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Summary

Nitric Oxide (NO) influences a wide range of physiological processes in plants including
growth and development, responses to abiotic and biotic stress and pathogen responses. NO
binds to the heme group of the mammalian soluble guanylyl cyclase, which activates the
enzyme to convert guanosine 5’ triphosphate (GTP) to a second messenger guanosine 3’°, 5’
cyclic monophosphate (cGMP). Cyclic GMP further activates other signalling cascades
including the regulation of protein kinases, ion gated channels and phosphodiesterases. In
plants, a few GCs have been identified and these include AtGCI1, AtBRI1, AtWAKL10, and
AtPSKRI1, however, a GC that contains a heme binding motif that senses NO has yet to be
identified. In order to identify such molecules, a search motif based on conserved HNOX
domains and the conserved and functionally assigned amino acid residues in the catalytic
centres of annotated GCs was designed and used to search the Arabidopsis thaliana
proteome. Several candidate molecules were identified including a flavin-containing
monooxygenase (FMO)-like protein and the At5g57690 which is currently annotated as a
diacylglycerol kinase. FMOs found in bacteria, yeast, and animals are the most important
monooxygenases since they are involved in xenobiotic metabolism and variability in drug
response. FMOs in plants are implicated in catalysing specific steps in auxin biosynthesis,
metabolism of glucosinolates and pathogen defense mechanisms. The human diacylglycerol
kinase acts as a lipid kinase that mediates a wide range of biological processes which include
cell proliferation, differentiation and turmogenesis. In prokaryotes, the structure of
Escherichia coli lipid kinase has been solved however, its function has not yet been
demonstrated. So far, the occurrence of the diacylglycerol kinases in plants has not yet been

reported, and their structure and function also remain elusive. The domain architecture of the



molecules (AINOGC1 and At5g57690) identified by the HNOX-based search strategy
revealed that these molecules contain a GC and a heme-binding motif that is conserved

among all known heme-binding proteins.

In this study, the role of AtINOGC1, a novel NO binding protein in higher plants was
investigated and the results showed that this molecule contains an NO-dependant active GC
domain. The sequence was first analysed and the location of the HNOX and the GC motifs
highlighted. The protein was then recombinatly expressed as a His-SUMO fusion protein and
the purification optimised by a second step of ion exchange chromatography. Electrochemical
techniques such as cyclic voltammetry and square wave voltammetry were used to
demonstrate the binding of NO and O, to the AtNOGC1. Electrochemical data revealed that
AtNOGC1 has a lower affinity for O, and a higher affinity for NO, an important signalling

molecule in plants.

The presence of the GC activity in AINOGC1 was investigated by conducting GC activity
assays in vitro in the presence or absence of NO. The GC activity assays demonstrated that
AtNOGC1 can synthesize cGMP from GTP in vitro. It was also noted that NO was required
for the maximum activation of AINOGC1 catalytic activity. NO-activated catalysis resulted in
a >2 fold excess of cGMP production compared to an NO-independent GC activity assay.
The effect of calcium in regulating the GC activity was also investigated and an increase in
cGMP levels was observed however, this was just a preliminary finding that requires further

experimentation.



Homology models for both the FMO-like (AtINOGC1) and the diacylglycerol kinase
(At5g57690) were built using Modeller program, and important amino acid residues
underlying the heme-binding and GC motifs were identified. Residues corresponding to the
motifs, which give signature to AINOGC1l as an FMO, were also noted. In addition,
computational functional prediction also suggested the role of AtNOGC1 in a number of

processes which include ion binding and functioning as an FMO.

Taken together, these findings suggest that AINOGC1 is a novel Arabidopsis thaliana heme-
binding protein that senses NO with higher affinity than for O,. Though AtNOGC1 is
currently annotated as a FMO-like protein, it contains a NO-sensitive GC activity and shares
limited sequence similarities with mammalian sGC and the recently identified HNOX
domains. Homology modelling strongly suggests that AINOGC1 and At5g57690 belong to
the families of FMOs and diacylglycerol kinases respectively. The domain organisation of
AtNOGC1 suggests that more of its functions still remain to be identified. The cloning and
characterisation of the At5g57690 gene will provide possible means for further
experimentation as well as affording more insights into the exact functions of lipid kinases in

plants.



CHAPTER 1: Literature Review

1.1 Introduction

Molecular genetic manipulation and biochemical studies have created a means of
characterising and elucidating physiological functions of novel signalling molecules in
several living organisms. This aids in understanding signalling pathways that regulate
growth, development (Gouvéa et al., 1997; Leshem et al., 1998) and defense mechanism in
both plants and animals. Key molecules such as nitric oxide (NO) and cyclic nucleotides are
important effectors of animal redox-regulated signalling and have also been shown to mediate

diverse physiological processes in plants (Newton and Smith, 2004; Kaplan et al., 2007).

This thesis examines the functional and structural properties of a novel signalling molecule in
Arabidopsis thaliana, AtNOGCL. This chapter entails the role of NO as a signalling molecule
in plants, especially looking into its sources, its role as a signalling molecule via its second
messengers and a brief description of its functions. A short description on the different kinds
of heme-binding proteins and their structures will also be discussed. An outline of signalling
pathways of guanylyl cyclases and their associated cyclic nucleotides will also be discussed.
Finally, flavin-containing monooxygenases (FMOs) will also be elaborated highlighting their

structural features and functional characteristics.



1.2Nitric oxide signalling

Nitric oxide (NO) was first identified as an endothelium-derived relaxation factor and has
been implicated to be an important mediator of several animal cell functions. The interaction
of NO and redox proteins is now recognised as an important component of signal
transduction pathways which regulates processes such as gene expression and control a
number of biological processes including gene transcription and translation (Fan et al., 2004),
neurotransmission, immunological and inflammation response, relaxation and vascular
smooth muscle (Besson-Bard et al., 2008b). NO also has a major role in protecting the
immune system against tumour cells and intracellular parasites (Casero et al., 2000; Durner et
al., 1999). Although NO plays an important role in the immune system of animals, it has been
implicated in the generation of weak levels of antioxidant and an excess accumulation of
reactive oxygen species (ROS) that then lead to its toxicity. In animals, the interaction of NO
with ROS induces apoptosis of tumour cells and the killing of bacteria by macrophages. A
similar mechanism in plants has been reported where the interaction prevents tissue invasion
by pathogens (De Stefano et al., 2005). Due to its size and the lack of charge, NO is able to
diffuse rapidly and freely between cells, which makes it an important biomolecule (Casero et
al., 2000). In addition, NO has the ability to react with oxygen (O;), metal ions, and thiols

(Boon and Marletta, 2005a, b).

1.2.1 Chemistry of NO

NO is a relatively small free radical gas with a long half life ranging from minutes to hours at
low concentrations (less than Iumol L™) and a short half life of about seconds at high

concentrations (Manjunatha et al., 2010). Because of its high diffusivity rate (4.8 x 10° cm®



s' in water) (Hakim et al., 1996) NO can diffuse over several cell layers and longer distances
in intracellular spaces exhibiting its hydrophobic properties. Its half life is also dependent on
the presence of its targets such as proteins, O,, heme proteins, bound iron, copper, cysteine,
tyrosine and ascorbic acid (Prochdzkova and Wilhelmova, 2011). NO is a highly reactive
molecule that reacts with O, to form compounds such as NO;", N,Oj; and N,O4, which further
react with amines and thiols or being hydrolysed to NO, and NOs;. NO' can also form an
unstable perocynitrite ion (ONOO) from its reaction with superoxide anion-radical (O,"),
under physiological pH ONOO protonates to form peroxo-dioxonitric acid and a hydroxyl
radical (HO"). The radical form of NO can either be oxidised to produce a nitrosonium cation
(NO") or reduced to form a nitroxyl radical (NO™) (Figure 1.1) (Arasimowicz and Floryszak-

Wieczorek, 2007).

nitration
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Figure 1.1: Chemical nature of NO and itsreactions. NO', nitric oxide radical; NO", nitrosonium cation; NO
nitroxyl anion; Me, transition metal; O,, oxygen; nitric oxides (NO,", N,Os, N,O,); NO, , nitrite; NO5 , nitrate;
RSH, thiols, O, superoxide anion; ONOO peroxynitrite; HONOO, pernitrous acid; OH’, hydroxyl radical
(adapted from, (Arasimowicz and Floryszak-Wieczorek, 2007)).



1.2.2 NO synthesisin plants

In plants, different sources of NO are reported however, its physiological roles dependent on
plant species, cell type, external conditions and the potential activation of the signal pathway
in the plant. In animals, NO is produced by a NO synthase (NOS) that catalyses the
conversion of L-arginine to L-citrulline and NO, in the presence of O, involving an NADPH-
dependent reaction (Figure 1.2). In plants, NO is produced from both L-arginine and nitrite-

dependent pathways.

Plants use different systems to produce NO both involving enzymatic and non-enzymatic
reactions. Enzymatic synthesis of NO involves three different kinds of enzymes including a
nitrite reductase (NiR), a nitrate reductase (NR) and a NO synthase (NOS). Like in the animal
system, NO is also produced from L-arginine by the action of NOS-like enzymes. The
presence of NOS activity in plants was first reported in roots and nodules (Leshem and
Haramaty, 1996; Ninnemann and Maier, 1996). Although NOS-like activity has been
detected in plants and NOS-like enzymes identified, they share no sequence similarity with
the animal NOS. However inhibitors of the animal NOS abolished NO generation in plants
supporting the presence of NOS activity. NOS-like enzymes reported in plants include the
pathogen-inducible NOS from Arabidopsis thaliana and tobacco (iNOS) and an Arabidopsis
thaliana hormone activated NOS (AtNOS1) (Guo et al., 2003). Production of NO by iNOS
was demonstrated in plants that were resisting infection by turnip crinkle virus and in tobacco
plants treated with tobacco mosaic virus or were unaffected by the fungal elicitor cryptogein.
Though AtNOSI does not share any sequence identity with iNOS and the mammalian NOS,
it displays a flavin, heme and tetrahydrobiopterin-independent NOS activity. A gene

encoding AtNOSI1 protein was reported to be involved in growth and hormonal signalling



(Guo et al., 2003), and that NO production by AtNOS1 is stimulated by responses to abscisic
acid (ABA), hormones and other signals. Since AtNOS1 shares no similarities to animal
NOS, it suggests that NO activity in plants may have evolved from different types of

enzymes (Wendehenne et al., 2004).

NO is also synthesized from nitrite in a one step reaction catalysed by NiR, and from the
reduction of nitrate to nitrite by NR then to NO in a reaction that requires NADPH
(Delledonne et al., 1998). NO production catalysed by NR has been demonstrated both in
vivo and in vitro occurring in different plant species including cucumber, sunflower, maize,
Arabidopsis, wheat, orchid, aloe, spinach, tobacco and in a small plant Chlamydomonas
reinhardtii (Arasimowicz and Floryszak-Wieczorek, 2007). A plasma membrane nitrite: NO-
reductase (Ni-NOR), an enzyme identified in tobacco roots, is also responsible for the
synthesis of NO from nitrite using cytochrome C as an electron donor in vitro (Misra et al.,

2010).

A non-enzymatic reaction involves the conversion of nitrite to NO by caroteonoids in an
acidic pH medium, and the same reaction can also happen due to hormonal response such as
gibberellin and ABA. NO synthesis can also occur through nitrification, denitrification, N»
fixation and respiration. Other sources of NO may include horseradish peroxidase,

cytochrome P450, catalase and haemoglobin (Arasimowicz and Floryszak-Wieczorek, 2007).
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Figure 1.2: Chemical reactions showing the synthesis of NO from L-ar ginine catalysed by NOS. L-arginine
is converted to L-citrulline and NO, in a two-step reaction catalysed by NOS. In the first step, L-arginine is
converted to N-hydroxy-L-arginine in the presence of oxygen, followed by the second step where N°-hydroxy-
L-arginine is oxygenated to L-citrulline and NO. The reaction requires NADPH as an electron donor (adapted

from (Wendehenne et al., 2001)).

1.2.3 NO signalling mediated by second messengers

Due to its simple structure, small size and high diffusivity rate, NO fits the characteristic of a
signalling molecule. NO signalling in mammals can either be ¢cGMP dependent or
independent such as is in the Snitrosylation/denitrosylation of proteins. Guanylyl cyclase
(GC), the enzyme which catalyses the synthesis of cGMP, is an important target for NO
signalling. NO binds to the heme of soluble GC (sGC) and increases its activity significantly,
resulting in the synthesis of cGMP. Cyclic GMP in turn activates various cGMP targets
including the regulation of protein kinases, ion gated channels and phosphodiesterases. In
plants, the same signalling pathway is also thought to occur in the same manner although this
pathway is poorly understood. The presence of cGMP in plants has long been reported
(Durner et al., 1999) however it is only until recently that a few GCs have been identified and

characterised, and these include the AtGC1 (Ludidi and Gehring, 2003), the AtBRI1 (Kwezi



et al., 2007), the AtWAKLI10 (Meier et al., 2010). Though these GCs have been identified,
none of them requires NO-activation, suggesting that an NO-sensitive GC is yet still to be

identified.

Cyclic GMP plays major roles as a second messenger in a NO-dependent manner. An
increase in endogenous cGMP was reported in several aspects including tobacco plants
treated with NO inducers (Durner et al., 1999), response to stimuli such as the gibberellic
acid treatment of barely aleurone, light stimulation of bean cells and the treatment of spruce
needles with NO (Durner et al., 1999). Tobacco plants and suspension cultures treated with
NO activated the expression of defence genes encoding the pathogenesis-related (PR-1)
protein and the phenylalanine lyase (PAL) however, this induction was blocked by sGC

inhibitors, suggesting the presence of a NO-activated sGC in plants (Durner et al., 1999).

NO was also proposed to regulate signalling pathways through cyclic adenosine
diphosphoribose (cADPR) and Ca®" mobilisation. Cyclic ADPR was first identified as a
cyclic derivative of NAD" that is formed by ADP-ribosyl cyclase and metabolised to
adenosine diphosphate by cADPR hydrolase (Guse, 1999). Cyclic ADPR plays a role in the
ABA signalling pathway in tomato and Arabidopsis plants and acts synergistically with
cGMP to induce the expression of PAL and PR-1 genes in tobacco (Durner et al., 1999;
Durner et al., 1998; Wendehenne et al., 2004). Furthermore it acts as a second messenger in
cGMP-dependent signalling pathways (Denninger and Marletta, 1999) and in Ca®*
mobilisation in Vicia faba guard cells, through modulation of vacuolar Ca*" channels. NO
acts through its second messengers cGMP and cADPR to modulate Ca>" permeable channels
(Durner et al., 1999; Wendehenne et al., 2004) which increases free cytosolic Ca’" levels in

cells. NO also regulates an increase of cytosolic Ca*" in plants in response to a number of
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stimuli including applied osmotic stress, treatment with fungal elicitor, a Borrytis cinerea
endopolygalactoronase 1 elicitor in grapes and in ABA-induced stomatal guard cell

movements (Arasimowicz and Floryszak-Wieczorek, 2007).

NO has also been shown to cause activation of the mitogen-activated protein (MAP) kinase in
Arabidopsis (Clarke et al., 2000) and in tobacco cells (Kumar and Klessig, 2000; Pagnussat et
al., 2004), and its presence induces the biosynthesis of jasmonic acid (Jih et al., 2003;
Orozco-Cardenas and Ryan, 2002; Polverari et al., 2003), salicylic acid and ethylene. Apart
from its interaction with GCs, NO can also interact and positively or negatively regulate other
iron containing proteins, such as the iron-sulphur enzyme (aconitase), catalase, peroxidase
and haemoglobin. NO can also interacts with cysteines and tyrosines found in proteins and

thiol groups containing molecules (Wendehenne et al., 2001).

