance from the ATG START codon of 

the ATDGK4 gene sequence. The sequences upstream (~2000 bp) of the 

ATDGK4 gene were further analyzed for the presence of any known 

transcription factor binding sites using ATHENA available online at 

http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/About.pl (O'Connor et 

al., 2005).  

 

 

5.2.5 RNA extraction and cDNA synthesis 

 

RNA from leaves and flowers of dgk4-2 wild-type, and dgk4-1 and dgk4-2 

homozygous plants was extracted using the RNeasy Mini kit (Qiagen, USA). 

About 100 mg of leaves or flowers were ground to fine powder in liquid 

nitrogen and immediately added into 450 µL ice-cold buffer RLT as described 

in the manufacturer’s instructions. The optional on-column DNase digestion 

step was performed to remove genomic DNA from the RNA samples. The 

RNA was quantified using the NanoDrop 2000 UV-Vis spectrophotometer 

(NanoDrop Technologies, USA) and quality assessed by measuring the 

A260/A280 ratio. A 260:280 ratio of >1.8 was considered to be adequate 

quality for subsequent cDNA synthesis. cDNA was synthesized from 2.5 µg 

RNA extracted from 100 mg of flowers (~50 flowers) of about 40 different wild-

type and mutant plants, and from 100 mg of leaf from three different wild-type 

and mutant plants were used for semi-quantitative RT-PCR. The cDNA was 

synthesized using Superscript III Reverse Transcriptase (RT) according to the 

manufacturer’s instruction (Invitrogen, UK) and cDNA was stored at -80ºC 

until use.  
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5.2.6 Determination of ATDGK4 expression by semi-quantitative RT-PCR 

 

The expression of ATDGK4 in the homozygous mutant SALK lines was 

measured by semi-quantitative RT-PCR using the ATDGK4 qPCR forward 

and ATDGK4 qPCR reverse primer pair (Table 5.1) and the following PCR 

cycle: Initial denaturation at 95ºC for 2 min, followed by 28 cycles each 

consisting of denaturation at 95ºC for 30 s, annealing at 58ºC for 30 s and 

elongation at 72ºC for 1 min, and a final elongation at 72ºC for 5 min. PCR 

amplifications were carried out in 20 µL reactions, each containing 1 X 

KAPATaq reaction buffer (pre-mixed with 1.5 mM Mg2+ and loading dye), 0.2 

mM KAPA dNTP mix, 0.4 mM of each ATDGK4 qPCR forward and reverse 

primer, 1 µL of cDNA template, and 0.02 U/µL KAPATaq. The PP2AA3 

(AT1G13320) gene was used as a ‘housekeeping’ gene to check that there 

were equal amounts of template in the PCR reactions. The ImageLab 

software (Bio-Rad, USA) was used to automatically detect the bands 

corresponding to the amplified region of ATDGK4 and to quantify the bands 

by normalizing against the PP2AA3 ‘housekeeping’ gene. The normalized 

intensities represent relative ATDGK4 expression in the wild-type and mutant 

flower and leaf tissues as compared in a column graph.   

 

 

5.2.7 In vitro germination of Arabidopsis pollens 

 

The in vitro germination of Arabidopsis pollen was performed according to the 

protocol introduced by Boavida and McCormick (2007) (Boavida and 

McCormick, 2007). Arabidopsis plants were grown under short day (12/12hr, 

light (80 µmol photons m-2 s-1)/dark) conditions until flowering period. About 

100 opened (with no silique) flowers were collected in a 1.5 mL 

microcentrifuge tube using tweezers. About 1mL of freshly prepared pollen 

germination medium (PGM) containing 5 mM CaCl2, 0.01% H3BO3, 5 mM KCl, 

1 mM MgSO4, 250 mM HEPES and 15% (w/v) sucrose at pH 7.5-7.8 was 

added to the tube and which was then vortexed at 2500 rpm for 30-40 s to 

release the pollen grains from the anthers. The tube was then centrifuged at 

13000 rpm for 3 min to pellet the pollen grains which form a yellow precipitate 
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at the base of the tube. The supernatant containing flowers and debris was 

removed and the pollen grain pellet was carefully re-suspended with 100 µL of 

PGM using a 200 µL pipette tip with the tip cut off to avoid damaging the 

pollen. The re-suspended pollen grains were dropped (25 µL) onto a 35 mm 

glass bottom microwell dish (MatTek, USA) and spread evenly to allow pollen 

grains to adhere onto the surface of the well. PGM was then added to the well 

to a total volume of 200 µL and the pollen was allowed to germinate at 21.5ºC 

with high humidity for 4 hrs after which the pollen tube was visualized under a 

screening light microscope and the tube length measured using ImageJ and 

NeuronJ respectively (see Section 5.2.8). In the study of the effect of NO on 

pollen germination and growth, NO provided by SNP or DEA-NONOate was 

added into the dish prior to incubation. 

 

In the real-time monitoring of pollen tube growth and the pollen re-orientation 

experiments, pollen was allowed to germinate for 2 hrs under the same 

conditions before visualization under a custom-built screening light 

microscope equipped with temperature control feature, a robotic arm for the 

fixing of a glass pipette chemical probe and with computerized remote fine 

controlling of the robotic arm.  

 

The pollen re-orientation experiments and real-time visualization of the pollen 

bending were performed in Prof. Jose Feijo’s laboratory in the Gulbenkian 

Institute of Sciences, Lisbon Portugal under the supervision of Dr. Maria 

Teresa Portes. In the pollen bending experiments, the growing pollen tube 

was challenged by an external NO source provided by an NO probe in the 

form of a glass pipette containing 10 mM SNP-agarose (1%) which was held 

by the robotic arm and can be precisely and remotely controlled on a 

computer. The glass pipette was made by a P-97 micropipette puller (Sutter 

Instrument, USA) to achieve an orifice of ~5 µm and was filled with molten 1% 

agarose containing 10 mM SNP by capillary action. This SNP-agarose pipette 

was prepared fresh and placed at a distance of 60 µm away from a randomly 

selected healthily growing pollen tube, and imaging was performed according 

to methods described in Section 5.2.8.     

 



144 

 

 
 

5.2.8 Arabidopsis pollen tubes visualization and measurement 

 

The Arabidopsis pollen tubes were visualized using a Nikon Eclipse TE2000-

S screening light microscope and images were captured with a built-in 

Hamamatsu Flash 2.8 sCMOS camera, at 10 X magnification. The trans-

illumination (TL) function was selected and the left, right, top and bottom 

boundaries of the imaging area were defined before starting the image 

capture. The images (~40 frames) were opened with ImageJ software 

available for download at http://imagej.nih.gov/ij, and pollen tube lengths were 

measured using a plug-in called NeuronJ which is available for download at 

http://www.imagescience.org/meijering/software/neuronj (Meijering et al., 

2004, Schneider et al., 2012). NeuronJ allows for the automated tracing and 

quantification of uneven structures such as neurons, pollen tubes and 

Arabidopsis roots while ImageJ only allows for the measurements of only 

straight un-bended structures.  

 

In the measurement of pollen growth rates, at least 30 unique and healthy 

growing pollen tubes were marked by setting the boundaries of each frame to 

the selected pollen tubes, and images captured at every 5 min intervals. The 

growth rates of the pollen tubes were analyzed by plotting graphs of tube 

length (µm) versus time (min). In the NO-treated pollen germination 

experiments, at least 250 unique pollen tubes were measured. Only pollen 

tubes with lengths of at least 1.5 times that of the pollen grain were 

considered to have germinated and can therefore be considered for 

measurements. The pollen tube lengths were averaged and expressed in 

either absolute lengths in µm or % relative to un-treated pollen. In the pollen 

bending experiments, the NO probe was placed facing a healthy growing 

pollen tube at a distance of 60 µm and images were captured at every 30 s 

intervals, and the different frames compiled to form a video showing the tube 

growth and re-orientation response. At least 4 unique randomly chosen 

healthy growing pollen tubes were selected for bending experiments.     
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5.3 Results and Discussion 

 

 

5.3.1 Expression patterns of ATDGK4 

 

In order to investigate the expression pattern of ATDGK4 in planta, publicly 

available microarray data of Arabidopsis thaliana was analyzed. Interestingly, 

ATDGK4 is highly and almost exclusively expressed in the pollen with signal 

intensity at least four times that of the other tissues and ATDGK4 constitutes 

75% of the total ATDGK expression in the pollen (Figure 5.1). This pollen-

specific expression of ATDGK4 suggests important pollen-related biological 

functions for ATDGK4.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1  The tissue specific distribution and expression levels of Arabidopsis DGKs. 