1.2.4 Functions of NO in plant systems

NO influences a wide range of physiological processes in plants. It is known to be involved
in the developmental role of plants by promoting seed germination (Beligni and Lamattina,
2000), roots growth (Correa-Aragunde et al., 2004), leaf extension and flowering (He et al.,
2004; Leshem et al., 1998), fruit ripening (Leshem, 2000; Manjunatha et al., 2010),
reproduction and causes pollen tube re-orientation (Prado et al., 2004). NO also modulates
disease resistance in plants by triggering cell death and inducing the expression of disease
resistance genes (Neill et al., 2003; Romero-Puertas et al., 2004) and triggering responses to
biotic stresses caused by pathogens (Delledonne et al., 1998; Durner et al., 1998; Manjunatha
et al, 2008), and abiotic stresses involved in drought resistance (Desikan et al., 2002),

wounding (Huang et al., 2004), and programmed cell death (Beligni et al., 2002; Murgia et
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al., 2004). NO has also been implicated in the modulation of plant hormones such as
cytokinin (Wilhelmova et al., 2006), auxin (Otvos et al., 2005) and ethylene (Leshem and

Haramaty, 1996).

Furthermore, NO has been shown to induce cell death in plant systems such as the
programmed cell death (PCD) which is also observed in animal systems. Evidence of NO-
related cell death has been observed in a number of plant systems and these include, Citrus
sinensis suspension cultured cells, Arabidopsis thaliana plants that were challenged with
avirulent Pseudomonas syringae (Delledonne et al., 1998; Saviani et al., 2002), tobacco
plants and root cultures of alfalfa that over-produced haemoglobin after they were treated
with avirulent pathogens or under hypoxic conditions. Other plant systems such as soybean
cells increase NO in relation to ROS, which then increases the hypersensitive responses and

programmed cell death (Delledonne et al., 1998; Delledonne et al., 2001).

In addition to regulating plant cell death, NO is also implicated to have some anti-apoptotic
properties including the protection of barley aleurone layers against gibberellin-induced cell
death (Beligni et al., 2002; Garcia-Mata and Lamattina, 2001). NO prevented cell death in
potato leaves which were treated with a pathogen Phytophthora infestans or treated with
ROS-producing herbicides, thus acting as an anti-oxidant (Beligni and Lamattina, 1999). NO
also has a role in protecting cells from ROS-mediated cellular damage and cytotoxicity by
increasing the levels of cryo-protective enzymes such as catalase, superoxide dismutase,
glutathione S-transferase and alternative oxidases (Beligni et al., 2002). It has also been
suggested that NO might have a protective effect against oxidative stress by abrogating the
superoxide anion-radical-mediated cytotoxic effects through the conversion of O, into the

perocynitrite ion (Delledonne et al., 2001).
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NO has been demonstrated to have a regulatory effect in the process of seed germination, root
growth and it also protects plant seedlings against the effects of heavy metals. In an elegant
experiment, Kopyra and Gwo6zdz (2003) showed that NO increased seed germination in seeds
treated with the NO-donor sodium nitropruside (SNP) under both normal and stressed
conditions (Kopyra and Gwo6zdz, 2003). However, at high NO concentrations, there was a
decreased rate of seed germination, shorter root length and other morphological changes such
as browning and curling of root tips. The effect of sodium chloride stress in germination was
reversed due to the action of NO. Lupin roots treated with heavy metals cadmium and lead
were protected, suggesting a role of NO in seed germination, and protection against the
toxicity of heavy metals (Kopyra and Gwo6zdz, 2003). In another study, the effect of NO in
increasing the root hair surface on the root was investigated in lettuce and Arabidopsis plants,
in the presence of an NO-donor. NO caused a significant increase in root hairs on the surface
of the root compared to plants grown in water only for both plant systems (Lombardo et al.,
2006). NO is also required in auxin-mediated root hair formation in roots, suggesting that
both NO and auxin are key factors in increasing the root hair growth in plants (Lombardo et

al., 20006).

Plant response to abiotic and biotic stresses such as drought, high and low temperatures,
salinity, heavy metals, oxidative stress and pathogen attack is important in many aspects of
plant growth and development, and NO has been implicated in the regulation of these

different stress elicitors (Delledonne, 2005; Lamattina et al., 2003; Neill et al., 2003).

The importance of NO in drought stress was demonstrated in wheat seedlings by inducing

stomatal closure, which enhanced drought tolerance in cut leaves (Lamattina et al., 2003). At
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high temperatures, it was observed that NO synthesis was highly elevated and at low
temperatures, NO increased the stress tolerance of tomato, wheat, and maize (Neill et al.,
2003). Since abiotic stress increases polyamine biosynthesis, which in turn induces the
production of NO, it suggest that NO acts as an intermediate between polyamine mediated
stress responses and other mediators (Zhao et al, 2001; Kopyra and Gwozdz, 2003;

Lamattina et al., 2003; Zhao et al., 2004).

Salinity is one of the major factors affecting several physiological processes in plants
including growth and crop yield. It was shown that the growth of cucumber seedlings grown
in sodium chloride was inhibited, but the addition of an NO-donor alleviated the salt stress to
a larger degree (Fan et al., 2010). In high salt, NO increases the activity of antioxidant
enzymes and the expression of salinity defence genes as was observed in rice seedlings
(Arasimowicz and Floryszak-Wieczorek, 2007). Furthermore, NO can protect cucumber roots
from the oxidative stress resulting from sodium chloride treatment, however, the sodium
chloride stress alleviation was blocked by the addition of haemoglobin, a NO scavenger and
sodium ferrocyanide (Shi et al., 2007), suggesting an important role of NO in enhancing

stress tolerance in plants.

Plant cells tend to accumulate NO in response to infection by pathogens and NO is also an
important signal in protecting plant cells against attack by pathogens. NO stimulates signal
transduction pathways for the production of defence-related genes such as PAL in tobacco
leaves and the biosynthesis of antimicrobial flavonoids in soybean cotyledons (Delledonne et
al., 1998; Romero-Puertas and Delledonne, 2003). Though NO mediated physiological roles
are well-documented in plants, an understanding of its signalling pathways will still remain

elusive until an NO-dependent GC is identified and characterised.
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1.3 Guanylyl cyclases

Guanylyl cyclases are enzymes which catalyse the synthesis of cGMP from GTP. There are
two major families of GCs in animals, the particulate GCs, located in the transmembrane and
the soluble GCs. Particulate GCs consist of highly conserved domain architecture which
includes an N-terminal extracellular binding domain, hydrophobic domain, a regulatory
domain that shows homology to protein kinases, a hinge region and an intracellular domain at
the C-terminal of the protein (Durner et al, 1999; Lucas et al.,, 2000). Soluble GCs are
heterodimers consisting of the o- and B- subunits in which the heme-binding domain is
located in the B- subunit, which requires NO activation (Gerzer et al., 1981; Lucas et al.,

2000; Namiki et al., 2001).

1.4 Cyclic nucleotides as second messenger s

Cyclic nucleotides are small molecules that are synthesized by the adenylyl/guanylyl cyclase
family of proteins and undergo degradation by phosphodiesterases. Cyclic nucleotides that
act as second messengers include the adenosine 3°, 5’-cyclic monophosphate, cytidine 3°, 5’-
cyclic monophosphate and the guanosine 3°, 5° monophosphate (Figure 1.3). These
molecules play major roles in both plants and animals. The biological roles of cyclic
nucleotides in animals are well-characterised, however, it is only recently that their roles in
plants are now being demonstrated. In general, cyclic nucleotides are involved in plant
responses to abiotic and biotic stresses and responses to pathogens (Newton and Smith, 2004;

Kaplan et al., 2007).
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Adenosine 3,5 -cyclic Cytidine 3',5-cyclic Guanosine 3,5'-cyclic
monophosphate (cAMP) monophosphate (cCMP) monophosphate (¢<GMP)

Figure 1.3: Structural conformations of the second messengers (cyclic nucleotides). The top diagram
represents the physical structures of the cyclic nucleotides in a ball and stick format and at the bottom is their

chemical representation (adapted from (Newton and Smith, 2004)).

Cyclic GMP has been reported to functions as a second messenger in diverse physiological
processes in plants (Meier et al.,, 2009) including NO-dependent signalling (Prado et al.,
2004) and in mediating responses to abiotic and biotic stresses such as the response to
pathogens (Delledonne et al., 1998) and increasing salt stress tolerance in plants (Maathuis
and Sanders, 2001). Cyclic AMP is implicated in similar roles and this is in line with the
cyclic nucleotide monosphosphate-dependent decreases of channel open-probabilities and
reduced influx of Na'. Cyclic nucleotides are involved in many growth and developmental
processes in plants such as (1) cGMP acting as a second messenger in hormone dependent
signalling such as auxin-induced root growth (Penson et al., 1996), and (2) cAMP as a second

messenger in pollen tube growth and re-orientation (Moitinho et al., 2001).
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In summary, cyclic nucleotide monophosphates play a crucial role in controlling ion
homeostasis, and it has been shown that both cAMP and ¢cGMP increase Ca®" influx in
carrots and in tobacco protoplast respectively (Kurosaki and Nishi, 1993; Volotovski et al.,
1998). Although there is evidence of cGMP/NO mediated signalling, a cGMP synthesising

GC that is NO-dependent has not yet been reported in plants.

1.5 Heme sensor family of proteins

Heme-containing enzymes are a diverse group of molecules which bind to gases such as O,
NO and carbon monoxide (Chan, 2001; Pellicena et al., 2004). They are made up of two
distinctive domains; the heme sensor domain (for binding gases) and the effector domain (for
generating an output signal) (Pellicena et al., 2004). Heme sensors family of proteins are
divided into four groups, including the bacterial oxygen sensor (FixL), HemAT, the CO
sensor, CooA from Rhidospirillum rubrum, and the soluble GC. These proteins are
characterised by the same heme group consisting of a protophophyrin IX ring ligated to a
histidine residue (Figure 1.4) however, they contain different heme-binding properties

(Pellicena et al., 2004).

The FixL family of heme proteins are multi-domain proteins located in the cytoplasm and
characterised by a PAS (domains containing two direct sequence repeats {S1 and S2 boxes}
of ~50 residues each) domain fold. They consist of the heme sensor and the histidine kinase
domain which is required for O, responsive transcriptional regulation. FixLs bind to either

NO and/or CO, however the heme/NO recombination reaction occurs before NO diffuses out
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of the heme pocket (Rodgers and Lukat-Rodgers, 2005). In turn, the HemAT family contains
a globin fold, which usually consists of eight a-helices at the end of the chain that are anti-
parallel, forming a helix-turn motif. Examples of protein which form the globin fold are

haemoglobin and myoglobin (Gong et al., 1998; Miyatake, 2000).

The CO sensors, CooA include the bacterium Rhodospirillum rubrum and belong to the
cAMP receptor protein family of transcriptional regulators and its fold is different from the
PAS and globin domains. CooA is a 24.6 kDa protein that is made up of a sensor at the N-
terminus and a DNA-binding domain. CooA is a member of the family of single-component
regulators, including the fumarate nitrated reduction and the cAMP receptor proteins, which
recognise specific DNA sequences upon uptake of effector molecules such as CO or sensing
O, to form a six- and a five-coordinate with both gases respectively. CooA is important for
CO-dependent expression of the two operons that encode the enzyme system for CO

oxidation (Gong et al., 1998; Rodgers, 1999; Lanzilotta et al., 2000; Miyatake, 2000).

Soluble GCs are a group of signal transduction proteins that sense NO. A common structure
of soluble GCs from the vertebrates is a heterodimer consisting of a- (~73-88 kDa) and B-
(~70 kDa) subunits, with their protopophyrin IX ring located at the N-terminus of the B—
subunit. Soluble GCs are different in sequence to the bacterial oxygen sensor, HemAT, and
the CooA heme domains (Wedel et al., 1994; Shelver et al., 1997; Zhao et al., 1998). Upon
binding to NO, soluble GCs are activated significantly by small concentrations, which
activate them to synthesise cGMP from GTP (Boon et al., 2005). Homologs of soluble GC
have recently been identified in prokaryotes using the HNOX approach (Boon and Marletta,

2005b), these heme domains are characterized by a conserved Y-x-S/Tx-R motif in the
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histidine heme binding ligand (Boon and Marletta, 2005b). The consensus sequence for the
motif is: Hx{12}Px{14,16} YXSTXR, where x is any amino acid and the numbers in the
curly brackets represents the length of the gap. Members of the HNOX domains are found in
mammalian cyclases, Drosophila and facultative aerobes. The heme domains from the
facultative aerobes form part of the histidine kinase operon, and predicted to bind NO but not
O, a case which is similar to the mammalian sGCs. In contrast to that, a homolog from the
prokaryotic obligate anaerobe predicted as a methyl-accepting chemotaxis, showed affinity to
both NO and O,. Examples of the NO and O, binding domains include the
Thermoanerobacter tengcogenesis an obligate anaerobe and the Caenorhabditis elegens sGC
(GCY-35). The NO and O; binding domain were collectively referred to as the heme-nitric
oxide and/or oxygen (HNOX) binding domain. These HNOX domains are characterised by a
conserved tyrosine, which is not found in other heme proteins that shows no affinity to
oxygen. Structural characterization using x-ray crystallization and spectroscopy showed that
the conserved tyrosine forms a stable hydrogen bonding with oxygen, and this was confirmed
by mutational studies which showed that tyrosine 140 in Thermoanerobacter tengcogeness

plays an important role in ligand discrimination against NO (Pellicena et al., 2004).
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1.5.1 The heme environment

The heme group from the heme domain of Thermoanerobacter tengcongensis is coordinated
to B-subunit via the proximal ligand His 105 together with the heme binding residues Tyr
135, Ser 137 and Arg 139 forming the Y-x-S-x-R motif. In the HNOX domain, the
propionate groups of the heme are normally buried and tightly bound by amino acid side
chains including the most important Y-x-S-x-R motif (Pellicena et al., 2004). His 105 was
recognised as the only proximal ligand to the heme, until recently when Rothkegel and co-
workers showed that Tyr, Ser and Arg are required as propionic acid groups in the heme
moiety. This was confirmed by a homology model from rat soluble GC. This model together
with mutational studies added that Arg 139 forms hydrophobic interaction with Asp 44 and
other hydrophobic residues (Asp 45 and Phe 74) lining the heme pocket (Figure 1.4). It was
also noted that these residues are important in signal transduction upon binding of NO to the

heme (Rothkegel et al., 2006).
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Figure 1.4: Structure model of the heme-binding pocket from rat soluble GC. The heme-binding motif Y-x-
S-x-R (Tyr 135, Ser 137 and Arg 139) and the proximal ligand (His 105) are shown in magenta. The residues
which form hydrophobic interactions with Arg 139 are shown in yellow (Asp 44 and Asp 45). Residues in close
proximity to the heme pocket are also indicated (adapted from (Rothkegel et al., 2006)).