Column graph represents expression levels of ATDGKs in different tissues of Arabidopsis and 

pie chart represents the expression levels of ATDGKs expressed as % of the total DGK signal 

in the Arabidopsis pollen. Data was obtained from the Arabidopsis development microarray 

series available online on the Gene Expression Omnibus website 

(http://www.ncbi.nlm.nih.gov/geo).  
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5.3.2 Inferring biological functions to ATDGK4 

 

In order to infer biological functions to ATDGK4, an expression correlation 

analysis was performed. This is based on findings that genes which 

collaborate to exert a shared function often require simultaneous expression 

or co-expression (Srinivasasainagendra et al., 2008, Meier and Gehring, 

2008). Interestingly, at a Pearson correlation (r-value) cut-off point of >0.70, a 

large number of genes (1229) are co-expressed with ATDGK4, representing 

4.69% of the total number of protein-coding genes (26,207) in the Arabidopsis 

genome. Since this amount of genes is too large for analysis, therefore only 

the top-50 genes were selected for subsequent gene ontology (GO) analysis. 

When considering only the top-50 genes, the r-value ranges between 0.9982 

and 0.9929 suggesting a very high correlation confidence. The top-50 most 

co-expressed genes (referred to as the ATDGK4-Expression Correlated Gene 

Group (ECGG)-50) were selected for further GO analysis. 

 

In the ECGG-50 genes, >30 have functions related to cytoskeletal (actin and 

cell wall) re-organization and pollen tube growth in addition to the protein 

phosphorylation (8) proteins according to TAIR annotations. At a molecular 

level, the co-expressed genes are mainly clustered as kinases and calcium-

binding molecules with some having pectinesterase and GTPase activities 

(Table 5.2). The ECGG-50 genes were also analyzed for their GO terms using 

agriGO (Du et al., 2010), and a total of 14 significant GO terms from the 

‘biological process’, ‘cellular component’ and ‘molecular function’ categories 

were retrieved within p-values of <0.05. When compared to the background 

expression of the ECGG-50 genes in Arabidopsis genome, the ECGG-50 

genes were enriched in all the 14 GO terms (Table 5.3). About half (23) of the 

genes in the ECGG-50 list have catalytic activity (GO: 0003824), particularly 

hydrolases (GO: 0016787; 11 genes), and kinases (GO: 0016301; 10 genes) 

while a significant number of genes (9) constitutes part of the membrane (GO: 

0044425) (Table 5.3). Therefore, ATDGK4 may be inferred functions related 

to catalysis such as kinase and hydrolase activities, may be involved in the 

phosphorylation biological process, and may be located at the membrane 

since these GO terms were enriched in the ECGG-50 genes.  
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Table 5.2 Top-50 genes whose expression is correlated with ATDGK4 (AT5G57690) 

Rank Locus and GO annotation r Description 

1 AT1G78940
PP

 0.9982 Protein kinase family protein 

2 AT3G05140
PP

 0.9982 Protein kinase family protein 

3 AT4G34940
AFM,PCWM,PTG

 0.9976 Armadillo/beta-catenin repeat family protein 

4 AT4G18790
AFM,CT,CMH,MT

 0.9975 NRAMP metal ion transporter 5 

5 AT1G04470 0.9974 Expressed protein 

6 AT5G58050
GMP

 0.9973 Glycerophosphoryl diester phosphodiesterase family protein 

7 AT5G64790
CMP

 0.9971 Glycosyl hydrolase family 17 protein 

8 AT3G52600
AFM,CMP,PCWM,PTG

 0.9970 Beta-fructosidase 

9 AT5G15110
PCWM

 0.9968 Pectate lyase family protein 

10 AT3G20220
RAS

 0.9966 Auxin-responsive protein 

11 AT2G16730
CMP

 0.9966 Glycosyl hydrolase family 35 protein 

12 AT4G04930
LMP,ORP,PCWM,PTG,SBP

 0.9963 Fatty acid desaturase family protein 

13 AT1G19890
DB,NA,PCWM,SCD,PTG

 0.9962 Histone H3 

14 AT3G05610
PCWM

 0.9959 Pectinesterase family protein 

15 AT4G28280 0.9959 Expressed protein  

16 AT1G13970
RAC

 0.9959 Expressed protein  

17 AT5G50830 0.9958 Expressed protein   

18 AT5G60740 0.9957 ABC transporter family protein 

19 AT5G42880 0.9956 Hypothetical protein  

20 AT5G45810
PCWM,PTG,PP,ST 

0.9956 CBL-interacting protein kinase 19 (CIPK19)  

21 AT1G09600
ECS,PP 

0.9953 Protein kinase family protein  

22 AT1G07330 0.9953 Hypothetical protein  

23 AT1G68110
CCA 

0.9951 Epsin N-terminal homology (ENTH) domain-containing protein / Clathrin assembly protein-related 

24 AT2G24450
PCWM 

0.9947 Fasciclin-like arabinogalactan family protein 

25 AT2G13350
CMF 

0.9947 C2 domain-containing protein  

26 AT4G34440
PCWM, PTG, PP 

0.9946 Protein kinase family protein  

27 AT1G47280 0.9945 Expressed protein  

28 AT3G26110
PCWM 

0.9945 Expressed protein  
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29 AT1G06970
LT,ST 

0.9945 Cation/hydrogen exchanger 

30 AT4G27110
CMF 

0.9943 Phytochelatin synthetase-related  

31 AT1G54280
AFM,PT 

0.9943 Haloacid dehalogenase-like hydrolase family protein  

32 AT3G26860 0.9942 Self-incompatibility protein-related  

33 AT1G04600
GL,AFM,ML,PL

 0.9942 Myosin 

34 AT3G43120
RAS 

0.9942 Auxin-responsive protein-related  

35 AT3G18220 0.9940 Phosphatidic acid phosphatase family protein / PAP2 family protein  

36 AT5G46770
PTG 

0.9940 Expressed protein  

37 AT1G13890
CMF,PCWM,PTG,VMT 

0.9940 SNAP25 homologous protein 

38 AT3G19020
PTG 

0.9939 Leucine-rich repeat family protein  

39 AT1G64300
PP 

0.9939 Protein kinase family protein  

40 AT5G15140
CMP 

0.9939 Aldose 1-epimerase family protein  

41 AT2G31500
PP 

0.9938 Calcium-dependent protein kinase 

42 AT3G16040 0.9938 Expressed protein  

43 AT2G20700 0.9934 Expressed protein  

44 AT2G36020 0.9932 Abscisic acid-responsive HVA22 family protein 

45 AT2G31830
IPD,PIP 

0.9932 Endonuclease/exonuclease/phosphatase family protein  

46 AT4G13240
CMF,PCWM,PTG,VR 

0.9931 Hypothetical protein  

47 AT4G28670
PP 

0.9931 Protein kinase family protein  

48 AT3G51300
AFM,PCWM,PTG,SGST 

0.9930 Rac-like GTP-binding protein (ARAC11) / Rho-like GTP-binding protein (ROP1)  

49 AT1G51250 0.9930 Expressed protein 

50 AT3G04700
PCWM 

0.9929 Expressed protein  

Abbreviations for indicated GO terms for proteins involved in biological process: 
PP = protein phosphorylation (GO:0006468); AFM = actin filament-based movement (GO:0030048); PCWM = plant-type cell wall modification (GO:0009827); PTG = pollen tube growth 
(GO:0009860); CT = cadmium ion transport (GO:0015691); CMH = cellular metal ion homeostasis (GO:0006875); MT = manganese ion transport (GO:0006828); GMP = glycerol metabolic 
process (GO:0006071); CMP = carbohydrate metabolic process (GO:0005975); RAS = response to auxin stimulus (GO:0009733); LMP = lipid metabolic process (GO:0006629); ORP = 
oxidation-reduction process (GO:0055114); SBP = sphingolipid biosynthetic process (GO:0030148); DB = double fertilization (GO:0009567); NA = nucleosome assembly (GO:0006334); SCD = 
pollen sperm cell differentiation (GO:0048235); RAC = regulatory of anion channel activity (GO:0010359); ST = signal transduction (GO:0007165); ECS = epidermal cell fate specification 
(GO:0009957); CCA = clathrin coat assembly (GO:0048268); CMF = cellular membrane fusion (GO:0006944); LT = lithium ion transport (GO:0010351); ST = sodium ion transport 
(GO:0006814); PT = phospholipid transport (GO:0015914); GL = golgi localization (GO:0051645); ML = mitochondrion localization (GO:0051646); PL = peroxisome localization (GO:0060151); 
VMT = vesicle-mediated transport (GO:0016192); IPD = inositol phosphate dephosphorylation (GO:0046855); PIP = phosphatidylinositol phosphorylation (GO:0046854); VR = vernalization 
response (GO:0010048); SGST = small GTPase mediated signal transduction (GO:0007264);  
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Table 5.3 GO analysis of the ECGG-50 genes using agriGO  

GO term Ontology Description ECGG-50 genes (#, %) Arabidopsis genes (#, %) p-value 

GO:0016310 Process Phosphorylation 7, 13.7 1079, 2.9 0.00061 

GO:0006796 Process Phosphate metabolic process 7, 13.7 1178, 3.1 0.001 

GO:0006793 Process Phosphorus metabolic process 7, 13.7 1179, 3.1 0.001 

GO:0006468 Process Protein amino acid phosphorylation 6, 11.8 946, 2.5 0.0017 

GO:0006810 Process Transport 8, 15.7 1846, 4.9 0.0032 

GO:0051234 Process Establishment of localization 8, 15.7 1851, 4.9 0.0032 

GO:0051179 Process Localization 8, 15.7 1922, 5.1 0.0041 

GO:0016301 Function Kinase activity 10, 19.6 1641, 4.3 6.10E-05 

GO:0016772 Function 
Transferase activity, transferring 
phosphorus-containing groups 

10, 19.6 1887, 5.0 0.00019 

GO:0003824 Function Catalytic activity 23, 45.1 9638, 25.5 0.0019 

GO:0016787 Function Hydrolase activity 11, 21.6 3468, 9.2 0.0059 

GO:0031225 Component Anchored to membrane 7, 13.7 272, 0.7 9.70E-08 

GO:0031224 Component Intrinsic to membrane 8, 15.7 806, 2.1 1.30E-05 

GO:0044425 Component Membrane part 9, 17.6 1360, 3.6 8.00E-05 

http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0016310
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0006796
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0006793
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0006468
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0006810
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0051234
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0051179
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0016301
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0016772
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0003824
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0016787
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0031225
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0031224
http://bioinfo.cau.edu.cn/agriGO/termDetail.php?session=246219926&GO=GO:0044425
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In order to investigate whether the ECGG-50 genes are co-regulated, the 

promoter elements such as transcription factors binding sites were analyzed 

using ATHENA (O'Connor et al., 2005) since co-expressed genes are likely to 

be bound and regulated by a similar set of transcription factors (Allocco et al., 

2004). A total of 17 transcription factors/motifs, each binding to >10 promoter 

regions of the ECGG-50 genes were retrieved (Table 5.4). In order to render 

significance to the results, transcription factors binding to <10 of the ECGG-50 

genes were excluded. When compared to the background frequencies in the 

Arabidopsis genome, these transcription factors/motifs frequencies in the 

ECGG-50 list were reduced by at least 10% (Table 5.4). It must be noted that 

all five of the transcription factors/motifs in the promoter of ATDGK4 were 

represented in this list of which four, were present in >50% of the ECGG-50 

genes (Table 5.4). This suggests that the gene expressions of ATDGK4 and 

the ECGG-50 may be co-regulated and thus also resulting in co-expressions.     

 

Table 5.4 Promoter content analysis of ECGG-50 genes using Athena  

Transcription 
factor/motif  

Consensus 
Prom’s bound in 
ECGG-50 (#, %) 

Prom’s bound in Arabidopsis 
genome (#, %) 

p-
value 

MYBIAT WAACCA 43, 86 29394, 97 0.188 

CARGCW8GAT CWWWWWWWWG 39, 78 23795, 79 0.025 

MYB4 binding 
site motif 

AMCWAMC 38, 76 28080, 93 0.391 

W-box promoter 
motif 

TTGACY 38, 76 26630, 88 0.155 

TATA-box motif TATAA 35, 70 28195, 93 0.972 

T-box promoter 
motif 

ACTTTG 33, 66 24250, 80 0.147 

GAREAT TAACAAR 25, 50 23321, 77 0.927 

BoxII promoter 
motif 

GGTTAA 24, 48 19737, 65 0.549 

ARF binding site 
motif 

TGTCTC 22, 44 19629, 65 0.387 

CCA1 binding 
site motif 

AAMAATCT 16, 32 13377, 44 0.583 

ATMYC2 BS in 
RD22 

CACATG 16, 32 17951, 59 0.923 

MYCATERD1 CATGTG 16, 32 17951, 59 0.923 

MYB binding site 
promoter 

MACCWAMC 15, 30 15133, 50 0.751 

MYB2AT TAACTG 14, 28 15041, 50 0.823 

Ibox promoter 
motif 

GATAAG 14, 28 19685, 65 0.992 

MYB1LEPR GTTAGTT 12, 24 8957, 29 0.371 

L1-box promoter 
motif 

TAAATGYA 11, 22 7796, 25 0.418 

Note: Only transcription factor/motif binding to >10 ECGG-50 gene promoters were shown; 
transcription factors/motifs also binding to ATDGK4 promoter is in bold.   
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During pollen tube growth, tube elongation especially at the apical region 

requires rapid cytoskeletal re-organization and even more so when 

challenged by NO in order for the growing tube to switch orientation, and 

continue its growth away from the NO source (Prado et al., 2004). Since many 

genes in the ECGG-50 are cytoskeletal- or pollen-related, anchored to the 

membrane, and have phosphorylation activities, ATDGK4 and the ECGG-50 

may therefore play a role in the rapid NO-induced pollen bending responses. 

 

 

5.3.3 Identification of T-DNA insertion lines  

 

In order to study the functions of ATDGK4 in vivo, T-DNA insertion mutants 

corresponding to the ATDGK4 (AT5G57690) gene sequence were identified 

from a search against the SALK database. Selection of suitable mutant lines 

were based on 1) the specificity of the sequence flanking the T-DNA insert to 

the ATDGK4 gene (i.e. not overlapping with regulatory sequence of another 

gene) and 2) the homozygosity of the mutants. 

 

The two mutant lines selected were dgk4-1 (homozygous) and dgk4-2 

(heterozygous), and have predicted insertion sites at 267 bp and 243 bp 

upstream of the ATG START codon (Figure 5.4). These insertions sites are 

predicted from the alignment of the sequence flanking the T-DNA insert with 

the ATDGK4 gene sequence available from TAIR and could differ by 300 bp 

due to possible errors in the sequencing data as explained in the frequently 

asked question section (http://signal.salk.edu/tdna_FAQs.html). A second 

mutant line was required to confirm that any phenotypic difference from the 

wild-type was indeed a result of the mutation of the ATDGK4 gene and not 

because of possible secondary T-DNA insertions at other sites (Ostergaard 

and Yanofsky, 2004).  
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5.3.4 Isolation of homozygous wild-type and mutant SALK lines 

 

About 15 parental lines from each mutant were planted on soil and were 

screened for the T-DNA insertion using a PCR-based approach. Two PCRs 

were performed, 1) mutant PCR using a T-DNA and ATDKG4 reverse primer 

pair to detect the presence of T-DNA insertion and 2) wild-type PCR using a 

ATDGK4 promoter and ATDGK4 reverse primer pair to detect the presence of 

wild-type ATDGK4 promoter region (Ostergaard and Yanofsky, 2004) (Figure 

5.2). The results of the PCR reactions were used to determine whether the 

parental lines were homozygous mutant or heterozygous or homozygous wild-

type. About 23 progeny from one identified homozygous mutant parent were 

similarly genotyped using the two-PCR approach and homozygosity 

confirmed. In the same way, a homozygous wild-type line from heterozygous 

dgk4-2 parent plant was isolated (Figure 5.3).  