1.6 Flavin-containing monooxygenase family of proteins

Flavin-containing monooxygenases (FMO) are a family of enzymes that catalyse the transfer
of one molecule of oxygen to low molecular weight substrates, in the presence of NADPH as
the co-factor and the reduction of another molecule to water (Schlaich, 2007). FMOs have
been indentified in animals, bacteria, yeast and plants. There are five genes encoding FMOs
in animals (FMOI1-5), one gene in yeast, several in bacteria, and plants are reported to contain
the largest number of genes encoding the FMO proteins as compared to other species. To
date, the Arabidopsis plant encodes 29 FMO-related genes, suggesting that plants might

conduct a wide variety of functions using FMOs (Schlaich, 2007).
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1.6.1 Structure of FM Os

FMO genes generally encodes proteins of ~50 kDa, which bind flavin adenine dinucleotide
(FAD) with a conserved ‘GxGxxG’ motif known as the Ropman fold (Eswaramoorthy et al.,
2006). The FAD binding motif is located at the N-terminus, followed by the nicotinamide
adenine dinucleotide phosphate-binding (NADP) motif (GxGxxG) located at the centre of the
protein (Stehr et al., 1998). The NADP-binding motif is similar to the FAD motif however,
less conserved among the FMOs. Another motif is, the ‘FATGY’ located towards the C-
terminus of the protein and this motif occurs in enzymes which oxidise nitrogen-containing
substrates. The ‘FATGY’ motif is well-conserved amongst the bacterial, yeast and animal
kingdoms. Arabidopsis exhibits two different kinds of motifs with the ‘LATGY’ motif found
in 11 FMOs (also known as YUCCA FMOs) and the ‘HCTGYK’ motif which occurs in the
other 16 Arabidopsis genes. The ‘HCTGYK’ motif shares three similar amino acids with the
‘LATGY’ motif, however, they differ in their location with the ‘HCTGYK’ and ‘LATGY’
motifs, where the amino acids occur before and after the FMO-identifying sequence
(‘FxGxxxHxxxY/F’) respectively. The FMO identifying sequence is present in all known
FMOs in plants and is found at different locations (Figure 1.3) (Stehr et al., 1998; Fraaije et

al., 2002).
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Figure 1.5: Domain organisation and the alignment of different motifs of the FMOsfound in Arabidopsis
thaliana. (A) The FAD-binding (GxGxxG), the NADPH-binding (GxGxxG), the ‘FATGY/LATGY/HCTGYK’
and the FMO identifying motifs and their locations are indicated. The locations of the
‘FATGY/LATGY/HCTGYK’ and the FMO identifying motifs are different for every FMO gene. (B) Alignment
of the Arabidopsis thaliana FMO genes showing the locations of the different motifs (adapted from (Schlaich,
2007)).
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1.6.2 Functions of FM Os

FMOs appear in the 4a-hydroperoxy flavin (FAD) form which gives them a large range to
interact with a number of substrates. In animals, FMOs are thought to produce ROS, like
monoxygenases, and they are implicated in the metabolism of xenobiotic compounds and
variability of drug responses. Yeast FMOs have a key role in oxidizing biological molecules
which in turn facilitate the processes of protein folding and cellular responses to reductive
stress. Unlike mammalian FMOs, yeast FMOs do not oxidize nitrogen-containing substrates,
rather use O, and NADPH to oxidize thiol compounds such as cysteamine, glutathione and
cysteine (Suh et al., 1999). Yeast FMO is also implicated in redox regulation (Suh et al.,
2000). Functional roles in plants indicate that FMOs play crucial roles such as catalysing
auxin-biosynthesis (Zhao et al., 2001) and a role in pathogen defence (Bartsch et al., 2006).
Since a number of genes have been annotated as FMOs in plants, this also suggests that a

number of physiological roles are yet to be discovered.

1.7 Objectives of the study
The main aim of this research was to characterise the functions and structure of the novel

signalling molecule from Arabidopsis thaliana, the AINOGCL1.

1.7.1 Specific objectives
1. To recombinatly express the AINOGC1 as 6x His-SUMO fusion protein and purify under
native conditions using the Ni-NTA affinity system together with the application of the anion

exchange chromatography system
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2. To investigate the mechanism by which AtNOGC1 binds to NO and/or O using cyclic
voltammetry and square wave voltammetry.

3. To demonstrate that AtNOGCL catalyse the synthesis of cGMP from GTP in vitro using
GC activity assays.

4.To build homology models of AINOGC1l a flavin containing monooxygenase and
At5g57690 a diacylglycerol kinase using homology modelling, and also predict their

secondary structure using PSI-PRED server.
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CHAPTER 2: Identification of AtINOGC1 and the Production of a

Recombinant Protein for Functional Studies

Abstract

Various molecular and physiological processes influenced by NO and cGMP signalling in
plants have been reviewed. These include regulation of intracellular Ca** concentrations and
protein kinases, modulation of plant responses to pathogens, promotion of stomatal closure
and regulation of plant responses to abiotic stress. Several guanylyl cyclases have been
identified in plants, which include the AtGCl, the AtBRI1, and the AtWAKL10. However,
none of these molecules require NO for GC activation. In an attempt to bring insight and
understanding of the NO/cGMP mediated processes, a novel plant signalling molecule was
identified from Arabidopsis thaliana, AINOGC1, which contain a heme-binding motif and a
GC motif. Molecular characterization of its NO binding properties together with its GC
activity would contribute greatly to the understanding of these processes. In order to
investigate and demonstrate these functional properties the AINOGC1 protein was expressed
as a 6xHis-SUMO fusion protein and purified under native conditions using the Ni-NTA
affinity system. The purification was completed using an anion exchange chromatography

system.
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2.1 Introduction

Recombinant protein expression is an important means to discover how protein structures and
functions are related. Proteins are usually engineered to be expressed in a suitable expression
host such as E. coli and as fusion proteins, usually tagged with glutathione-S-transferase
(GST) (Smith and Johnson., 1988), a 6xHis tag, a small ubiquitin like modifier (Marblestone
et al., 20006), thioredoxin (LaVallie et al.,, 1993) and sometimes, a maltose binding protein
(Kapust and Waugh, 1999). The above mentioned systems increase the solubility and purity
of the expressed target protein and also associated with a single purification step however, the
6xHis tag expression system usually requires additional steps. The 6xHis tag is one of the
most extensively used system for the expression and purification of recombinant proteins and
provides an integrated system for the expression, purification and detection of 6xHis fusion

proteins (QIAexpressionist., 2003).

Though the production of recombinant proteins in E. coli is well established, successful
preparation of pure soluble fusion proteins tends to be difficult (Smith and Johnson., 1988).
However, the presence of strong promoters, which are induced by high concentration of
inducers such as isopropyl-1-thio-D-galactopyranoside (IPTG), amino acids and L-arabinose,
causes proteins to accumulate in inclusion bodies, making the purification of a stable native
protein difficult. For this reason, one of the pET vectors was modified to include a small tag,
the ubiquitin-like modifier (Champion™ pET SUMO). The Champion™ pET SUMO
expression vector system was used for high level protein expression and purification. This
expression system utilizes an 11 kDa protein known as the small ubiquitin-like modifier

(SUMO). The SUMO-based expression system increases the solubility of recombinant
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proteins and also decreases proteolytic degradation that is often associated with recombinant
protein expression. The SUMO moiety is easily separated from the target protein using a
SUMO protease (ULP-1) which cleaves at the carbonyl terminal of SUMO (Invitrogen, Life
technologies; Catalogue#: K300-01). In addition to the SUMO fusion, the Champion™ pET
SUMO vector also contains a T7 lac promoter which yields high levels of expression of the
target protein. Figure 2.1 shows the features of the Champion'™ pET SUMO expression

vector system.

B 77 dieco | ras ate i, sumo T o

Figure 2.1: Circular map of the Champion™ pET SUMO expression vector. The map shows the T7 lac
promoter which increases expression of high levels of proteins under induction by IPTG, and the 6xHis-tag,
which facilitate purification using the Ni-NTA purification system. The 11-kDa SUMO fusion tag enhances the

solubility of expressed proteins (Invitrogen, Life technologies).

Functional studies may require large amounts of soluble recombinant protein that has been

purified to electrophoretic homogeneity. Therefore, optimization and determination of a
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purification system that is efficient is a critical step in the process of preparation of the
recombinant proteins. Affinity chromatography is a powerful tool for purifying these
recombinant proteins from crude extracts to a nearly homogenous preparation in a single step.
It takes advantage of the biological properties of the sample to be purified, and utilizes
specific reversible interactions between biomolecules. However, most naturally occurring
proteins lack tags which would allow purification by affinity purification, so they require
modification through addition of either N- or C- terminal tags such as those mentioned above.
Because of its small size and the simplicity that goes with its incorporation, the 6xHis tag is
widely used for the purification of recombinant proteins and is less likely to interfere with

protein structure and function (Niiranen et al., 2007).

Immobilized metal affinity chromatography (IMAC) utilizes the coordination of transitional
metals ions and amino acids such as histidine, cysteine and tryptophan (Deutscher, 1990).
Some bacterial proteins contain a high number of histidine residues in their sequences which
bind to Ni-NTA columns, leading to poor purification of the target protein. Since a single
step purification of a 6xHis-tagged protein is not sufficient to yield a pure sample ready for
further characterization, a second or a third step of purification is often required to obtain a
pure sample of the target protein. Ion exchange chromatography (IEC) is one of the methods
that are employed as a second or final step of purification to obtain pure protein samples. IEC
uses an insoluble matrix that carries ionic charges that retard the movement of molecules of
opposite charge, thus proteins are separated depending on their electrostatic properties.
Binding of the target protein to the column is ensured by choosing a buffer that will confer an

opposite net charge to the target protein to that of the column matrix (Deutscher, 1990).
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This chapter describes the verification of the cloned AINOGCL in the pET SUMO expression
vector using PCR, restriction double digestion and DNA sequencing. Recombinant

expression and purification of the recombinant AtNOGC1 will also be discussed.
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2.2 M aterials and M ethods

2.2.1 I dentification of AINOGC1

In order to discover candidate GCs with NO-binding domains, an extended consensus motif
(Hx{12}Px{14,16} YxSxR) motif was deduced and then applied to search for conserved
HNOX domains and identified a novel plant signalling protein in Arabidopsis thaliana,
which was termed AtNOGC1 for Arabidopsis thaliana a Nitric Oxide binding with a guanylyl

cyclase activity (TAIR protein locus At1g62580, GenPept accession number, NP_176446).

2.2.2 Verification of the correct AtNOGC1 gene

The AINOGC1 expression construct, pET SUMO-AINOGC1, was a generous gift from Dr.
M. Morse (Department of Molecular Cell Biology, University of Cape Town). Verification of
the correct AtINOGC1 insert was done by a combination of PCR amplification using
AtNOGC1-specific oligonucleotide primers, restriction endonuclease double digestion and

DNA sequencing.

2.2.2.1 Re-amplification by polymerase chain reaction (PCR)

Primers for PCR amplification were designed based on the Arabidopsis thaliana, At1g62580
gene mRNA isoform sequence (TAIR protein locus At1g62580, GenPept accession number,
NP_176446). The forward primer incorporated a Bam HI restriction site: AtNOGC1fwd (5'-
gat gga tcc atg gta cca gca gta aat cct-3'), while the reverse primer incorporated an ECOR I

restriction site: AINOGClrev (5'-gct aga att ctc age ttg tat att ctc ttt cga-3’). PCR
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amplifications were carried out in reactions containing 12.5 pL of DreamTaq master mix
(Fermentas, Life Sciences), 1 puL each of 10 puM primers and 1 pL of the template pET
SUMO-AINOGC1 plasmid DNA. The final volume was made up to 25 uL with sterile,
nuclease-free water. The PCR tubes were briefly centrifuged and the amplification was
carried out under the following conditions: 96 ‘C for 2 min to denature the double stranded
DNA, followed by 25 cycles each consisting of the following steps: 94 C for 1 min to
denature the double stranded DNA, 60 ‘C for 1 min to anneal the double strands, 72 "C for 1
min to extend the DNA. The final step consisted of holding the tubes at 72 'C for 10 min. The

products were analysed on 0.8 % agarose gels.

2.2.2.2 Redriction digestion

A double restriction digest was conducted to release the insert and check the correct size of
the AtNOGC1 gene. The restriction digest reaction was conducted in a reaction containing 5
ug vector (pET SUMO-AtNOGC1), 4 uL 10x FastDigest” Green Buffer, 1 pL each of the
FastDigest” Bam HI and ECOR I enzymes (Fermentas, Life Sciences) and the volume was
made to 20 uL using nuclease-free water. The reagents were mixed gently in a 1.5 mL
microfuge-centrifuge tube, centrifuged for 1 min and incubated at 37 'C for 30 min. After
incubation, the enzymes were inactivated by heating for 5 min at 80 'C. The samples were

then analyzed by electrophoresis on a 0.8 % agarose gel.
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2.2.2.3 DNA sequencing

The plasmid pET SUMO-AtNOGC1 was transformed into MC1061 cells, and plated on Luria
Bertani (LB) agar plates containing 50 pg/mL kanamycin. Plates containing single colonies
were sent for sequencing at Inqaba Biotechnical Industries (Pty) Ltd. Validation of the base
calling was performed by inspection of the raw sequencing trace, using the Finch TV
software suite (http://www.geospiza.com/finchtv). Sequences were compared with the
expected sequences using the Blast 2 sequence alignment tool
(http://www.ncbi.nlm.nih.gov/BLAST/bl2seq/wblast2.cgi (Tatusova and Madden, 1999)).
Translations into protein sequences were carried out using the EXPASY Translate Tool

(http://au.expasy.org/tools/dna.html).

2.2.3 Plasmid DNA isolation

Small scale plasmid DNA isolation was performed using the alkaline lysis method (Birnboim
and Doly, 1979). A single colony was used to inoculate 5 mL LB broth containing 50 ng/mL
kanamycin and incubated overnight at 37 °C with shaking at 200 rpm. From the overnight
culture, 900 uL was added to 100 uL of sterile glycerol for storage at -70 ‘C. The remaining
cell suspension was centrifuged at 5000 g for 10 min and the supernatant discarded.
Extraction and purification of the plasmid DNA was done using the peqGOLD Plasmid

Miniprep Kit I (peqLab, Biotechnolgie GmbH).
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2.2.4 Production of the recombinant protein

2.2.4.1 Transformation of plasmid DNA into competent cells

Competent cells were thawed on ice for 5 min and 2 pL of the pET SUMO-AtNOGC1
plasmid was added into 50 uL of E. coli BL21 pLysS competent cells followed by an
incubation on ice for 30 min. The cells were heat-shocked at 42 'C for 45 sec and incubated
on ice for a further 2 min. Then 900 pL of pre-warmed LB was added and the tubes incubated
at 37 'C for 1 h with shaking. Hundred pL of the culture was platted on LB agar plates
containing 50 pg/mL kanamycin and incubated at 37 'C overnight. For the controls,

untransformed cells were also plated on LB plates with or without the antibiotic.

2.2.4.2 Expression of recombinant AINOGC1

The plasmid pET SUMO-AtNOGC1 was transformed into E. coli BL21 cells, and single
colonies containing the pET SUMO-AtNOGC1 expression plasmid were then inoculated into
100 mL of LB broth containing 50 ng/mL kanamycin and 34 pg/mL chloramphenicol. The
culture was incubated at 37 ‘C overnight with shaking. The following morning, the overnight
culture was then scaled-up to 1000 mL by addition of 900 mL media containing the same
concentrations of antibiotics and again, incubated at 37 ‘C with shaking until an optical
density of 0.5 at 600 nm was reached. Induction of protein expression was then done at this
optical cell density at an induction temperature of 30 'C and by adding isopropyl-1-thio-D-

galactopyranoside at a final concentration of 2 mM for 2.5 h. Following induction, the
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bacterial cells were recovered by centrifugation at 5000 g for 10 min at 4 'C and the pellet

stored at -20 'C until needed.

2.2.4.3 Affinity purification of His-tagged proteinsusing a Ni-NTA column

2.2.4.3 1 Preparation of the cleared lysate

The frozen cell pellet was thawed on ice and re-suspended in 10 mL lysis buffer (50 mM
sodium phosphate, pH 8.0; 300 mM NaCl; 20 mM B-mercaptoethanol; 0.1 % Triton x100; 50
ng/mL lysozyme; 1x protease inhibitors cocktail). The suspension was incubated at 4 C for 1
h while shaking. The mixture was sonicated for a total of 4 min (30 sec power on-off cycles)
followed by centrifugation for 30 min at 5 000 g. The supernatant was then transferred to a

fresh tube and stored at -80 "C until further purification.

2.2.4.3 2 Purification

Purification of AtNOGC1 was undertaken on a Ni-NTA affinity system (Lindwall et al.,
2000; Stempfer et al., 1996) under native conditions (QIAexpressionist., 2003). The His-
select nickel affinity gel is an immobilized metal ion affinity chromatography (IMAC)
product. The affinity gel is supplied as a 50 % suspension in 30 % ethanol. In this study, the
affinity gel was re-suspended thoroughly and an appropriate aliquot removed and poured
gently into a 20 mL disposable plastic column to make up a 5 mL gel column volume. The
gel was washed with 2 column volumes of distilled H,O to remove the ethanol. The affinity
gel was equilibrated with 3 column volumes of equilibration buffer (50 mM NaH,PO,, 300

mM NaCl, 30 mM Imidazole, and pH adjusted to 8.0 with NaOH). Ten mL of the protein
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sample was added to the column and the flow through collected. The column was then
washed with 5 column volumes of wash buffer and the flow through collected. To elute the
retained fusion protein, 1 column volume of elution buffer (50 mM NaH,PO4, 300 mM NaCl,
250 mM Imidazole and pH adjusted to 8.0 with NaOH) was added to the column and the flow
through collected in 5 mL fractions. Finally the column was washed with 5 column volumes

of 2 M NaCl and stored in 20 % ethanol at 4 "C.

2.2.4.4 Anion exchange chromatography

Anion exchange chromatography was carried out using a MonoQ anion exchanger (GE
Healthcare) in the column formats HR 5/5 and HR 10/10. The buffer used was 50 mM Tris-
CL pH: 8.0 flowing at a rate of 1.5 mL/min. The instrument was operated using a pre-
programmed sequence comprising of a 10 column volume equilibration step, a sample
injection step, a 10 column volume washing step, a 15 column volume of 0-0.5 M NaCl
gradient spanning step, and a final washing step consisting of 5 column volumes of 1 M
NaCl. Eluted proteins were monitored at Az using an in-line UV detector and the NaCl
concentration were monitored using an in-line conductivity meter. Some 2 mL fractions were
collected using a GILSON® FC-203B automated fraction collector and the presence of

eluted proteins was confirmed by analysing fractions on SDS-PAGE gels.
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2.2.5 SDS-PAGE gel electrophoresis of proteins

Proteins were analysed by both one dimensional and two dimensional SDS-PAGE on 16 %

polyacrylamide gels following the Laemmli’s method (Laemmli, 1970).

2.2.5.1 1D electrophoresis of proteins

The separating gel was prepared from 8 mL 40 % 37:5:1 polyacrylamide, 0.12 mL 10 %
APS, 0.21 mL 10 % SDS, 5.25 mL separating buffer, 0.021 mL TEMED and the volume was
made up to 20 mL using distilled water. The stacking gel was prepared from 1.5 mL 40 %
37:5:1 polyacrylamide, 0.05 mL 10 % APS, 0.1 mL 10 % SDS, 2.5 mL stacking buffer, 0.02

mL TEMED and the volume made up to 10 mL using distilled water.

Samples were mixed with equal volumes of 2 x SDS sample buffer, incubated on a heating
block at 100 'C for 10 min and centrifuged at full speed. The samples were then
electrophoresed at 1-10 V/cm using a Hoefer Mighty Small IT gel electrophoresis system.
Once the dye front had reached the end of the gel, the gel was removed from the apparatus
and incubated in Coomassie staining solution for 30 min. Thereafter, it was transferred into a

destaining solution until the background was clear.
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2.2.5.2 2D electrophoresis of proteins

2.2.5.2.1 Rehydration of the strips

Protein samples which were originally in Na-phosphate buffer were precipitated by adding 4
volumes of ice cold acetone. The samples were vortexed and incubated at -20 'C for 1 hr and
centrifuged for 10 min at 13 000 xg. The supernatant was discarded carefully without
disturbing the pellet, and the acetone was allowed to evaporate at room temperature for 30
min. Protein extracts (100-150 pg) were mixed with 2 pL. of 50 % (v/v) DTT, 1.25 pL of 0.2
% (v/v) ampholytes (BIORAD), a pinch of bromophenol blue and made up to a final volume
of 125 pL with urea buffer pH 8.0. The samples were mixed by vortexing and pulse-spinned
using a bench top microfuge (Eppendorf-Nerthelends; Germany) and then placed in
individual channels of an Immobiline™ Dry Strip Reswelling Tray (GE healthcare,
Amersham, UK). Linear 7 cm Ready IPG strips of pH range 4-7 (BIO-RAD) were carefully
placed on top of the sample, gel side being directly in contact with the sample and avoiding
trapping any air bubbles. The strips were then covered with mineral oil (PlusOne DryStrip
Cover Fluid; GE Healthcare) to prevent sample evaporation during the rehydration process
and left to passively re-swell to their original gel thickness of 0.5 mm for at least 15 h at room

temperature.

2.2.5.2.2 First dimensional 1EF of PG Strips

After rehydration, the IPG strips were briefly rinsed with distilled water to remove
unabsorbed protein sample and carefully blotted with moist filter paper. The strips were then
placed gel side up on the focusing platform of an Etan™ [PGphor II™ (GE Healthcare,

Amersham, UK) system. Moist wicks were placed at the extreme ends of both the anodic and
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cathodic ends of the IPG strips to collect excess salts and impurities from the sample during
focusing. The IPG strips were then covered with mineral oil to avoid sample evaporation and
carbon dioxide adsorption during focusing. Isoelectric focussing was then performed in a
three phase step-wise programme at 20 C and according to the following conditions: Step 1
at 250 volts for 0.15 h; step 2 at 4000 volts for 1 h and finally, step 3 at 4000 volts for 12000

volt h.

2.2.5.2.3 Equilibration of PG strips

After IEF, IPG strips were equilibrated in SDS containing buffer in order to solubilise
focussed proteins and allow SDS binding prior to second dimension SDS-PAGE. The
focused IPG strips were then incubated gel side up in re-swelling tray channels containing 2.5
mL equilibration buffer (6 M urea; 2 % (w/v) SDS; 50 mM Tris/HCL, pH; 8.8 and 20 % (v/v)
glycerol) and 2 % DTT for 15 min. The focused IPG strips were again equilibrated for
another 15 min in the same buffer contents containing 2.5 % (w/v) iodoacetamide instead of
DTT with gentle agitation at room temperature. After equilibration of the isoelectric focused
samples, the proteins were ready for second dimension analysis on a mini format SDS-PAGE

gels.

2.2.5.2.4 Second dimension SDS-PAGE for mini format gels

Twelve % SDS-PAGE gels were prepared as described in Section 2.2.4.1. The equilibrated
IPG strips were then gently rinsed with 1 X SDS-PAGE running buffer and placed on top of
the 12 % SDS-PAGE resolving gels with the plastic backing against the spacer plates. Five
uL of Pre-stained Page Ruler ladder (Fermentas, Life sciences) were spotted on small pieces

of filter paper, air dried and placed at the anodic side of each IPG strip. The IPG strips were
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then overlaid with 1 mL of 0.5 % molten agarose prepared in 1 X SDS-PAGE running buffer
containing a pinch of bromophenol blue, which was used as a migration tracking dye during
electrophoresis. Electrophoresis was then carried out using a Hoefer Mighty Small II gel
electrophoresis system, at 100 V for the first 30 min and then at 150 V until the bromophenol
dye had reached the bottom of the glass plates. After electrophoresis, the gels were stained

with Coomassie Brilliant Blue as described in Section 2.2.5.1

2.2.6 Deter mination of protein concentration using the Bradford assay

Protein concentrations were determined using the Bradford Assay with BSA as a standard as
shown in Appendix III:Table 2.1. From a stock solution of 1 mg/mL BSA, a serial dilution
was made in the range of 20 ug/mL to 125 pg/mL, using the same buffer as the one used for
the sample. The protein sample was diluted to a 1:10 dilution; 200 pL each of the sample and
the standard were then added in duplicate to a cuvette. 800 uL of the Bradford reagent was
then added to each cuvette and the samples allowed to stand for 5 min at room temperature.
The absorbance was measured at 595 nm using a spectrophotometer (Thermo Spectronic,
Germany). The average of each pairs of duplicates was calculated and the standard curve
plotted using Microsoft Office Excel 2007. The concentration of the AINOGC1 protein was
also determine by measuring its absorbance at 280 nm (Azg9) using a NanoDrop ® ND 1000
spectrophotometer (Nano Drop technologies, Inc). In this case, a 2 pLL sample was used for
each measurement and the spectrophotometer calibrated using the same buffer as was in the

assayed sample.
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2.3 Results

In order to study the novel signalling protein (AINOGC1) at a molecular level, the gene
encoding the AtNOGC1 protein was amplified and cloned into the Champion™ pET SUMO
expression vector system. The recombinant protein was expressed as a His-SUMO fusion
protein, using the Champion™ pET SUMO expression System (Catalogue #: K300-01). The
pET SUMO expression vector contains the T7 lac promoter which under IPTG induction,
drives the expression of soluble recombinant proteins at high levels, and soluble fusion
proteins are obtained due to the presence of a small ubiquitin-related modifier, SUMO. The

N-terminal 6xHis tag allows for affinity purification using the Ni-NTA column.

2.3.1 ldentification of AINOGC1 and prediction of its parameters

The search for a consensus term for use to identify candidate Arabidopsis HNOX proteins
yielded a motif that occurs in four Arabidopsis proteins, one of which is annotated as FMO
(Figure 2.2). Incidentally, this protein also contains the 14 amino acid core motif (Figure 2.2)
found in currently annotated and experimentally tested plant GCs ( Ludidi and Gehring,

2003; Kwezi et al., 2007; Meier et al., 2010).

Prediction of protein molecular weights, pl and nitrogen content were made using the online
server EXPASY Ttranslate Tool (http://au.expasy.org/cgi-bin/protparam). Figure 2.3 shows
the parameters for AtINOGC1l. The AtNOGC1 gene encodes a protein of 56739.2 Da,
comprising of 497 amino acids. The pl of the protein is predicted to be 5.82 and the amino

acid composition is also shown in Figure 2.3.
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H-NOX motif: Relaxed GC motif:

xSxR [REKS] x [GCTHS] x{ 9,10} [KR]

_MVPAVNPPTTSNHVAVIGAGAAGLVAARELRRECHSVVVEFERGNEIGGY

NGSRDPRRHPGHSEVLAYLRDFVREFKIEEMIRFETEVVEVEQAGENPKE

U

WRVESENFGDISDE IYDA?WJCHGHYTEPEH@.LIPGHKIHI—[M

II—[S HNYRVPEQVEKDOVVVVIGESVEGVDISRDIANVTKEVHISS
v v
¥ v
RSTKPETYEKLPGYDNLWLHSNIETVREDGSVVFENGKTVYADTIMHCTG

\J

YKYYFPFLDTEKGEVTVEDNRVGPLYKHVFPPALSPGLSFIGLPWOQNMKLO

MEFYLELEASCIPKRYTHLMAELDSQFVYNNWLADOCDYPRIEKWREQOMEY

KVFKRIQSQASTYKDDWDDDHLIAEAYEDFVEFPSNYPSSLIEREYTS--

Figure 2.2:.Sequence of the Arabidopsis thaliana NO-binding protein AtNOGC1. The HNOX (H-x{12}-P-
x{14,16}-Y-x-S-x-R) motif (“x” stands for any amino acid and curly brackets indicate the gap size) is
highlighted in blue and the GC catalytic centre (SFSIGLGIDTWPGK) is highlighted in red. The putative metal-
binding residues that take part in GC catalysis are highlighted in aquamarine. The black arrow points to the PPi-

binding residue and the green arrows indicate exon borders.
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Nunber of am no acids: 497

Mol ecul ar wei ght: 56739. 2

Theoretical pl: 5.82

Ami no acid conposition

Ala (A 24 4.8%Lys (K) 25 5.0%Arg (R 28 5.6 Mt (M 10 2.0%

Asn (N) 21 4.2%Phe (F) 23 4.6%Asp (D) 28 5.6%Pro (P) 32 6.4%

Cys (C) 6 1.2% Ser (S) 37 7.4%GAn (Q 15 3.0% Thr (T) 24 4.8%

Gu (E) 37 7.4%Trp (W 9 1.8% Ay (O 30 6.0% Tyr (Y) 23 4.6%

His (H 17 3.4%Val (V) 46 9.3%lle (1) 29 5.8%Pyl (O 0 0.0%

Leu (L) 33 6.6% Sec (U) 0 0.0%

(B 0 0.0%(z O 0.0%(X) 0O 0. 0%

Total nunber of negatively charged residues (Asp + Qu): 65

Total nunber of positively charged residues (Arg + Lys): 53

At omi ¢ conposition:

Car bon C 2558

Hydr ogen H 3909

Figure 2.3: Determination of the AtNOGC1 protein parameters from the expasy server. AAINOGC1 is made
up of 497 amino acid residues, with a molecular weight of ~56.7 kDa. The protein’s pl is determined to be 5.82
and an extension coefficient of 83770 M'cm™ (predictions are made by the expasy server:

http://www.expasy.org/tools/protparam.html, full detailed information is available in the appendix II).

43



2.3.2 Verification of the AINOGC1 clone

Before expression of the recombinant AtNOGC1 was carried out, the clone was verified for
the presence of the desired insert by re-amplification and restriction double digest of the
plasmid. Figure 2.4 shows a 0.8 % agarose gel resolution of the re-amplified AtNOGC1 and
the digested pET SUMO-AtNOGCL1 clone. As shown in Figure 2.4A, lane 2, the expected 1.4
kb fragment, which encodes the 497 amino acid AtNOGCL1 sequence, is visible. Figure 2.4B
lane 1 shows the uncut plasmid and lane 2 shows two bands with the top band at 5.4 kb,
corresponding to the linear pET SUMO plasmid and the lower band corresponding to the 1.4
kb AINOGC1 DNA fragment. Both the re-amplified and the restriction double digested

fragments confirm the presence of the correct AINOGCL1 insert size.
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Figure 2.4: A 1 % agarose gel electrophoress analysis of the AtINOGC1 clone. (A) PCR amplification of
AtNOGCI1 from the pET SUMO-AtNOGCI1 clone. Lane 1 and 2 correspond to the negative control and the 1.4
kb AtINOGC1 PCR fragment respectively. (B) Restriction double digestion of pET SUMO-AtNOGCL1 construct
with Bam HI and EcoR I. Lane 1 and 2 correspond to the uncut plasmid and the digested plasmid respectively.
The bands corresponding to the 5.4 kb pET SUMO and the 1.4 kb AtNOGC1 fragments are indicated by arrows.
M refers to the O’GeneRuler 1 kb DNA Ladder, #SM 1163, Fermentas Life Sciences.
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The pET SUMO-AtNOGCL clones were sequenced at Inqaba Biotechnical industries [(Pty)
Ltd]. Sequences were analysed as described in Section 2.2.3 (Appendix II). The results
confirmed the presence of the correct clone sequence with no mutations. The translated
sequence of the sequenced AtNOGCL1 still contained the important motifs required for

functional characterization, including the heme-binding and the GC motifs.