 

 

 

 

 

 

 

 

 

Figure 5.2 Primer design for PCR based genotyping of the segregating dgk4-1 and 

dgk4-2 lines. The two atdgk4 mutant SALK lines are represented by light and dark blue boxes 

with the respective left (LB) and right borders (RB) indicated. Primers (green arrows) are 

designed based on the predicted T-DNA insertion sites. Orange boxes represent genes while 

red arrows point the direction of the genes.  
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Figure 5.3 Genotype confirmations by PCR screening of the atdgk4 mutant lines. 

Twenty three progeny of each dgk4-1 and dgk4-2 atdgk4 mutant lines were screened by PCR 

to confirm that they are homozygous and a homozygous wild-type line from the dgk4-2 parent 

was similarly isolated. Two sets of PCR, A) mutant PCR using the T-DNA and ATDGK4 

reverse primer pair to detect the presence T-DNA insertion, and B) wild-type PCR using the 

ATDGK4 promoter forward and ATDGK4 reverse primer pair to detect the presence of wild-

type ATDGK4 promoter region, were carried out on each line. The molecular weight marker is 

the O’GeneRuler 1 kb DNA ladder mix (Fermentas, USA), positive control is the genomic 

DNA (gDNA) isolated from leaf of wild-type dgk4-2 parent and negative control is water. 

 

 

The mutant PCR confirmed the presence of T-DNA insertion in all twenty 

three progeny of both dgk4-1 and dgk4-2 atdgk4 mutant lines, while there was 

no wild-type product in any of the progeny, thus confirming that two 

homozygous SALK lines have been successfully isolated. A homozygous 

wild-type SALK line was also successfully isolated from the dgk4-2 parent 

judging by the presence of a product corresponding to the amplified native 

ATDGK4 promoter region in the wild-type PCR and none from the mutant 
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PCR (Figure 5.3). The wild-type dgk4-2 was isolated and used for the 

following ATDGK4 expression detection by semi-quantitative RT-PCR instead 

of Col-0 because in the unlikely event of any mutations gathered over 

generations, the wild-type dgk4-2 would serve as an accurate control as it 

corresponds to the generation of the mutant plants since they are screened 

against the same genetic ‘background’. In contrast, the effects of any possible 

mutations gathered over many generations of the Col-0 line in our laboratory 

may not be reflected in the mutant plants and thus, is less ideal for the 

ATDGK4 expression studies. 

 

In order to determine the exact site of the T-DNA insertion, the PCR products 

from the mutant PCR were sequenced (Table 5.1). The sequence was aligned 

with 1) the ATDGK4 promoter sequence, and 2) the T-DNA vector (pBIN-

pROK2) sequence available from SALK. The actual position of the T-DNA 

insertion site is where the two sets of alignments meet which was determined 

to be 268-271 bp upstream of the ATG START codon of ATDGK4 gene for 

the dgk4-1 line and 424-427 bp upstream of the ATG START codon of 

ATDGK4 gene for the dgk4-2 line (Figure 5.4). This discrepancy occurs 

because these four bps overlap in the alignment of the PCR product with the 

ATDGK4 promoter sequence and the T-DNA vector, thus making it impossible 

to conclude from where these four bps actually derive. Sequencing results 

have therefore confirmed that the T-DNA insertion sites of both the atdgk4 

mutant SALK lines lie in the 1000-promoter region of the ATDGK4 gene which 

is consistent with the SALK annotations.    
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Figure 5.4 Determination of the T-DNA insertion sites in the dgk4-1 and dgk4-2 lines. 

The PCR products obtained from the mutant PCR (using the T-DNA and ATDGK4 reverse 

primer pair) were sequenced, and the sequences aligned with the ATDGK4 promoter and the 

T-DNA vector sequences. The actual insertion sites were determined to be 268-271 bp 

upstream of the ATG START codon of the ATDGK4 gene for the dgk4-1 (bold and indicated 

by two solid black arrows) and 424-427 bp upstream of the ATG START codon of the 

ATDGK4 gene for the dgk4-2 line (bold indicated by two empty black arrows). The predicted 

T-DNA insertion sites are represented as inverted grey solid and open arrows for the 

respective dgk4-1 and dgk4-2 lines. TAIR annotated gene sequences are in black, promoter 

sequences are in grey, START and STOP codons are in red and the primer pairs are 

underlined. 

 

 

GCAACACTTTAAATTCTGTTTCTGACATCTGAGAACTTTTCATCACTAAACATATCA

ACATTACTCATGATACAAAGTTTCTTCTTTAAATTCCATGATCTCAGATATAACATC

ACTGTGCATTGCTCTGATCTAAGACAATACCATATTAGCTTACAAAGAAGTCAAATT

GGGTAAACATTCAAGTTTCCCCAAATCGGATTCCCAGAAAAAAGTCTATAGTAATCG

GAGTTACAAGTTTTCGTCTTTCCGAGAATTCAAGTTTGCAAAACCCTAAAAACTTAA

CCTTTGAAAAAATGCAAAACATAGACAATGAATACAAGATGAGCTTACCTTAAAAGT

CTCAAACTTTCCAGTTTCAGTTTCTGTTGAGTGGAGTCAACTCTACTTCGGTGGTGA

TGACATTGACAGTGCTCAGATCCACCATTAACGTTTTCCTTTGTGATTTGCAGATTT

AACTCTACAGGCTTTTATAAACAGACAACAGGCCTATAAAAGCCCAATGGGCTTATA

TAAATAACAAAAAGTTGGTAGTTAATGAGAAGGGAACGGTTTTTATTTGTCCTGAAA

ATAAGCTCAACGGTCGAAAAAAACAAAACAAACAGAAAAATCAGAACAAATCTCTTC

CTCTCGGATCGGTTTCAATTTTTGGTTTCCTTTTTCTCCTCTAACGAATTTTTCGTT

TTCAGATTTTATTCTTTCTTTCATCAAAAAACAACAACAAAGATTCTTATCTTTTCA

CAAAGAACCCAGAATTCCCAATTTGTTCTGTTTTTCATATACTGATTCTTCAGGAAG

ATAAAAAGTTTCGATCTTTTTTGGCAGAGCGAGAGAGAGAGAGAAAGAGATGGAATC

ACCGTCGATTGGTGATTCATTGACGGCGAGGATGATTCCACGACATTCATCTCTCGA

CTCATTCGGAGCAATGAAAGTCTCTTTATTGGTCAATCTCGCGAGCATAAGAGTCTC

TAAAGCAGAGCTTCGTCAAAGAGTTATGCTTCCTCAATATCTCCGCATTGCAATACG

CGATTGCATTCTTCGTAAAGACGATTCCTTCGACGCTTCCTCCTCTGTAGCA 

ATDGK4 promoter forward primer 

ATDGK4 reverse primer 

ATDGK4 --> 

<-- AT5G57700 
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5.3.5 ATDGK4 expression in the wild-type and mutant SALK lines 

 

The mRNA transcription levels of the two homozygous SALK lines isolated 

previously (see Section 5.3.4) were examined by semi-quantitative RT-PCR. 

RNA was first extracted from 100 mg of flower (~50 flowers) from about 40 

different plants and from 100 mg of leaf from three different wild-type and 

mutant plants respectively, before cDNA synthesis. The semi-quantitative RT-

PCR was performed using the ATDGK4 qPCR primer pair (Table 5.1) which 

amplifies a 180 bp product in the ATDGK4 gene while the PP2AA3 

(AT1G13320) was used as the ‘housekeeping’ gene.  