2.3.3 Recombinant expression and purification of AINOGC1

The recombinant plasmid pET SUMO-AtNOGC1 was used to transform BL21 (DE) pLysS, a
strain designed for gene expression regulated by the T7 lac promoter, and expressed as
described in Section 2.2.2.2. Recombinant clones were inoculated into fresh LB medium, and
incubated in a shaking incubator at 37 'C until ODsgo was 0.5. IPTG was then added to a final
concentration of 2 mM for induction at 30 'C. The bacterial cells were collected by
centrifugation and lysed by sonication. The expected band at ~67.7 kDa for the fusion His-
SUMO-AtNOGC1 was more pronounced in the induced fraction (Figure 2.5 lane 3) as
compared to the uninduced fraction (Figure 2.5 lane 1). This band was observed in soluble
fractions and no band corresponding to this size was seen in the insoluble fraction (Figure 2.5
lane 2). AINOGC1 was purified with the Ni-NTA purification system under native conditions
using Na-phosphate buffer (50 mM NaH,PO,4, 300 mM NacCl, 30 mM Imidazole, pH 8.0) as
described in Section 2.2.2.3. The target protein was eluted in fractions of 5 mL (Figure 2.5,
lanes 7). Some of the proteins were eluted in the wash fractions. The results show that the
AtNOGC1 fusion was successfully expressed in BL21 DE (pLysS) E. coli cells however,

partially purified.
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Recombinant protein

Figure 2.5: A 12 % SDS-PAGE gel analyss of the expression and affinity purification of the AINOGC1
fusion protein. Mw: molecular weight marker, Lane 1: uninduced fraction, lane 2: insoluble fraction, lane 3:
cell lysate (soluble fraction), lane 4: flow through, lane 5-6: 1* wash (0.0 mM imidazole) and 2"*wash (30 mM

imidazole), and lane: 7 elute.

2.3.4 Purification of AtNOGC1 by anion exchange chromatography

Since the pl of AINOGCL1 is 5.82 as determined by the Expasy server, the protein is expected
to be strongly retained on an anion exchange column at pH 8.0. A partially purified sample of
AtNOGC1 was loaded onto the anion exchange column and eluted with a gradient of 0-1 M
NaCl. The chromatogram in Figure 2.6A shows that AINOGC1 was retained by the column
and that a clear separation was achieved with AINOGC1 eluting at the end in peak 6. From
the apparent molecular weights, it is clear that AINOGCL1 elutes in peak 6 (lane 9). These
conclusions were confirmed by the SDS-PAGE gel shown in Figure 2.6B. Fractions
corresponding to peak 6 were pooled and concentrated to 1.5 mL using Viva spin ultra-

filtration devices (MWCO 3500 Da, Sartorius Stedim Biotech S.A).
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Figure 2.6: Separation of the AtNOGCLl fusion protein from the residual crude proteins (A)
Chromatogram showing the separation of the AINOGCL fusion from residual crude lysate using anion exchange
chromatography. (B) A 12 % SDS-PAGE gel showing fractions that corresponds to the peaks on the
chromatograms. Peaks 1, 2, and 3 correspond to fractions in lanes 1, 2, and 3 respectively on SDS-PAGE gel,
peak 4 correspond to fractions in lanes 4, 5 and 6, peak 5 to fractions in lanes 7 and 8, whereas peak 6
corresponds to fraction in lane 9. A ~67.7 kDa AtNOGCL fusion protein was successfully separated from the

rest of the residual protein.

Recombinant AtNOGC1 was also subjected to a 2D gel electrophoresis, to further confirm its
purity. In 2D gel electrophoresis, the samples were precipitated to remove any contaminants
and to enable concentration. The samples were therefore re-suspended in urea buffer pH 8.0,
and a 100 mg of each sample was then mixed with 0.8 % (v/v) DTT, 0.2 % (v/v) ampholytes
and final volume made up to 125 pL using urea buffer pH 8.0 following first dimension

isoelectric focusing (IEF). In the second dimension, the protein was separated by
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electrophoresis in the presence of SDS. Figure 2.7A shows the purification of the AINOGC1
fusion protein using the Ni-NTA purification system. The gel shows that a number of host
protein are co-purified with the fusion protein, with a number of protein spots observed along
the same expected marker band for the AtNOGC1 fusion protein. When the protein was
subjected to a second step of purification using an anion exchange chromatography, a single
spot was obtained. Figure 2.7B shows the presence of a single spot corresponding to the

purified AtNOGC1 fusion protein. This gel shows that the AtNOGC1 fusion protein was

successfully purified.
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Figure 2.7: 2D SDS-PAGE gds showing the recombinant AtNOGCL1 before and after purification by
anion exchange chromatogr aphy. (A) Separation of the AINOGC1 after its purification on a Ni-NTA column.
The target recombinant AINOGC1 corresponds to a prominent spot at ~66 kDa of the marker. (B) Separation of
the final purified recombinant AINOGC1 through an anion exchange column. The protein was successfully

purified as is represented by a single spot on the 2D gel.

2.3.5 Determination of protein concentration

Fractions corresponding to the AINOGCL1 fusion protein were concentrated to a final volume

of 1.5 mL using Viva Spin Ultra filtration devices (MWCO 3500 Da, Sartorius Stedim,
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Biotech S.A). The concentrated sample was analysed on the SDS-PAGE gel as shown in
Figure 2.8. The final concentration of AtNOGC1 fusion protein was determined using the
Bradford assay as described in Section 2.2.1.5. Absorbance readings for both the protein and
BSA (standard) were recorded at wavelength of 595 nm. The absorbance values for BSA
recorded in Table 2.1:Appendix IV were used to construct a standard curve (Figure
2.9:Appendix IV) from which the concentration of the protein was then calculated using the

formula shown in equation 1.
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Figure 2.8: A 12 % SDS-PAGE gd stained with coomasie Brilliant blue showing the final concentrated
AtNOGCL1 fusion protein. Mw: molecular weight marker, and lane 1: concetrated recombinant AINOGC1
protein. The sample was concentrated using Viva Spin Ultra filtration devices (MWCO 3500 Da, Satorius
Stedim Biotech S.A.).

At 1:10 dilution, the absorbance of the protein was found to be 0.046 (see Table 2.2

Appendix III), which corresponds to the concentration of 57.5 pg/mL. The concentration at

an absorbance of 280 nm (Ajg0) of the final AtNOGC1 sample was determined using a
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NanoDrop® ND-1000 spectrophotometer (NanoDrop technologies Inc.) and found to be 40

mg/mL (Fig 2.10; Appendix IV).
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2.4 Discussion

A search for HNOX domains with a GC motif in the Arabidopsis genome identified a novel
signalling molecule that is also a member of the flavin-containing monooxygenase family,
which was termed AtNOGC1. Based on sequence identity, this study showed that AINOGC1
contains an HNOX-motif at its N-terminus and a GC motif located towards the C-terminus.
AtNOGC1 is composed of 497 amino acids that correspond to a 56.7 kDa protein. The aim
was therefore to express AINOGC1 recombinatly and to optimise its purification for the

production of a highly purified and functional protein.

The AtNOGC1 expression construct, pET SUMO-AINOGC1, was obtained from Dr. M.
Morse (Department of Molecular Biology, University of Cape Town) and the correct identity
of the insert was verified by re-amplification using PCR, restriction double digestion and
DNA sequencing. Using gene specific primers, a 1.4 kb fragment was successfully amplified,
and this was confirmed by the restriction double digest which released an insert of the same
size as the AtINOGC1 gene (Figure.2.4). Furthermore, DNA sequencing confirmed that the

AtNOGC1 gene was present without any mutations (results not shown).

The recombinant AINOGC1 was over-expressed in E. coli (DE) pLysS cells. The 6xHis-
SUMO AtNOGC1 fusion protein was expressed as a soluble fraction and purified using
immobilised metal affinity and ion exchange chromatographic systems utilizing the Ni-NTA
affinity chromatography and MonoQ anion exchange chromatography. Expression of soluble

recombinant AtNOGC1 was made possible by the fact that it was expressed using a pET
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SUMO expression system (Invitrogen, Life technologies), which contains the T7 lac
promoter to produce high levels of expression of proteins in bacteria, and has a SUMO fusion
tag at the N-terminus to enhance the solubility of the target protein. Fractions corresponding
to the pure AtNOGC1 protein were collected and concentrated. The purity of the final
AtNOGC1 preparation was confirmed by 2D gel electrophoresis. Protein concentration was
determined using the Bradford assay and found to be adequate for further characterisation

and functional assays.

Finally, it can be said that the correct clone was supplied and was indeed verified by re-
amplification, restriction double digestion and DNA sequencing to be containing the correct
and desired gene, the AtNOGCL1 from Arabidopsis thaliana. The protein was recombinatly
expressed as a soluble fraction and successfully purified by affinity and ion exchange
chromatographic systems. The purified AtINOGCl was finally obtained in sufficient

quantities for further functional and molecular characterisation of the recombinant product.
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CHAPTER 3: Electrochemical Characterization of a Novel Nitric Oxide

Binding Protein from Arabidopsis thaliana

Abstract

Heme proteins are molecules that can interact with gases such as oxygen (0O,), nitric oxide
(NO) and carbon monoxide (CO). Despite the discovery of many NO-dependent processes in
plants, NO-binding proteins have remained elusive. We have searched the Arabidopss
thaliana proteome for the presence of the recently discovered heme-NO and oxygen-binding
(HNOX) domains, making use of an extended amino acid motif diagnostic for heme-binding.
One of the candidate molecules is annotated as flavin-containing monooxygenase. We have
recombinatly expressed this molecule (AtNOGC1) and investigated its interaction with O,
and NO using electrochemical techniques. Cyclic voltammetric (CV) and square wave
voltammetric (SWV) experiments revealed that an AINOGC1 bioelectrode showed maximum
electrocatalytic responses to NO and O; at -140 mV and -500 mV versus Ag/AgCl,
respectively. NO binding to AtNOGC1 is concentration dependent, as seen by a gradual
increase in the electrocatalytic peak current (response) as the concentration of NO increases.
Interestingly, it was also observed that NO displaces O, in the heme site of the protein even at
high O, concentrations, which suggests that NO has a higher affinity for the heme site of
AtNOGC1 than O,. In addition, this study demonstrates the use of AtNOGC1 as a novel

biosensor for the detection of both NO and O,.
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3.1 Introduction

NO has diverse signalling roles in animals; including regulation of immune responses via
macrophages and neutrophils, regulation of inflammation, control of wvascular tone,
modulation of platelet aggregation and mediation of neurotransmission (Schmidt and Walter,
1994; Wink and Mitchell, 1998). Animal NO synthesis occurs via conversion of L-arginine to
L-citrulline and NO in a reaction catalyzed by a nitric oxide synthase (Furchgott, 1995; Li
and Poulos, 2005). Various molecular and physiological processes influenced by NO
signalling in plants have been reviewed and include regulation of intracellular Ca*"
concentrations and protein kinases, modulation of plant responses to pathogens, promotion of
stomatal closure, regulation of flowering, control of gene expression, growth and re-
orientation of pollen tubes, pollen recognition, reduction of seed dormancy and stimulation of
seed germination, regulation of plant responses to abiotic stress and regulation of fruit
ripening (Besson-Bard et al., 2008a; Wilson et al., 2008; Hong et al., 2008; Qiao and Fan,
2008). With such diverse and yet crucial functions, identification and characterization of NO
sensors in plants is not only interesting but also essential for our understanding of how NO

mediates these functions in plants.

Considering the biochemistry of heme-binding proteins, it is quite reasonable to speculate
that some of the functions of NO may be transduced via interaction of NO with heme-binding
proteins. Heme-binding proteins play roles in signal transduction (Pellicena et al., 2004),
electron transport or oxidation of organic compounds, and sensing gases such as O,, NO and
CO (Capece et al, 2008). Heme proteins are characterized by a heme group with a
protoporphyrin IX ring in the center that is ligated to a histidine residue (Schmidt et al., 2004;

Rothkegel et al., 2007). The eukaryotic sGC is the only known ligand for NO without any
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measurable affinity for O,, however it contains the same heme protoporphyrin IX ring as that
found in other members of the globins family of proteins (Boon and Marletta, 2005a)
together with a conserved YxSxR motif (Pellicena et al., 2004). Based on the sequence of
eukaryotic sGC, new members of the heme domains were identified in proteins from
prokaryotes. Examples include gas sensing proteins in the facultative aerobe Vibrio cholera
(which bind to NO but not O,) and the gas sensing proteins in the obligate anaerobe from
Thermoanaerobacter tengogenesis, which form tight hydrogen bonds with both NO and O,

(Boon and Marletta, 2005a; Pellicena et al., 2004).

The mechanism of electrocatalytic reduction/oxidation of NO by heme proteins have been
studied extensively. Electrochemical detection of NO can be seen either after oxidation to
nitrite (NO;") and then to nitrate (NO3") and/or reduction to nitrous oxide (N,O) and nitrogen
gas (Ny) at positive potentials and hydroxylamine (NH3;OH) and ammonia (NH3) at negative
potentials (Kosminsky et al., 2001; de Vooys et al, 2004). NO biosensors based on
myoglobin (Liu et al., 2004), hemoglobin (Fan et al., 2004) and peroxidase (Casero et al.,
2000), including their immobilization techniques and detection methods, are well established.
Electrochemical techniques are still the most widely used methods due to their relative
simplicity and sensitivity and are amongst the most reliable methods for the determination of
various gases (Ciszewski and Milczarek, 2003; Yang et al., 2009; Diaz-Gonzalez et al.,

2005).

Based on the characteristic features of HNOX domains, a search for an HNOX domain in
plants was set out as described in chapter 2. Electrochemical techniques were used to
investigate the mechanism by which the AtNOGC1 protein binds to either NO and/or O,. This

study present evidence to show that AtNOGC1 is a novel NO/O, binding protein in
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Arabidopsis thaliana, with a higher affinity for NO than for O, and proposes that the protein

can be used as a novel gas biosensor.
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3.2 Materials and methods

3.2.1 Electrochemical apparatus and procedures

All electrochemical experiments were carried out using a BAS Epsilon, integrated automated
electrochemical workstation (BioAnalytical Systems, West Lafayette, IN, USA).
Voltammograms were recorded with a computer interfaced to the BAS electrochemical
workstation. A 20 mL custom-made three-electrode cell system was used for all
electrochemical measurements at 25 °C. A 0.071 cm’ glassy carbon electrode (GCE)
(BioAnalytical Systems, West Lafayette, IN, USA) was used as the working electrode,
Ag/AgCl with a 3 M NacCl salt bridge electrode was used as the reference electrode and a
platinum wire as the auxillary electrode. All experiments requiring anaerobic conditions were
performed in solutions purged with argon for 20 min. The GCE was polished with 1.0, 0.3
and 0.05 micron alumina (Buehler, IL, USA). The electrode was then thoroughly washed
with distilled water, followed by ultrasonication for 5 min in distilled water and 5 min in
ethanol. The GCE was dried in a stream of N, for 10 sec immediately before drop coating

with the protein material.

3.2.2 Preparation of AtNOGCL1 protein electrode

The bioelectrode was prepared by immobilizing an AtNOGC1-didodecyldimethylammonium
bromide (DDAB)-BSA film on the polished GCE using an immobilization method described
previously (Iwuoha et al., 1998). A 10 mM vesicle dispersion of DDAB was prepared by
dissolving 4.63 mg of DDAB in 1 mL of water and the solution was sonicated for £ 8 h. A

mixture of 10 pL of 10 mM DDAB and 2 mg BSA was mixed to make solution A. The
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enzyme (10 pL from 3.14 mg/mL of enzyme) was diluted in 90 uL of phosphate buffer (50
mM NaH,POy4; 300 mM NaCl; 250 mM imidazole, pH 8.0). The diluted enzyme (10 pL) was
mixed with solution A to make solution B. Solution B (10 pL) was mixed with 5 pL of 2.5 %
glutaraldehyde to obtain solution C. Drop coating of 5 pL of solution C was done on the
previously polished GCE and allowed to dry overnight at 4 °C to form a thin enzyme-DDAB
liquid-crystal film on the electrode surface. The final composition of the bioelectrode was
AtNOGC1 protein, DDAB and BSA. The modified electrode was rinsed with distilled water

and was ready for use. When not in use the biosensor was stored at 4 °C.