 

Based on Figure 5.5, the ATDGK4 transcripts (180 bp PCR product) was 

detected in the flowers of the wild-type dgk4-2 but not in the leaf, suggesting 

that ATDGK4 is expressed in the flower although it is unknown whether 

ATDGK4 is expressed throughout the entire flower or only at specific parts 

such as at the ovary, stigma, anthers, stamen or pollen. In the flower of the 

homozygous mutant lines, the ATDGK4 gene was expressed 2-3 fold higher 

than in the flower of the wild-type. There was also significant expression of 

ATDGK4 in the leaf of the homozygous mutant lines while none was detected 

in the wild-type leaf although the levels were lower than that recorded from 

the corresponding mutant flowers. The homozygous atdgk4 T-DNA insertion 

mutant lines are therefore mis-expression mutants and the apparent 

increased in ATDGK4 expression is supported by the fact that there is a T-

DNA CaMV 35S promoter located within activation distance (1000-2500 bp) 

upstream of the ATG START codon of ATDGK4 (see Section 5.3.4) which 

could promote strong transcription of the ATDGK4 gene.  
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Figure 5.5 ATDGK4 expression in the wild-type and atdgk4 mutant lines. Expression of 

ATDGK4 in the wild-type (dgk4-2) and the homozygous mutant lines (dgk4-1 and dgk4-2) was 

examined by semi-quantitative RT-PCR using primers (Table 5.1) amplifying across the first 

intron (90 bp) of the ATDGK4 gene with PP2AA3 (AT1G13320) serving as the ‘housekeeping’ 

gene. (A) The ATDGK4 qPCR primer pair amplifies a 270 bp product from gDNA and 180 bp 

product from cDNA while the ambiguous bands (270 bp) above the ATDGK4 transcripts 

correspond to products amplified from gDNA carried over from incomplete DNase digestion 

during RNA extractions, and (B) bands corresponding to the amplified region of ATDGK4 (180 

bp) were detected and quantified by normalizing the band intensities against the 

‘housekeeping’ gene using the ImageLab software (Bio-Rad, USA). Error bars are standard 

error of the mean. L refers to the O’GeneRuler 1 kb DNA ladder mix (Fermentas, USA), W 

refers to water (negative control) and G refers to genomic DNA isolated from leaf of wild-type 

dgk4-2 (positive control). F, L1, L2 and L3 correspond to flowers, leaf 1, leaf 2 and leaf 3 of 

the respective wild-type dgk4-2, and the dgk4-1 and dgk4-2 homozygous mutants.  
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Previous microarray analysis of ATDGK4 expression has indicated that 

ATDGK4 is highly expressed in the pollen (Section 5.3.1) and results from the 

semi-quantitative RT-PCR detected ATDGK4 expression in the flower and not 

in the leaf of wild-type plant while ATDGK4 expression was also higher in the 

mutant flower. While the detection of ATDGK4 expression in the flower also 

suggests a possibility of ATDGK4 expression in the pollen, a direct 

comparison of the ATDGK4 expression levels obtained here with the previous 

ATDGK4 microarray analysis was not possible since the expression of 

ATDGK4 in the pollen was not examined by semi-quantitative RT-PCR. This 

is due to the difficulties of extracting RNA from the small-sized Arabidopsis 

pollen (Fan et al., 2001, Taylor and Hepler, 1997). In order to obtain sufficient 

RNA from the pollen of Arabidopsis, a large number of plants is required 

(~10000) and an efficient method of pollen harvesting such as using a hand-

held vacuum cleaner outfitted with plumbing fittings and nylon meshes 

(Johnson-Brousseau and McCormick, 2004) must be adopted.   

 

Since the T-DNA insertion sites lie in the promoter region of ATDGK4, the T-

DNA sequence was examined for the presence of promoter elements that 

could drive the mis-expression of ATDGK4. The complete sequence within 

the left and right borders of the T-DNA in pBIN-pROK2 was obtained from 

SALK and aligned against the NCBI nucleotide collection database (nr/nt) 

using BLAST. The align results revealed T-DNA insertion sequence has 

annotations corresponding to the cauliflower mosaic virus (CaMV 35S) and 

the nopaline synthase (NOS) promoters at 1033 bp and 4004 bp upstream 

from the left border of the T-DNA. More precisely, the CaMV 35S promoter is 

located at ~1460-2294 bp and ~1300-2134 bp upstream of the ATG START 

codon of the ATDGK4 gene for the respective dgk4-1 and the dgk4-2 lines. In 

Arabidopsis, promoters are generally considered to lie within 1-2 kb upstream 

of the ATG while upstream activation sequences may be found within 500-

1000 bp (Xiao et al., 2010). Therefore, it may be possible that ATDGK4 

expression can be driven by the CaMV 35S promoter in the T-DNA, and not 

the NOS promoter which is located 4004 bp from the left border of the T-DNA 

(Figure 5.6).  
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A further analysis of the promoter elements of ATDGK4 using ATHENA 

(O'Connor et al., 2005), identified five transcription factors/motifs with search 

conditions set to ‘up to 2000 bp upstream of transcription start site’ (Table 

5.5). T-DNA insertion at 424-427 bp upstream of the ATG START codon in 

the dgk4-1 mutant does not result in any loss or disruption of the transcription 

factors/motifs at the ATDGK4 promoter region while the T-DNA insertion at 

268-271 bp upstream of the ATG START codon in the dgk4-2 mutant may 

have resulted in the loss or disruption of one out of two MYB4 binding site 

motif, GAREAT and all of the TATA-box motif (Table 5.5). In other words, T-

DNA insertions have not disrupted any transcription factors/motifs in dgk4-1 

and only resulted in the complete loss of one that is the TATA-box motif in 

dgk4-2. The TATA-box motif is present in 93% of the Arabidopsis genome, 

thus suggesting that this regulatory motif is not specific to ATDGK4 and 

previous studies have also indicated that in many genes, the absence of 

TATA-box DNA sequence did not hinder binding of transcription factors (Chen 

et al., 1994, Mogno et al., 2010). Therefore, any differential regulation of 

ATDGK4 expression in the two mutant lines is unlikely to be caused by the 

disruption of transcription factors/motifs at the promoter region and thus, it is 

possible for the CaMV 35S promoter to activate the transcription of ATDGK4 

in the presence of un-disrupted native promoter elements and resulting in the 

mis-expressions. 
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Figure 5.6 Determination of the position of T-DNA promoter elements from the ATDGK4 

gene. The T-DNA sequence (between left and right borders (LB and RB)) was obtained from 

SALK and BLAST results revealed the presence of the cauliflower mosaic virus (CaMV 35S) 

and the nopaline synthase (NOS) promoters at 1033 bp and 4004 bp upstream from the left 

border. The CaMV 35S promoter is located at ~1460-2294 bp and ~1300-2134 bp upstream 

of the ATDGK4 gene for the respective dgk4-1 and dgk4-2 lines. Orange and blue boxes 

represent the ATDGK4 and T-DNA insertion genes respectively, red arrow points the direction 

of ATDGK4 gene transcription, green arrows represent primer sequences and black bar 

represents promoter region of ATDGK4. All distances are in # bp upstream from transcription 

start site, thus 1000 bp is actually -1000 bp.  

 

 

Table 5.5 Determination of ATDGK4 promoter domains using Athena  

Transcription 
factor/motif  

Consensus 
Prom’s bound in Arabidopsis 
genome (#, %) 

Position from 
ATG 

p-value 

MYB4 binding 
site motif 

AMCWAMC 28080, 93 
-245 to -251 
-312 to -318 

0.731 

GAREAT TAACAAR 23321, 77 -324 to -330 0.591 

MYBIAT WAACCA 29394, 97 -193 to -198 0.799 

TATA-box motif TATAA 28195, 93 

-331 to -336 
-352 to -357 
-371 to -376 
-373 to -378 

0.802 

Ibox promoter 
motif 

GATAAG 19685, 65 -113 to -118 0.438 

 

 

 

dgk4-1 

dgk4-2 

primer 
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5.3.6 Pollen tube growth rates of wild-type and mutant SALK lines 

 

At the gross phenotypic level, there was no obvious difference between the 

atdgk4 mutant and the wild-type lines when grown on soil and on MS media. 

Since ATDGK4 is highly expressed in the pollen (Section 5.3.1), the 

homozygous mutant and wild-type (Col-0) pollens were harvested and 

germinated in vitro, and the pollen tube morphology and growth rates were 

examined by microscopy techniques. The growth rates of at least 30 unique 

healthy growing pollen tubes were measured. The Col-0 pollen tubes had 

faster growth rates in comparison to the dgk4-1 mutant line, recording an 

average of 1.0 µm/min in comparison to the mutant pollen tubes which only 

managed 0.6 µm/min (Figure 5.7). After four hours of in vitro germination, the 

Col-0 pollen tubes recorded an average length of 236.63 µm (n > 250) while 

pollen tubes of the dgk4-1 mutant line only managed lengths of 154.94 µm (n 

> 250) (Figure 5.8). Fan et al., (2001) reported Arabidopsis (Col-0) pollen tube 

lengths of 135 µm after 6 hrs of incubation which can be translated to 0.375 

µm/min assuming a linear pollen tube growth rate (Fan et al., 2001) while 

Boavida and McCormick (2007) reported lengths of about 1 mm after 16 hrs 

of incubation which translates to 1.04 µm/min (Boavida and McCormick, 

2007). The latter corresponds well to the tube growth rates of Col-0 obtained 

in this study (1 µm/min) thus suggesting that the in vitro pollen germination 

method adapted from Boavida and McCormick (2007) has been successfully 

reproduced in our lab, and that the unusually slow growth rate of the dgk4-1 

pollen tubes (0.6 µm/min) is a reflection of the atdgk4 mutant phenotype. 

There is however no noticeable difference in the germination rates, growth 

pattern and tube morphology between the wild-type and the mutant.  

 

The slower growth rates demonstrated by the atdgk4 mutant pollen suggest 

that ATDGK4 is a negative regulator of pollen tube elongation. This is true 

only if the mis-expressed and apparent increased in ATDGK4 transcripts were 

successfully translated into functional proteins and the proteins localized in 

the correct cellular compartments as random insertions may disrupt other 

cellular processes. 
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Figure 5.7 Growth rates of (A) wild-type (Col-0) and (B) atdgk4 mutant pollen tubes. 

Freshly harvested pollens were germinated at 21.5ºC on a glass bottom microwell dish 

(MatTek, USA) and the growth of at least 30 unique pollen tubes were monitored by capturing 

images at 5 min interval using a Hamamatsu Flash 2.8 sCMOS camera built into a screening 

mircroscope (Nikon Eclipse TE2000-S), at 40 X magnification. On average, the growth rates 

of wild-type (Col-0) and atdgk4 mutant pollen tubes (homozygous dgk4-1) are approximately 

1.0 µm/min and 0.6 µm/min respectively. Error bars indicate standard error of the mean. 

 

 

5.3.7 Pollen tube growth in response to NO 

 

When challenged by NO (provided by SNP), pollen tubes of both Col-0 and 

the two homozygous mutant lines (dgk4-1 and dgk4-2) were shorter, 

suggesting a decrease in tube growth rates in the presence of NO and this 

NO-inhibited growth rates is dose-dependent up to 200 nM SNP (Figure 5.8). 

At 500 nM SNP, pollen failed to germinate for all lines. This observation is in 

agreement with studies done on other plant model such as lily (Prado et al., 

2004) and tea plant (Wang et al., 2012), both of which also reported NO-

induced inhibition of pollen tube growth although in those studies, the pollen 

tubes were reported to tolerated much higher concentrations (µM) of NO. The 
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Arabidopsis pollen tube is therefore much more sensitive (about 1000 X) to 

NO and this can be explained by the smaller sized pollen grains and tubes 

which means that they have a larger surface area exposed to the germinating 

medium. To our best knowledge, this is the first study demonstrating NO-

induced inhibition of the Arabidopsis pollen tube growth.  

 

Interestingly, the reduction in pollen tube lengths in the atdgk4 mutant lines 

was less pronounce in comparison to the wild-type with the mutant pollen 

tubes recording only 35% drop in length from 0-200 nM SNP whereas in the 

case of the wild-type, at 200 nM SNP, pollen tube lengths reduced by 70% of 

that recorded in the absence of NO (Figure 5.8B). At 100 nM SNP and above, 

the mutant pollen tubes even exceeded the lengths of the wild type. This 

observation suggests that pollen tubes in the atdgk4 mutant lines were less 

responsive to NO, thus showing reduced growth inhibition. 

 

In the assumption that the mis-expressed or apparent increased in ATDGK4 

transcripts in the homozygous mutant lines were successfully translated into 

functional proteins and the proteins targeted only to the correct location within 

the cell, then ATDGK4 not only functions as a negative regulator of pollen 

growth and elongation, but also acts as a sensor for NO. It may be possible 

that the mis-expressed mRNA transcripts did not get translated into functional 

proteins hence resulting in a knock-down or null-mutant, or that the excessive 

translated proteins did not get targeted into the correct cellular location within 

the pollen tube, or that they were targeted to other cellular locations which 

may be disruptive to the overall pollen tube growth.  
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Figure 5.8 Pollen tube lengths of wild-type (Col-0) and atdgk4 mutants in the presence 

of NO. Freshly harvested pollen was germinated at 21.5ºC on a glass bottom microwell dish 

(MatTek, USA) for four hours in the presence of NO (provided by SNP) and the length of at 

least 250 unique pollen tubes were measured from images captured using a Hamamatsu 

Flash 2.8 sCMOS camera built into a screening mircroscope (Nikon Eclipse TE2000-S), at 10 

X magnification. Pollen tube lengths were averaged and expressed in (A) absolute lengths, 

µm and (B) % relative to 0 nM NO respectively. The pollen tube lengths of both wild-type 

(Col-0) and atdgk4 mutants (homozygous dgk4-1 and dgk4-2) were shorter in the presence of 

NO suggesting reduced growth rates and this reduction was less apparent in the mutant lines. 

Error bars indicate standard error of the mean. 
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5.3.8 Re-orientation of the growing pollen tube when challenged by NO  

 

The NO-response of the Arabidopsis Col-0 and atdgk4 mutant pollen tubes 

was further investigated by examining the re-orientation and bending angles 

of the growing tube. Prado et al. (2004) showed that lily pollen tubes turned 

away from the NO source (Prado et al., 2004) and later in 2008, Prado et al. 

reported the biological implication of this NO-induced pollen response, which 

involves the targeting of the ovule by the pollen tube in the final stage of the 

fertilization process (Prado et al., 2008). When challenged by an NO point 

source provided by a glass pipette tip with a ~5 µm orifice that was filled with 

10mM SNP-agarose (1%), pollen tubes of both wild-type (Col-0) and the 

homozygous dgk4-1 bend away from the NO source, with the Col-0 pollen 

tubes recording sharper bending angels (31.9 ± 2.4º; n = 4) than the 

homozygous dgk4-1 pollen tubes (14.9 ± 2.5º; n = 4) (Figure 5.9). This 

suggests that the dgk4-1 mutant pollen tube was less responsive to NO (thus 

lesser bending), thus consistent with the previous data obtained in Section 

5.3.7 where NO-induced reduction of pollen tubes were less apparent in the 

dgk4-1 and dgk4-2 mutant lines compared to the wild-type, that is in both 

cases the mutants are less responsive to NO. This is the first instance of NO-

induced pollen re-orientation response in Arabidopsis, and the results 

obtained here reflect that obtained in the lily plant system (Prado et al., 2008).    

 

The growth patterns of both wild-type and mutant pollen tubes in response to 

NO were however similar, i.e. the elongation rates decreased as the pollen 

tube tip approaches the pipette orifice and eventually comes to a complete 

halt. A new orientation axis is established and the pollen tube resumes normal 

growth rate along the newly established axis which points away from the 

pipette tip. This growth pattern is also reported by Prado et al. (2004) who 

showed NO-induced pollen bending in lily (Prado et al., 2004). In the atdgk4 

mutant lines, excessive ATDGK4 would encourage increased NO-sensing 

which results in increased inhibition of DAG kinase catalytic activity, thus 

lifting the pollen growth inhibitory effect of ATDGK4. This event would enable 

the pollen tube to be more resistant to NO and show reduced bending – an 

explanation that is consistent with the results obtained here.  
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Figure 5.9 Pollen tube bending angles of (A) wild-type (Col-0) and (B) homozygous 

dgk4-1 in the presence of NO. Freshly harvested pollens were germinated at 21.5ºC on a 

glass bottom microwell dish (MatTek, USA) for two hours and then challenged by an NO 

source provided by a custom-made glass pipette tip (~5 µm orifice) filled with 1% agarose-

SNP (10 mM), at a distance of 60 µm facing a randomly selected growing pollen tip. Images 

were captured at 30 s intervals and re-orientation response analyzed by measuring the 

bending angles of the pollen tubes. The re-orientation responses of at least three unique 

pollen tubes were analyzed from both the wild-type (Col-0) and the homozygous dgk4-1. Both 

the wild-type and the atdgk4 mutant pollen tubes grow away from the NO point source with 

the wild-type recording sharper bending angles.  
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5.4 Conclusion 

 

In this chapter, the biological role of ATDGK4 was investigated in vivo. 