3.2.3 Generation of nitric oxide

The NO reactor was degassed with argon for >30 min prior to NO production. NO was
generated by slowly adding drops of 5 M HNOs into a glass flask containing 10 g of copper
granules while stirring gently. NO gas was purified by passing it through a 5 M NaOH
solution, which traps any NO, that may have formed due to oxidation of NO by traces of O,.
The NO was bubbled into 3 mL of previously degassed phosphate buffer, pH 8.0, for about
30 min as shown in figure 3.1 (Kosminsky et al., 2001; Bertotti et al., 2005). The bubbling of
NO into the phosphate solution for 30 min resulted in a saturated NO solution (~2 mM). All

experiments were carried out in a fume cupboard.
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Cuchips PBS buffer

Figure 3.1: Apparatus representing the production of NO from Cu turnings and HNOj;. NO gas is
produced from Cu turnings with 5 M HNO; slowly dropping in to the Cu turnings, and the gas is purified by
passing through NaOH solution, and bubbled into phosphate buffer to obtain an NO saturated solution.
(Adapted from (Mori and Bertotti, 2000)).

3.2.4 Cyclic and square wave voltammetric experiments

All electrochemical measurements were performed at 25 °C in either degassed or non-
degassed phosphate buffer at pH 8.0. Anaerobic conditions were achieved by passing argon
through the electrolyte for 20 min and maintaining an argon blanket on top of the solution.
Voltammograms were recorded in the presence and absence of substrate at a potential scan
rate of 2 mV s™ from initial potential, E; = +300 mV to a switch potential, E, = - 800 mV (for

O,-containing experiments) or -500 mV (for experiments involving only NO).
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3.2.5 Binding affinities of the heme site

The experiments were conducted using two different methods. In the first method (a), the CV
of the AINOGC1 protein bioelectrode was recorded in argon-degassed phosphate buffer pH
8.0. The buffer solution was exposed to air for 10 min while stirring gently prior to recording
of the CV and then the CV of the air or O,-saturated buffer was recorded. NO (500 pL) was
added to the O,-saturated buffer and this was followed by recording of the CV. In the second
method (b), CV measurements were made before and after the addition of NO to non-
degassed phosphate buffer pH 8.0. Then the cell solution containing NO was exposed to air
for 10 min while stirring gently (to allow saturation of the solution with O,) prior to

recording, then the CV was recorded.
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3.3 Results

3.3.1Initial electrochemical characterization of AAINOGC1

AtNOGC1 protein bioelectrode response was conducted in the presence of either NO or O, at
different scan rates of 2, 5, 20, 50, and 100 mV s”. The previously modified electrode with
AtNOGC1, the counter and the reference electrode were placed in a custom-made
electrochemical cell, containing 2 mL of phosphate buffer, pH 8.0. The buffer was degassed
with argon for + 20 min and the argon was left as the blanket. CV scans were recorded in the
presence of NO at scan rates of 2, 5, 20, 50, and 100 mV s at the potential window -150 to -
800 mV. Figure 3.2A show the CV of AtINOGC1 in the presence of NO at different scan
rates, showing an increase in both the cathodic and anodic peaks. Well-defined redox peaks
in the presence of NO are observed at a scan rate of 2 mV s™ . For O, response, the buffer was
equilibrated in air as described elsewhere (Section 3.2.4) and Figure 3.2B show the CV of
AtNOGC1 in the presence of O, at different scan rates. The cathodic peak current increased
with a number of scan rates, while the anodic peak current disappeared. Well-defined
cathodic peaks were observed in the presence of O, responses as compared to NO, whereas a
more catalytic peak current was clearly observed at a scan rate of 2 mV s for both NO and

0,. Based on these observations, a scan rate of 2 mV s™ was selected for this study.
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Figure 3.2 Characterisation of the AtNOGCL bioelectrode at different scan rates. (A) A cyclic
voltammogram of the AINOGCL bioelectrode in the presence of NO at scan rates of 2, 5, 20, 50 and 100 mV s
Well-pronounced redox peaks are observed at a scan rate of 2 mV s”. (B) A cyclic voltammogram of the
AtNOGCI1 bioelectrode in the presence of NO at scan rates of 2, 5, 20, 50 and 100 mV s”'. The most catalytic

reduction peak is well defined at a scan rate of 2 mV s™. Potential window was +0.15 to -0.8 V versus Ag/AgCl.

3.3.2 Electrochemical characterization of AINOGC1 in O,

Since AtNOGC1 is annotated as a monooxygenase, its O,-binding capacity was also assessed.
In these experiments, the buffer was purged with argon as described in ‘experimental
procedures’. Figure 3.3 shows the cyclic voltammetric responses of the AINOGC1 electrode
in the presence and absence of O, when the potential was scanned from +150 to -800 mV at a
scan rate of 2 mV s™'. Under anaerobic conditions, only the redox peaks of AINOGC1 protein
were observed at -80 and -140 mV, and as described previously, whereas under aerobic
conditions, only the cathodic response with an E,. value of -500 mV was observed. This
indicates the catalytic coupling of the reduction of the Fe’" to the oxygenation (binding of
molecular oxygen, ie. Os) of Fe*'. The cathodic peak current (2.2 pA) under aerobic

conditions is by 3 orders of magnitude larger than that under anaerobic conditions (0.005
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pA). This well pronounced cathodic peak is a result that depicts the coupling of a fast
electron transfer reaction at the electrode surface to a fast chemical process in which the

reduced electro-active species have been used up.
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Figure 3.3: Cyclic voltammogram showing the response of AtNOGCL1 in phosphate buffer in the presence
or absence of O,. For the anaerobic conditions (black), the oxygen in the buffer was purged with argon at a
flow rate of 10 L/min. Under aerobic conditions, the buffer was equilibrated with air to achieve maximum O,
saturation (red). The scan shows a reduction peak (corresponding to the binding of oxygen) as the voltage
applied to the system reaches about -0.5 V, and no species were oxidised in the reverse scan. The potential

ranged from +0.15 to —0.8 V and the scan rate was 2 mV s™.

3.3.3 Electro-catalytic characterisation of AINOGCL for binding to NO

Sequence characterisation showed that the AtNOGC1 protein contains an HNOX motif,
suggesting that it could bind to NO and/or O,. To test this hypothesis and investigate these
properties, a plasmid containing the AINOGC1 gene was expressed and the recombinant
protein was investigated using cyclic and square wave voltammetric experiments. Figure

3.4A represents the voltammetric responses of the AINOGC1 bioelectrode in the absence
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(black) and presence (red-yellow) of NO. In the absence of NO, anodic and cathodic peak
currents were observed at electrode potential values of -80 and -140 mV, respectively. The
peak electrode potential (E,) values can be assigned to the oxidation (Fe"/Fe™ Ep.=-80 mV)
and reduction (Fe'/Fe E,c = -140 mV) of the AINOGC1 protein’s heme group. The
separation of the redox peak potential (AE, = [Ey| - |Epa|) value of 60 mV is in agreement
with what would be expected for a one electron transfer process involving an immobilized
electroactive system (Bard and Faulkner, 1980). After NO was added to the buffer, the cyclic
voltammogram obtained showed an increase in both the cathodic and anodic peak currents
(Figure 3.4A; red trace), with the cathodic (reduction) peak at -140 mV increasing as the
concentration of NO in the cell solution increased. The anodic (oxidation) peak on the other
hand, increased only slightly with the first two additions of NO and levelled up as the
concentration of NO increases. The cyclic voltammetric responses of the bioelectrode
indicate that NO binds preferentially to the reduced form of the protein immobilized on the
bioelectrode (i.e AINOGCI-Fe"). Figure 3.4A shows that E;. values shift anodically as the
concentration of NO increases, showing that the NO-bound heme protein (AINOGC1-Fe'-
NO) requires higher electrode potential to oxidize it than the NO-free protein (AtINOGC1-

Fe™).
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Figure 3.4: Electrochemical characterisation of AINOGCL in phosphate buffer. (A) A cyclic voltammogram
of AtINOGC1 characterised in 3 mL phosphate buffer (50 mM NaH,PO,; 300 mM NaCl; 250 mM imidazole,
pH: 8.0) in the presence of 0 mL (black), 0.5 mL (red), 1.0 mL (green), 1.5 mL (blue), 2.0 mL (cyan), 2.5 mL
(magenta) and 3.0 mL NO (yellow). The potential window was +0.3 to -0.5 V and the scan rate was 2 mV s
The scan shows an increase in the reduction peak with an increase in NO concentration as the voltage reaches -
0.14 V. The oxidation peak increased slightly at a voltage of 0.08 V and ceased with an increase in NO
concentration. (B) A square wave voltammogram showing the response of AINOGC1 in 3 mL phosphate buffer,
pH: 8.0 in the presence of 0 mL (black), 0.5mL (red), 1 mL, (green), 1.5 mL (blue), 2 mL (cyan), 2.5 mL
(magenta) and 3 mL NO (yellow). The potential window was +0.3 to -0.5 V and the scan rate was 2 mV s™'. The

scan shows two peaks at a voltage of -0.1 and 0.5 V corresponding to NO and O, binding respectively.
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Square wave voltammetry (SWV) experiments were also performed to monitor the nature of
the responses of AINOGC1 protein to different concentrations of NO. In SWV, the peak
potential represents the redox potential relative to Ag/AgCl reference electrode (formal
potential, E”) of the redox species. Figure 3.4B represents the SWV cathodic responses of the
AtNOGC1 bioelectrode to NO in the presence of O, at 25 mV amplitude and a frequency of
15 mV. The bioelectrode gave two prominent square wave voltammetric peaks at -100 mV
and -500 mV, corresponding to the E values for the binding of NO and O,, respectively, to
the AtNOGC1 protein. The occurrence of the two SWV response peaks shows that the protein
binds to NO and O; independently of each other, which is due to small amounts of dissolved

oxygen in the degassed buffer solution bound to AINOGC1-Fe*" species on the electrode.

3.3.4 Electrochemical characterization of the AINOGC1 bio€electrode, bare GCE and

bare GCE modified with DDAB-BSA in the presence or absence of NO.

To confirm that the response of NO observed with the AINOGC1 protein bioelectrode was
not due to direct reduction of NO at the bare clectrode or the DDAB-BSA film, the
experiment was conducted with the bare GCE and GCE modified with DDAB-BSA film. In
these experiments the response for both AINOGC1 bioelectrode, bare GCE and GCE
modified with DDAB-BSA film were determined in the presence and absence of NO in
phosphate buffer pH 8.0. The buffer was purged with argon for 20 min, and CV scan was
recorded at a scan rate of 2 mV s, in the potential range of +150 to -800 mV, and NO was
bubbled into the cell followed by recording a CV in the presence of NO. Figure 3.5 shows the
cyclic voltammetric responses of the AtNOGCL bioelectrode, bare GCE, and the GCE
modified with DDAB-BSA film. In this case, no redox peaks were observed in the cyclic

voltammetry of NO either on bare GCE or GCE modified with DDAB-BSA films (Figure
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3.5). The result indicates that DDAB acts as a surfactant that facilitates direct electron
transfer between AtINOGCL protein and the electrode surface and does not participate in the

electron transfer process at the experimental potential range.
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Figure 3.5: Electrochemical characterisation of AtNOGC1, bare GCE and GCE modified with DDAB-
BSA film in phosphate buffer. (A) A cyclic voltammogram of AtNOGC1 characterised in 3 mL phosphate
buffer (50 mM NaH,PO,; 300 mM NaCl; 250 mM imidazole, pH: 8.0) in the absence and presence of NO. The
scan shows an increase in the reduction peak in the presence of NO and as the voltage reaches -0.14 V. The
oxidation peak increased slightly at a voltage of 0.08 V. (B) A cyclic voltammogram of the bare GCE
characterised in phosphate buffer. There is no increase in either the reductive or oxidative peaks for the bare
GCE at potential ~-0.14 V in the absence or presence of NO. (C) A cyclic voltammogram of bare GCE modified
with DDAB-BSA film characterised in phosphate buffer. The reductive and oxidative peaks characterised were
also not observed for the GCE modified with DDA-BSA in the absence and presence of NO. (D) A cyclic
voltammogram showing a plot of the bare GCE, GCE modified with DDAB-BSA film and the AINOGC1

bioelectrode. The potential window was +0.15 to -0.8 V and the scan rate was 2 mV s™.

3.3.5Investigation of NO and O, affinity to the AINOGC1 heme binding site
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The affinity of NO and O, to the heme active site of AtNOGC1 was also investigated. Figure
3.6A represents the cyclic voltammogram of the AINOGC1 protein bioelectrode in buffer
only (black trace), buffer containing O, (red trace), and in buffer containing O, after the
addition of NO (green trace). In buffer only, the cyclic voltammetric redox peaks of
AtNOGC1 were observed at -80 mV and -140 mV. Under anaerobic conditions (in O,-
saturated buffer), the cyclic voltammogram shows the expected irreversible cathodic response
with peak at -500 mV (red trace). The addition of NO to the O,-saturated buffer solution
resulted in a new electrocatalytic cathodic response which has peaks characteristic of both
NO (at -140 mV) and O, (-500 mV). The peak current measured at -140 mV (i.e. 0.76 pA)

was half that of the catalytic current of the O,-saturated system (i.e. 1.51 pA).

The binding affinity of NO and O, to the heme of AINOGC1 was also investigated by adding
O, to the AINOGC1-NO bound complex. In this experiment, CVs were recorded in the buffer
containing O, (black trace) and followed by a peak current observed at -500 mV. Figure 3.6B
shows the CV of the AINOGC1 in NO-saturated buffer in the presence of O,. When the
buffer was degassed with argon (red trace), the cathodic peak current at E,. = -500 mV
disappeared, followed by two small redox peaks for the oxidation and reduction of AINOGC1

heme protein iron.

When 500 pL of NO was added to the argon-degassed buffer, a cathodic peak originating
from E,c = -140 mV was formed due to the response of AtNOGCL1 to NO. However, when the
NO-containing buffer was saturated with air, the catalytic voltammetric wave that originated
at -140 mV increased with no concomitant increase in the kinetic current (the difference

between the peak and background currents, i.e. in this case, the actual current resulting from
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the binding of O to heme-Fe*") for oxygenation at -500 mV. These results therefore indicate
g yg

that AtNOGC1 binds preferentially to NO for which it has higher affinity than for O,.
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Figure 3.6: Cyclic voltammogr ams of AtNOGCL responding to O, and NO. (A) AtNOGCL1 was characterised
in anaerobic phosphate buffer (50 mM NaH,PO,; 300 mM NaCl; 250 mM imidazole, pH: 8.0) purged with
argon at a flow rate of 10 L/min (black) or an air equilibrated buffer (red) or buffer containing 500 uL of NO
(green). The addition of NO in an air equilibrated buffer resulted in two cathodic peaks at -0.14 and at -0.5 V, a
characteristic of NO and O, respectively (green). (B) AINOGC1 was characterised in buffer with O, (black),
buffer degassed with argon (red), buffer with NO (green), buffer with NO and air equilibrated buffer (blue). The
blue scan shows the presence of two peaks at -0.14 and at -0.5 V characteristic of the response to NO and O,

respectively. The potential window was +0.15 to -0.8 V and the scan rate was 2mV s
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3.4 Discussion

Our principle aim here was to identify Arabidopsis proteins that can bind to NO. Searching
for HNOX domains in Arabidopsis thaliana, we have identified a novel candidate protein
with a conversed heme-binding motif Hx{12}Px{14,16} YxSxR. This candidate, AtNOGC1,
is currently annotated as a flavin-containing monooxygenase based on sequence homology.
The aims of the study was therefore, to recombinatly express AINOGCL and investigate its
interaction with NO and O, and in particular, its affinity for NO and O,. Electrochemical
analyses revealed that AtNOGCL1 is indeed an HNOX domain encoding a protein that can

bind NO and O, at E, values of -140 mV and -500 mV, respectively.