Bioinformatic analysis of publicly available microarray data suggests that 

ATDGK4 is highly expressed in the pollen and that ATDGK4 constitutes 75% 

of the total ATDGKs expressed in the pollen while a large number of genes 

(>1200 at r-value >0.7) have expression which is correlated with ATDGK4. 

Analysis of the ECGG-50 genes revealed that ATDGK4 may have catalytic 

functions and are likely to be involved in cytoskeletal re-arrangement in the 

pollen, and may be located at the membrane. Further analysis of the promoter 

elements of the ECGG-50 genes indicates that the ECGG-50 genes share a 

significant number of transcription factors/motifs which have reduced 

frequencies compared to that of the Arabidopsis genome background. 

Therefore, the ECGG-50 is likely to be co-regulated with ATDGK4.    

 

In order to study the function of ATDGK4 in vivo, T-DNA insertion mutant lines 

were purchased, and the homozygosity of the segregating progenies 

confirmed by PCR approach. The homozygous mutant lines have T-DNA 

insertions in the promoter region upstream of ATDGK4 and have mis-

expressed or apparent increased in ATDGK4 transcripts as confirmed by 

semi-quantitative RT-PCR. The mis-expression of ATDGK4 may be due to the 

presence of a CaMV 35S promoter located within activating distance (<2500 

bp) upstream of the ATDGK4 gene. The homozygous mis-expressed atdgk4 

mutant (dgk4-1) had slower pollen tube growth rates as compared to the wild-

type (Col-0), recording an average of 154.94 µm while the wild-type pollen 

tube has an average of 236.63 µm after four hours of germination. In the 

presence of NO, the mutant and wild-type pollen tube growth was inhibited in 

a dose-dependent manner. However, the mutant pollen tubes (homozygous 

dgk4-1 and dgk4-2) were less sensitive to NO recording only 35% drop in 

length at 200 nM SNP while at the same SNP concentration, the wild-type 

(Col-0) pollen lengths were reduced by 70%. When challenged by NO, both 

the wild-type (Col-0) and mutant pollen tubes (homozygous dgk4-1) turned 

away from the NO source with the wild-type (Col-0) pollen tube bending at a 
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sharper angle than the dgk4-1, again indicating less mutant sensitivity 

towards NO. 

 

In summary, this chapter has demonstrated the biological roles of ATDGK4 in 

planta, which includes pollen tube growth and NO perception as indicated by 

a change in the growth and bending responses of the mis-expressed atdgk4 

mutant pollen tubes. In order to link these functions of ATDGK4 to the 

targeting of pollen tube to the ovule in the broader fertilization process, a 

hypothetical model that considers both the results in this chapter and the in 

vitro biochemical characterization from the previous chapter, and also 

information from the current literature, is proposed and presented in the 

concluding remarks in the next chapter. 
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CHAPTER 6 

 

CONCLUSIONS 

 

In summary, this work has contributed to the understanding of two important 

signaling molecules in plants, 3’,5’-cyclic guanosine monophosphate (cGMP) 

and nitric oxide (NO). In the former, the catalytic centers of recently identified 

and characterized cGMP-generating molecules from plants, the guanylyl 

cyclases (GCs), were evaluated using computational methods. Key residues 

were assigned catalytic functions and from the alignments of catalytic centers 

of recently characterized Arabidopsis GCs, a new search motif that is more 

rigid and possibly specific only to plants, was constructed. This GC motif has 

identified a substantial number of molecules (>40) with potential GC catalytic 

centers from Arabidopsis. One molecule harboring a putative GC domain, the 

Arabidopsis thaliana DIACYLGLYCEROL KINASE 4 (ATDGK4), was cloned 

and expressed in an E. coli host, and affinity purified for in vitro 

characterization. The recombinant ATDGK4 showed GC activity generating 

cGMP amounts comparable to that of ATPSKR1 (Kwezi et al., 2011), and this 

activity was also enhanced by Ca2+.  

 

Interestingly, the ATDGK4 molecule also has an H-NOX domain located near 

the C-terminal downstream of the kinase-GC domain which suggests 

plausible NO and/or oxygen-sensing. This is interesting because with the 

exception of ATNOGC1 (Mulaudzi et al., 2011), no other plant NO sensors 

have been identified although NO is known to regulate many important 

physiological functions in plants (Delledonne, 2005). In this study, the purified 

recombinant ATDGK4 has the ability to incorporate a heme group as reflected 

by the present of a Soret peak at 410 nm which is characteristic of a 

covalently bound heme group (Nienhaus and Nienhaus, 2005). This 

recombinant ATDGK4 also showed kinase activity in vitro and importantly this 

activity was inhibited by NO.  
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There is growing evidence for multi-domain molecules with dual-catalytic roles 

in plants (Irving et al., 2012) and one consequent question is how are these 

domains regulated? In this study, the regulation of the different domains 

namely the kinase and GC domains of ATDGK4 at a molecular level was 

further investigated. The product of ATDGK4 DAG kinase activity, PA, can 

activate the release of Ca2+ from intracellular stores (e.g. endoplasmic 

reticulum) (Munnik, 2001, Munnik and Testerink, 2009), and this increase in 

cytosolic Ca2+ may act in a positive feedback regulation to stimulate the GC 

activity of ATDGK4. On the other hand, the DAG kinase activity which was 

inhibited by NO was only slightly inhibited by cGMP while being unaffected by 

Ca2+. This suggested that activation of the GC domain by Ca2+ did not affect 

the DAG kinase domain. NO on the other hand, did not alter the GC activity of 

this molecule. Taken together, these observations suggested that the two 

domains of this molecule were regulated independently, unlike in the 

ATPSKR1 molecule where a single molecule, Ca2+, acted as a molecular 

switch, shifting from the kinase to GC activation (Wheeler et al., 2013).  

 

While the mechanism for Ca2+ activation of the GC domains of ATPSKR1 and 

ATDGK4 has yet to be understood, the binding of Ca2+ to these molecules 

has likely resulted in structural changes that have exposed the partially buried 

GC domain (see Chapter 2), thus resulting in the increased cGMP generation. 

In the case of ATPSKR1, binding of Ca2+ has also resulted in the de-activation 

of kinase (Wheeler et al., 2013) thus suggesting that the kinase domain was 

structurally altered while in the case of ATDGK4, this de-activation of kinase 

activity was caused by NO binding. Therefore, in multi-domain molecules 

such as ATPSKR1 and ATDGK4, structural dynamicity is a key feature for 

rapid and temporal change in the regulation of the activation states of the 

catalytic centers (Wong and Gehring, 2013) especially when bound to their 

interacting regulatory components such as peptide ligands, Ca2+, NO and 

cGMP.  

 

In order to relate the enzymatic activities of ATDGK4 to its biological functions 

in planta, the ATDGK4 molecule was further investigated in vivo. Microarray 

analysis indicated that ATDGK4 has high transcript levels in the pollen, which 
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suggests important pollen-related biological functions of the ATDGK4 

molecule. Previously, pollen tubes of lily and the tea plant have been shown 

to be inhibited and/or grow away from an NO source (Prado et al., 2004, 

Wang et al., 2012) and since in the in vitro studies ATDGK4 has NO-

dependent kinase activity, it is speculated that this molecule is involved in NO-

sensing and the NO-induced pollen growth/bending responses. In this work, 

the investigation of pollen tubes of the wild-type and the mis-expressed 

atdgk4 mutant lines were conducted. The pollen tubes of mis-expressed 

atdgk4 mutants had slower growth rates and were less sensitive to NO than 

the wild-type (Col-0) based on the tube growth and re-orientation responses. 

The mutant pollen tubes tolerated higher doses of NO and recorded reduced 

bending angles when challenged by NO. These results suggested that 

ATDGK4 may be involved in the general pollen growth, NO perception and 

NO-induced re-orientation responses. The NO perception in particular was 

consistent with the findings of the in vitro biochemical assays where 

recombinant ATDGK4 kinase activity was found to be NO-modulated. 

Whether this NO-induced pollen responses was mediated by cGMP, is yet to 

be determined as such an event would be consistent with the more 

established cGMP-mediated NO signaling pathway in the animal models 

(Denninger and Marletta, 1999), and even more so since the ATDGK4 

molecule also demonstrated GC activity in vitro.  

 

Based on the in vitro and in vivo data gathered in this study and with 

reference to information from the literature, a hypothetical model detailing the 

biological implications of the ATDGK4 molecule is presented in Figure 6.1. 

The fertilization process in plants has been the subject of extensive studies for 

the past decade with the guidance of pollen tube to the ovule being the main 

focus of many research works and theoretical models (McCormick and Yang, 

2005, Franklin-Tong, 2002). The current agreement is that cues guiding the 

growing tube are contributed by two parties, the sporophytic (male) and the 

gametophytic (female) factors. Apart from a candidate small peptide ZmEA1 

(Marton et al., 2005), no other gametophytic signals have been discovered 

although the magatama, torenia, feronia and sirene mutants from various 

species either failed to attract the pollen tubes to the embryo sacs or the 
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tubes entered the synergid but failed to release the sperm cells (Shimizu and 

Okada, 2000, Higashiyama et al., 2001, Huck et al., 2003, Rotman et al., 

2003). While the female gametophyte sends signals to attract the pollen tube, 

the sporophytic signals are however the initial guiding cues beginning from 

pollen hydration, germination and tube growth into and along the style after 

which the gametophytic signals take over as the tube approaches the ovary. 

The ATDGK4 molecule is presumably involved in the sporophytic phase of 

pollen tube guidance and the plausible mechanism of actions is further 

discussed. 

 

Pollen hydration, tube germination and orientating tubes in the right direction 

all involve different cues and conditions. Once the growing tube migrates into 

the style, and along the transmitting tract, a lengthy journey begins whereby 

different cues have been proposed to navigate the tube growth (Figure 6.1A). 

For example, pollen tubes have been shown to grow towards lipids such as 

the arabinogalactan family of proteins (AGPs) while triacylglycerides control 

directional growth by forming a water gradient thereby assisting the flow of 

water to pollen (Cheung et al., 1995, Wolters-Arts et al., 1998). Rho-GTPases 

such as Roc and Rac have also been reported to regulate actin organization 

and have important signaling functions controlling the polarized apical growth 

(Li et al., 1998, Kost et al., 1999) while the extracellular matrix (ECM) of the 

transmitting tract can also directly mobilize the growing tube (Jauh and Lord, 

1995). Specific sporophytic signals such as the transmitting tissue specific 

(TTS) protein in tobacco (Cheung et al., 1995), GABA in Arabidopsis 

(Palanivelu et al., 2003) and chemocyanin in lily (Kim et al., 2003) have also 

been found. Here, we propose a hypothetical model for the involvement of 

ATDGK4 in regulating the direction of the growing tube via NO perception 

based on the experimental data obtained in this study. 

 

In the pollen tube, NO is produced in peroxisomes which are localized at the 

rear of the tube tip (Prado et al., 2004) and NO released from these vesicles 

travels across the cytoplasmic region at the tip and is presumably sensed by 

molecules anchored to the membrane at the tip apex, among them the 

ATDGK4 molecule (Figures 6.1A – B). Experimental data indicated that the 
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mis-expressed atdgk4 mutant pollens have slower growth rates therefore a 

growth inhibitory role has been assigned to ATDGK4. Sensing of NO inhibits 

the kinase activity of ATDGK4 which would lift this growth inhibitory effect thus 

allowing for faster growth. In the presence of NO, NO-inhibition of ATDGK4 is 

less pronounced at the side where bending occurs compared to the opposing 

side of the tip where there is a faster growth rate thus suggesting a greater 

influence of NO. These unequal growth rates at opposing sides of the tube tip 

leading to bending towards the inhibited side can be explained by 1) the 

unequal distribution of ATDGK4 (i.e. ATDGK4 accumulates at the bending 

side) at the apex membrane and/or 2) preferential targeting of NO to the 

ATDGK4 molecules at the ‘faster’ growing side (Figure 6.1B). How NO would 

be targeted to the ATDGK4 molecules at the ‘faster’ growing side and how 

ATDGK4 would be reorganized or recruited to the bending side, is however 

unclear. ATDGK4 can also interact in a series of unknown events such as 

regulations by other diffusible factors for e.g. Ca2+ and Cl- ions leading to the 

mobilization of actin and microfilaments which orchestrate elongation of the 

tube tip along the direction opposite of ATDGK4 NO-perception or at the side 

where ATDGK4 accumulates. Shutting off the phosphorylation activity of 

ATDGK4 by NO would also reduce consumption of the diacylglycerol (DAG) 

substrate which is an integral component of the membrane, thus allowing for 

faster growth while at the ‘slow’ growing side of the tube, active kinase activity 

would result in increased in the phosphatidic acid (PA) product which when 

released from the membrane into the cytosol, activates a series of 

downstream signaling events such as intracellular Ca2+ release via IP3 

(Munnik, 2001), thus resulting in actin mobilization along the growth axis. In 

other words, ATDGK4 could act as the ‘switch’ between pollen growth and 

pollen navigation (via NO) by balancing the levels of DAG and PA (Figure 

6.1C). In the mis-expressed atdgk4 mutant pollen tubes, the apparent 

excessive ATDGK4 at the membrane resulted in slower growth rates and a 

decrease in NO-induced responses (e.g. increased tolerance to NO and 

reduced bending angles). In the latter, the increase in NO sensitivity as a 

direct result of more ATDGK4 molecules is not sufficient to completely shut off 

or reduce their kinase activities to the levels of the wild-type, hence resulting 

in a net decreased in NO-induced growth and bending effects.       
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Thus, the proposed sequence of events for NO-induced pollen tube 

navigation taking place in the transmitting tract of the style is as follows: 1) 

growing tube going astray, 2) ATDGK4 reorganizes and/or gets recruited to 

side where bending occurs, 3) NO released from peroxisomes targets 

ATDGK4 molecules at ‘fast’ growing side, 4) ATDGK4 produces PA which 

activates downstream signaling events such as Ca2+ release and/or influx of 

diffusible factors, 5) actin and microfilaments get activated and mobilized 

cytoplasm and cytoskeleton, 6) pollen bends and continue elongation towards 

ovary. 

 

While this work provided some insights into the NO signaling pathway in 

plants, there are however ‘gaps’ which require further investigation. For 

example, the binding site of NO at the ATDGK4 molecule remains unknown. 

While NO-binding at the heme group in ATDGK4 is one plausible way, other 

known mechanisms such as NO modifying events for e.g. S-nitrosylation 

(Kovacs and Lindermayr, 2013) and Y-nitration (Abello et al., 2009) must also 

be explored in vitro using antibody-based binding assays and/or mass 

spectrometry detection. In order to determine whether or how ATDGK4 

reorganizes or gets recruited to the membrane, a GFP-tagged ATDGK4 

Arabidopsis line can be engineered and in vitro pollen germination in the 

presence of NO can be visualized using a confocal microscope. Pollen of 

knock out or knock down atdgk4 mutant lines should be investigated to 

determine if their growth and NO-induced responses complement the mis-

expressed atdgk4 behavior observed in this study, thus providing confirmation 

about the functional roles assigned to the ATDGK4 molecule. Further, real-

time imaging of NO in the growing pollen tube can also be performed using 

fluorescent probes (Zhang et al., 2014). 

 

Clearly, a concerted effort is required to unravel the entire NO-induced pollen 

tube navigation mechanism during fertilization and the knowledge gained from 

the pollen cell system, can be translated to other plant tissues which will help 

advance the understanding, at a molecular level, of the little known plant NO 

signaling mechanism. Further, understanding of the NO signaling mechanism 

in higher plants can assist in the development of ‘strategies’ to increase crop 
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tolerance towards stresses for e.g. drought, salinity and heat, all of which are 

of high importance and relevance to the Kingdom of Saudi Arabia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 A hypothetical model describing the biological roles of ATDGK4 in the pollen 

tube during fertilization process. (A) The ‘arduous journey’ of pollen tube migration through 

the Arabidopsis flower, beginning from pollen hydration, germination, (A and B) tube growth 

and navigation in the transmitting tract of the style, and ending with the release of sperm cell 

into the embryo sac of the ovule. (C) ATDGK4 acts as a ‘switch’ in regulating the balance of 

pollen growth (through DAG accumulation in the membrane resulting from NO-inhibition of 

ATDGK4) and pollen navigation (through the PA-activated cytosolic signaling events). Red 

arrows in (A) and (B) show the direction of pollen growth. 

A 

B 

C 
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