Using the slow potential scan rate of 2 mV s”, we further investigated the response of
AtNOGCL1 in the absence and presence of NO. In the absence of NO and O, the cyclic
voltammogram analysis showed that AINOGCL is electroactive and contains a redox couple

3 ") that has anodic and cathodic peak potentials of -80 and -140 mV, respectively.

(heme-Fe
This type of a response was not observed when the bare GCE or DDAB film-modified GCE
were used in degassed buffer solutions, suggesting that the observed voltammetric peaks

were due to the electrochemistry of AINOGC1-heme-Fe®"'**.

DDAB is one of the surfactants shown to increase direct electrochemistry for a number of
proteins and facilitate direct electron transport to the active site of enzymes (Hu, 2001). In
this case, DDAB is facilitating electron transport between the electrode and AtNOGC1-heme-

Fe*™®*. The two redox peaks of AINOGC1 were amplified by the binding of NO and no
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response was observed for either bare GCE or DDAB film in the same potential window.
From this, we conclude that AINOGCL1 is responsible for the electrocatalytic reduction of NO
and that an increase in peak currents is due to the specific interaction between AINOGC1 and

NO.

Since AtNOGCL is annotated as a monooxygenase, O,-binding with the bioelectrode was
assessed using cyclic voltammetry and showed (Fig. 3.3) a cathodic response with a cathodic
peak potential (E,.) value of -500 mV under aerobic conditions indicating catalytic coupling
of the reduction of Fe’* to the oxygenation of Fe*". The cathodic peak current (2.2 pA) under
aerobic conditions is larger by 3 orders of magnitude than that under anaerobic conditions
(0.005 pA). During the cathodic scan, Fe*" was generated and used up in a fast follow-up
oxygenation reaction making it unavailable for re-oxidation during the anodic scan. The peak
potential (E;) for the binding of oxygen to the protein occurs at -500 mV while the
AtNOGC1-Fe/" reduction process occurs at -140 mV. Large shifts to higher reduction
potential under aerobic conditions mean that the monooxygenation is a catalytic redox
process involving several reaction steps and the irreversible cyclic voltammograms suggest

binding of O, to the Fe*"-heme redox centre.

The electro-catalytic response of AINOGC1 was also investigated at different concentrations
of NO. When different amounts of NO were added into the buffer, the cathodic peak current
increased gradually while shifting to more positive potentials. The anodic peak also
increased, but diminished at high NO concentration. This behaviour of the anodic peak at low
NO concentration is likely due to the oxidation of unbound heme-Fe** sites of the AINOGC1

rotein to heme-Fe®*. At high NO concentrations, no unbound heme-Fe®" site is available for
p g
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re-oxidation and only the catalytic cathodic current for the binding of NO to the heme-Fe**
site is observed. The magnitude of the anodic peak current at low NO concentrations could be

used to quantify the available heme-Fe®" sites in AtNOGCL.

Square wave voltammetry (SWV) was also used to monitor the nature of the responses of
AtNOGC1 to different concentrations of NO. As a technique for displaying differences in
voltammetric spectra, SWV is a powerful tool for detecting very small changes that are often
difficult to observe with cyclic voltammetry. Importantly, the results obtained were consistent
with those obtained from the CV. However, an additional cathodic peak current was observed
with E,. value of -500 mV, which corresponds to O, binding, suggesting the presence of
small amounts of background (dissolved) oxygen in the ‘degassed’ buffer solution that was

bound to some AtNOGC1-Fe®* species on the electrode (Figure 3.4b).

The reaction scheme for this process can be represented as follows:

AtNOGC1 Fe *" — AtNOGCL1 Fe?** 2
AtNOGC1 Fe** + NO — AtNOGC1 Fe**-NO 3
AtNOGCL1 Fe** + 0, — AtNOGC1 Fe**-0, 4

In these processes, AINOGCL (Fe’") is electrochemically reduced to AINOGC1 (Fe™") on the
electrode surface, and then NO is likely to diffuse into the surface of the electrode where the
immobilized AINOGC1 reduces the NO. Affinity experiments were conducted to determine
which of the ligands has more affinity to the heme site of AINOGC1 protein. The analyses

showed that addition of NO to an O-bound AtNOGC1 protein disrupted the AINOGC1 -Fe**-
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O, bond, as shown by a decrease in the peak current of O, (E,c = -500 mV) peak and the
subsequent appearance of the NO peak (E,. = -140 mV). The experiments were also further
validated by exposing the NO-bound AtNOGC1 protein to air. However, the NO peak
remained the same in the presence of O, and no increase in the O, peak was observed. This is
indicative for the ability of NO to displace O, and proves that NO has higher affinity for
AtNOGC1 than O,. It also points to the possibility that O, might be needed as an enhancer for
NO binding to the heme and that NO and O, can be bound at the same time to the enzyme.
We therefore, conclude that (i) NO and O, have the same binding site, namely the heme-Fe*"
on the AtNOGC1 protein; (ii) NO displaces only half of the heme-bound O, and (iii) NO has

a higher affinity for the AtNOGC1 heme site than for O.

AtNOGC1 is a NO sensor in plants we are currently characterising and the knowledge derived
from the characterization of AINOGC1 can be used to discover diverse physiological and
biological responses to NO. We are currently investigating the biological functions of
AtNOGC1, and its role as a signalling molecule, particularly so since AtNOGC1 has a
potential GC catalytic centre that may function in vivo and be dependent on NO. Recent
bioinformatics studies have shown that AINOGCL levels are highly elevated during NOs
starvation, which together with its role in NO binding may suggest a role for AtNOGC1 in
nitrogen fixation in plants. In addition to its response to both NO and O, the response of
AtNOGC1 is dependent on the concentration of NO. This study has therefore, demonstrated
the possibility of establishing a novel biosensor suitable for the detection of both NO and O,

based on the ability of AINOGCIL to bind both these gases.
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CHAPTER 4: AtNOGC1 is a Novel Arabidopsis thaliana Nitric Oxide
Binding Protein that Functions as a Guanylyl Cyclase in vitro in an NO-

dependent M anner.

Abstract

Soluble guanylyl cyclases are enzymes that catalyse the conversion of gunanosine 5°—
triphosphate (GTP) to second messenger guanosine 3°, 5°’—cyclic monophosphate (cGMP),
which leads to downstream responses that are NO mediated. While many cGMP mediated
processes have been well characterised and as it is only until recently that a few GC’s have
been identified in higher plant, it is also important to note that a plant GC with affinity for
NO has not yet been reported. This study therefore hereby reports an Arabidopsis thaliana,
heme-binding protein (AtNOGC1) that functions as a guanylyl cyclase in vitro in an NO-
dependent manner. AINOGCL1 catalyses the formation of ¢cGMP using GTP as its sole
substrate with higher dependence on Mn*" than Mg”" ions. Furthermore, AtNOGC1 catalytic
activity is enhanced by the binding of NO to synthesize cGMP, highlighting it to be the first
NO-dependent plant GC. The regulatory effect of calcium on the activity of the AINOGC1
was also investigated and the results showed a significant increase in the synthesis of cGMP

in the presence of calcium.
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4.1 Introduction

Guanylyl cyclases are enzymes that catalyse the synthesis of a second messenger guanosine
3°, 5’—cyclic monophosphate (cGMP) from the purine nucleotide gunanosine 5’—triphosphate
(GTP), and these enzymes have long been identified in many diverse prokaryotic and
eukaryotic organisms (Schaap, 2005). In animals the synthesis of cGMP by GCs is influenced
by signals such as NO, peptide ligands and Ca®" (Lucas et al., 2000). Intracellular cGMP
mediate physiological processes by activating protein kinases, gating specific ion channels
and regulation of phospshodiesteraes, which result in the regulation of NO-specific biological
functions (Boon and Marletta, 2005b). In animals, the NO/cGMP pathways regulate diverse
physiological processes including neurotransmission, vasodilation, platelet aggregation
(Rothkegel et al., 2006), cellular growth, cardioivacular homeostasis and sensory transduction

(Zhang et al., 2008).

While there is evidence of NO-dependent signalling via ¢cGMP in plants, GCs have until
recently remained elusive and none of the candidates identified to-date are NO-dependent. In
higher plants, cGMP functions as a second messenger in diverse physiological processes
(Meier et al., 2009) including NO-dependent signalling (Prado et al., 2004), abiotic and biotic
stress responses, pathogen challenges (Meier et al., 2010), and seed germination (Teng et al.,
2010). The role of cGMP-regulated protein kinases has also been well-studied and it has been
shown that cGMP increases a number of flower buds and induces terminal buds in plants,
thus showing a role in flower induction. Cyclic GMP also increased enzyme activity in the
plant Pharbitis nil, suggesting a role of cGMP-regulated protein kinases (Szmidt-Jaworska et
al., 2009). In tobacco, cGMP is an essential downstream signalling molecule in NO-mediated

pathogen defence responses and is required for the induction of defence-related genes such as
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the phenylalanine ammonia lyase (PAL) and the pathogenesis-related (PR-1) encoding gene,
as well as for the activation of PAL enzyme activity which generates precursors for
phenylpropanoid and thus salicylic acid biosynthesis (Romero-Puertas and Delledonne, 2003

; Meier et al., 2009).

Furthermore, it has been demonstrated that endogenous cGMP levels increase in response to
plant natriuretic peptides (Pharmawati et al., 2001), ozone (Pasqualini et al., 2008), NaCl and
drought stress responses (Donaldson et al., 2004). A significant increase in cGMP levels has
also been reported due to pathogen challenge and that both the virulent and avirulent strains
of Pseudomonas syringae induce an increase in ¢cGMP generation with the avrB strain

inducing a more rapid response (Meier et al., 2009).

In higher plants, the first GC was discovered using a search motif strategy based on
conserved and functionally assigned amino acid residues in the catalytic centre of GCs of
higher and lower eukaryotes (Ludidi and Gehring, 2003). Rational motif relaxations and site
directed mutagenesis have since led to the discovery of additional GCs, including the AtBRI1
(Kwezi et al., 2007), the AtWAKL10 gene that might be involved in pathogen defense (Meier
et al., 2010). However the extended consensus motif (Hx{12}Px{14,16}YxSxR) HNOX
motif , which occurs in AINOGC1, does not occur in either of these GC’s neither do they

require NO activation.

With such diverse functions, the identification and characterization of NO/cGMP dependent

candidates in plants is not only interesting but the knowledge obtained from these sensors
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may also be applied in understanding how NO does mediate various physiological processes
in plants such as the induction of cGMP synthesis and the identification of novel functions in
plants. In a quest to identify the first NO-dependent GC, this study searched the Arabidopsis
thaliana genome sequence by applying a GC search motif and an extended consensus motif
(Hx{12}Px{14,16} YxSxR) motif deduced from the HNOX domains as described in chapter
2 (Boon et al., 2005) and the search managed to identify a novel plant signalling protein,

AtNOGCL1. We noted that that this molecule contained both the HNOX and GC motif.

This chapter describes the GC activity assays conducted on AINOGC1 to demonstrate that it
can catalyse the synthesis of cGMP from GTP in vitro. Furthermore, the NO-dependence of
the GC activity of AINOGC1 was also demonstrated, while the investigations of the

regulatory effects of Ca>* on the GC activity of the AtNOGCL is also described.
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4.2 Materials and methods

4.2.1 Guanylyl cyclase activity assays

The GC activity assays of the AtNOGC1 were conducted in a reaction mixture containing 50
mM Tris-HCI, pH: 7.5; I mM GTP or ATP; 5 mM MgCl, and/or 5 mM MnCl, and 10 pg of
the recombinant protein. The samples were incubated at room temperature for 20 min, and
cGMP levels measured using the cGMP Enzyme Immunoassay kit (EIA cyclic GMP kit,
Sigma-Aldrich, Inc.), according to the manufactures instructions for the acetylation protocol.
To monitor the effect of time on the GC activity of AINOGC1, the GC activity assays were
conducted in reaction experiments that were subsequently terminated at time intervals of 0, 5,
10, and 20 min. At the end of each time interval the reactions were stopped by boiling at 100
°C in a water bath for 10 min. The reaction mixtures were clarified by centrifugation at 13

000 rpm for 10 min and the supernatants collected for cGMP assaying.

4.2.2 Activation of AtNOGC1 GC activity by NO and Ca?*

The possibility of NO and Ca®" to induce the synthesis of cGMP by AtNOGC1 were also
investigated. A NO donor, 2-(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO) (Sigma-
Aldrich, Inc.) was used as the source for NO at reaction final concentrations of 0, 5, 20, and
50 uM. A 1 mM stock solution of the DEA/NO was prepared in 10 mM NaOH solution and
diluted in a working solution of Na-phosphate buffer, pH 7.2 from which different
concentrations of the NO donor were then prepared. To demonstrate the effect of Ca*" on

AtNOGC1’s GC activity, a 1 mM stock solution of Ca®" was prepared in distilled water by
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dissolving 1.1098 mg of CaCl, to a final volume of 10 mL. Concentrations of 0, 0.1, 1 and 10
uM were then prepared from a 1 mM stock. All NO and Ca*" reactions were carried out as

detailed in section 4.2.1 over a time period of 20 min.
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4.3 Resaults

The principle of determining GC activity assays is based on the conversion of gunanosine 5
triphosphate to second messenger guanosine 3’, 5'—cyclic monophosphate and the subsequent
measurement of the generated cGMP levels by either a radioactive or non radioactive
immunoassay systems. In this study, a non-radioactive, competitive immunoassay system
(Sigma-Aldrich, Inc.) was used for the quantitation of the cGMP, and using a purified protein
sample of the recombinant AtNOGC1. The immunoassay system uses a polyclonal antibody
to cGMP to competitively bind free cGMP or the conjugate cGMP that is covalently linked to
an alkaline phosphatase molecule. The assay is performed in a 96 well plate that is coated
with anti-rabbit IgG antibody. The addition of p-Nitrophenyl phosphatase substrate to the
plate containing a cGMP-linked to the enzyme produces a coloured product, which can be
measured at 405 nm. The intensity of the colour obtained is inversely proportional to the

concentration of cGMP present in the wells (Sigma-Aldrich, Inc.).

4.3.1 Effects of cofactor and time dependence on the activity of the AINOGC1

The in vitro GC activity assays of the AINOGC1 fusion protein was determined using the
protein sample expressed and purified as described in chapter 2 of this thesis. Figure 4.1A
below shows the SDS PAGE gel of the purified AINOGCL1 fusion protein and Figure 4.1B
shows the in vitro GC activity assays which were determined by measuring the cGMP levels
using the EIA cyclic GMP kit (Sigma-Aldrich, Inc.). As is shown in Figure 4.1B and over a
time period of 20 min, the recombinant protein produced >160 fmol cGMP/pg protein when

assayed in the presence of Mn”" ion as compared to the 60 fmol cGMP/ug protein produced
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when the assay was carried out in the presence of Mg”™ ion as cofactors. AINOGC1 has an
activity of >200 fmol/pg in the presence of Mn>" and a reduced level when Mg** was used as
a cofactor which also increases gradually with time (Figure 4.1B). This experiment therefore,
demonstrated a time dependence enzymatic activity since an increase in the GC activity was

observed over time before stabilising after 15 min.
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Figure 4.1: Expression of the AtNOGCL1 fusion protein and determination of itsin vitro GC activity. (A)
SDS PAGE gel showing the purified AINOGC1 fusion protein, Lane M represents the pre-stained molecular
weight marker while lane 1 corresponds to the purified AINOGCL fusion protein with a molecular weight of
~67.7 kDa. (B) cGMP levels generated in a reaction mixture containing 50 Mm Tris-HCI, pH: 8.0; 1 mM GTP;
either 5 mM Mn*" or Mg*" and 10 ug recombinant protein. The reaction was carried out at time interval of 0, 5,
10, 15 and 20 min at room temperature and the generated cGMP levels were measured using the EIA cGMP kit
(Sigma-Aldrich, Inc.) based on the acetylation protocol. Error bars represent the standard errors of the mean

deviations (SEM) (n = 3).

The ATP affinity was also tested in a competitive type of an experiment by adding ImM GTP
and ImM ATP into the reaction as substrates in the presence of the cofactor Mn>*. Figure 4.2

below shows the cGMP levels produced when both GTP and ATP were used as sole
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substrates of AINOGCL. In the presence of ATP alone or in a combination with GTP, no
change was observed on the GC activity of AtNOGC1 and thus indicating that the presence of

ATP does not interfere with the binding and substrate specificity of GTP to AtNOGC1.
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Figure 4.2: Competitive in vitro GC activity assays of AINOGCL1 using both GTP and ATP as substrates.
Cyclic GMP levels were measured in a reaction mixture containing 10 ug recombinant protein, either 1 mM
GTP and/or ImM ATP as substrates, 5 mM Mn*" as the cofactor and the buffer 50 mM Tris-HCI at pH 8.0. The
cGMP levels generated by the AINOGC1’s enzymatic reaction were then measured using the EIA ¢cGMP kit

(Sigma-Aldrich, Inc.). Error bars represent the standard errors of the mean deviations (SEM) (n = 3).

4.3.2 Activation of the GC activity of the AINOGC1 by NO

Nitric oxide has been reported to be able to activate soluble GCs up to 100-200 fold, and
resulting in the production of cGMP from GTP (Boon and Marletta, 2005b). Electrochemical
studies on AINOGC1 demonstrated the ability of AINOGCL to bind to NO with high affinity
than it could to O, (Chapter 3). To further investigate if the binding of NO to AINOGC1

could activate AINOGCl1-catalysed synthesis of cGMP from GTP, some GC activity assays
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were conducted in vitro in the presence of different DEA/NO donor concentrations (0, 5, 10,
20 and 50 uM). Figure 4.3 below shows the cGMP levels generated in the presence of
different DEA/NO donor concentrations over a time period of 20 min. The results indicate
that there was a significant increase in the cGMP levels from 0 uM to 5 uM NO
concentrations, and however, there were no observable increases in the cGMP levels at the
NO concentrations of 10 to 50 pM. An increase in the cGMP levels generated was observed
from ~350 to 450 fmol cGMP/ug protein in the presence of NO. For an easier comparison a

negative control experiment in the absence of 10 pug protein was also conducted (figure 4.3,

first bar).
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Figure 4.3: in vitro GC activity assays of AtNOGCL1 and its activation by NO. Cyclic GMP levels were
measured in a reaction mixture containing 10 pg recombinant protein, 1 mM GTP as the substrate, 5 mM Mn*"
as a cofactor, and DEA/NO donor concentrations of 0-50 pM and the buffer was 50 mM Tris-HCI pH 8.0. The
negative control reaction was also conducted in the absence of the recombinant protein. The cGMP levels
generated by AINOGC1’s enzymatic reaction were then measured using the EIA ¢cGMP kit (Sigma-Aldrich,

Inc.). Error bars represent the standard errors of the mean deviations (SEM) (n = 3).
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4.3.3 Effect of calcium on GC activity assays of AINOGC1

Calcium ion has been shown to have a regulatory effect on the activity of some GCs
(Karmakar et al., 2006). A well characterised example of the regulatory effect of Ca*" on GCs
is that of the AtPSKRI1, a GC from Arabidopsis thaliana, which showed a measurable
increase in ¢cGMP levels in the presence of Ca’" (Dr Oziniel Ruzvidzo, personal
communication). This study also investigated the regulatory effects of Ca*" on the GC
activity of AINOGC1. Different concentrations of Ca®" were indeed used to measure the
amount of cGMP levels produced over a time period of 20 min. Figure 4.4 below shows the
amount of cGMP generated by AINOGCLI in the presence of 0; 0.1; 1 and 10 pM Ca**
concentrations. AINOGC1 exhibited an increase in the amount of cGMP levels in the
presence of different Ca** concentrations with a maximum amount of ~ 450 fmol cGMP/pg
protein produced when Ca®* was 0.1uM as compared to ~300 fmol cGMP/ug protein at 0 pM
Ca’" concentration. The results therefore, show the ability of Ca®" to increase the GC activity

of AtNOGCL1.
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Figure 4.4: Effect of calcium on the GC activity of the purified recombinant AINOGC1. Cyclic GMP levels
were measured in a reaction mixture containing 10 pg recombinant protein, ]| mM GTP as the substrate, 5 mM
Mn*" as a cofactor, and CaCl, concentrations at 0, 0.1, 1 and 10 UM and the buffer was 50 mM Tris-HCI pH 8.0.
A negative control was also conducted with the exclusion of the recombinant protein. The generated cGMP
levels by AtNOGC1’s enzymatic reaction were then measured using the EIA cGMP kit (Sigma-Aldrich, Inc.).

Error bars represent the standard errors of the mean deviations (SEM) (n = 3).
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4.4 Discussion

Since there is evidence of endogenous levels of cGMP in plants in responses to pathogen
challenge, peptides, NaCl and drought stress, ozone and other signals (Pharmawati et al.,
2001; Donaldson et al., 2004; Pasqualini et al., 2008; Meier et al., 2009) and a number of
physiological processes mediated by cGMP in plants, a number of plants GC’s have since
been identified (Ludidi and Gehring, 2003; Kwezi et al.; 2007; Meier et al., 2010; Kwezi et
al., 2011 personal communication). Despite the physiological relevance of cGMP-mediated
processes in plants, there has previously been a lack of well-characterised plant GCs that are
NO-dependent, characterisation of these GC’s showed that they catalyse the synthesis of
cGMP from GTP in vitro, thus bringing insights into the understanding of cGMP-mediated
processes. In addition to the cGMP signalling pathways, Denninger and co-workers reported
that some of these physiological roles are NO-regulated (Denninger and Marletta, 1999). In
this regard, the identification and characterisation of a plant GC that senses NO will be a
break-through into the understanding of NO/cGMP-mediated processes. A search motif that
was used specifically for the search of HNOX domains (Boon et al., 2005) has led to the
identification of one of the four candidate genes containing both the heme motif and the GC
motif in Arabidopsis thaliana, and the candidate gene was then named AtINOGC1. This study
therefore explores the ability of AINOGCL to function as a GC in vitro in an NO-dependent

manncr.

Soluble GC is a mammalian NO sensor, and contains the heme-binding motif required for

sensing gases, sequence analysis showed that AINOGCL contains a heme-binding motif

(YxSxR) at the N-terminal that senses both NO and O, (Chapter 3). From sequence analysis,
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it can be predicted that AINOGCL is not similar to sGC although it bears a heme-binding

motif.

The divalent cations, Mg®" and Mn*"ions up-regulate the activity of both ACs and GCs
(Hurley, 1999; Seebeck et al., 2008). This study investigated the possibility of either Mg* and
Mn”" ions as possible cofactors of AtNOGCL1 activity. The results show that both ions
increased the activity of AINOGCL1 to catalyse the synthesis of cGMP from GTP (Figure

4.1B), with Mn*" increasing the enzyme activity more than Mg*".
g y y g

Similar binding affinities for ATP and GTP have been reported for mammalian sGC (Gille,
2004). Sequence analysis show that AtNOGC1 contains the conserved residues, which
participate in hydrogen bonding and the cysteine that confers substrate specificity for GTP
than for ATP. These results show that only GTP binds to the active site with no comparable
affinities between GTP and ATP (Figure 4.2). Furthermore, a cAMP assay should be

conducted in the future to rule out the possibility of ATP as another substrate for AINOGC1.

Binding of NO to sGC serves as a key step in the activation of the enzyme to catalyse the
conversion of GTP to ¢cGMP (Boon et al.,, 2005; Meier et al., 2007). Contrast to that,
sequence analysis of AINOGC1 showed that it contains the heme-binding motif that senses
NO. Based on that observation, it was therefore necessary to demonstrate that the binding of
NO to AtINOGC1 will activate the enzyme to synthesize cGMP from GTP. The results show
that in the presence of an NO donor, approximately >2 fold excess in cGMP was produced as
compared to the cGMP obtained in the absence of a NO donor (Figure 4.3). Although an

increase in the GC activity of AtNOGC1 cannot be compared to that of mammalian sGCs,
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other factors such as the amount of NO produced by the donor and the differences in the
sequence structure of the two proteins must be considered. Most importantly, the results
showed an increase in cGMP synthesis, this might suggest that NO does play a role in the
activation of AINOGCL1’s GC activity. Our findings that AINOGC1 contains a heme-binding
motif that senses NO and the fact that it is a GC that is activated by NO, suggests that
NO/cGMP signalling via GC’s is not restricted to animals and prokaryotes only but also
extends to the plant kingdom. AtNOGCL1 appears to have the GC activity in vitro that is NO-
dependent, but the exact biological function still remains to be elucidated and this will be an

interesting target for further understanding of the NO/cGMP signalling in plants.

Nitric oxide synthase (NOS), the enzyme that produces NO from amino acid L-arginine is
activated by Ca®" and once NO is produced, it activates the SGC to catalyse the synthesis of
cGMP, which leads to downstream responses such as Ca>* ion-gated channels. The role of
Ca’" in the synthesis of cGMP by the Leishmaniado novani GC has been reported and it has
also been observed that intracellular Ca>* somehow regulates the synthesis of cGMP levels
(Karmakar et al., 2006). In this current study, when the GC activity of AINOGC1 was
assayed, an increase in the cGMP levels was observed in the presence of different Ca**
concentration in vitro (figure 4.4). However, the effect and regulation of GC by Ca®" still
need to be investigated further in order to shed more light on the Ca**-/cGMP and NO

signalling pathways.

Finally, since the green alga Clamydomonas reinhardtii has been reported to contain over 90
annotated putative GC’s (Schaap, 2005) and the fact that three GCs have been identified and

characterised in Arabidopsis thaliana, (Ludidi and Gehring, 2003; Kwezi et al.; 2007; Meier
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et al., 2010), it all suggests that a number of GCs are yet to be identified. This work has since
identified and characterised a GC in Arabidopsis thaliana that not only catalyses the
synthesis of cGMP from GTP, but also binds NO. Further characterisation of this new NO
binding GC protein will open new ways to better understand NO/cGMP signalling processes

in plants.
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CHAPTER 5. Modelling AtNOGC1, a Flavin-containing M onooxygenase

and At5g57690, a Diacylglycer ol Kinase from Arabidopsis thaliana

Abstract

The understanding of structure-function relationships of proteins normally requires detailed
information that can be extracted from their three-dimensional structures. Determination of
protein structure by experimental means such as x-ray crystallography, NMR and electron
microscopy tend to be difficult and time-consuming. Modelling of protein structures by
computer based techniques has become an important option to produce 3D models of protein
structures. Specifically, structures of bacterial HNOX domains, flavin-containing
monooxygenases and diacylglycerol kinase have been determined however, these structures
in plants have not yet been reported. This chapter participated in homology modelling and
fold recognition of the AINOGCL1 and At5g57690. Models for both proteins have been build
and evaluated to be of good quality. Secondary structure prediction by PSI-PRED also
indicated that both proteins contain a proper fold consisting of helices and beta sheets
interconnected by loops. In addition, functional prediction was also conducted for both

proteins and implicated to contain ion binding properties.
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5.1 Introduction

Knowledge of the three-dimensional structure is a prerequisite for the rational design of site
directed mutations in a protein. The information obtained from these structures enhances a
great understanding of where protein atoms are located and how they interact during
biochemical reactions, which bring insight on protein functions. Structural determination
techniques such as X-ray crystallography, nuclear magnetic resonance (NMR) and electron
microscopy (EM) provide detailed information of protein structures yet however, these
techniques involve technical procedures, which are sometimes complicated and time
consuming. Most proteins fail to crystallise and sometimes cannot be obtained in large
quantities for structural determination by NMR. The size of the protein is also another

limiting factor for structure determination by NMR (Branden and Tooze, 1991).

Computational structure determination tools such as model building based on the 3D
structure of known homologs seem to be an alternative method to obtain structural
information on proteins. The feasibility of homology model building has been indicated by
the comparison between tertiary structures and primary structures. Since structure
determination requires experimental information, both homology modelling and secondary
structure prediction rely on proteins with known 3D structures. Comparative ("homology")
modelling is a method that approximates the 3D structure of a target protein for which only
the sequence is available. For the structure to be predicted, the 3D template structure should
be provided with >30 % sequence identity. Sequences that are lower than 30 % will be fine if
they have strong conserved features such as conserved cysteine residues. Comparative

models are useful in getting a rough idea of where the alpha carbons of important residues are
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found in the folded protein ( Chothia and Lesk, 1986; Baker and Sali, 2001; Vitkup et al.,

2001).

Unfortunately, any experimental procedure including model building will contain some errors
associated with it, and these errors depend on the precision of the experimental measurements
and are propagated into the precision of the final model. They result from errors in the
interpretation of the experimental data and are related directly to the accuracy of the final
structure. It is however crucial that every structural model undergo verification to obtain good
results (Kleywegt, 2000). Several computational techniques are available for the verification
of protein models and they include the Procheck program, which checks the stereochemical
quality of a protein, by analysing its overall and residue-by-residues geometry (Laskowski et

al., 1993; Laskowski et al., 1996).

In this chapter, the homology models of the two proteins ‘the AINOGCL’ that is currently
annotated as a flavin-containing monooxygenase and the ‘At5g57690° currently annotated as
a diacylglycerol kinase will be described and the topology of their structural conformations
compared with the secondary structure fold predicted by the PSI-PRED. In addition, function

prediction for the two proteins will also be described.
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5.2 Materials and methods

5.2.1 Modelling of AtNOGC1 and At5g57690

The sequences for both AINOGC1 and At5g57690 were analysed with BLAST in order to
find similar sequences in the database. The sequences were therefore sent to Fugue server
(Shi et al., 2001) to search for templates. The three-dimensional structure of AINOGC1 was
solved according to the template based modelling strategy using the template of bacterial
FMO from Mythylophaga species (pdb code: 2vq7), and the phenylacetone flavin-containing
monooxygenase (pdb code: 1w4xa). The At5g57690 model was build based on the structures
of the Salmonella typhimurium Yegs, a putative lipid kinase (pdb code: 2plr) and the E. coli
lipid kinase that is homologous to the mammalian diacylglycerol kinase (pdb code: 2bon.
Protein sequences for AtNOGC1 and At5g57690 were aligned using the mutialin program

(Corpet, 1988).

Modeller 9v8 program was used to build 30 models (Sali and Blundell, 1993) and the best
model was then selected based on the energy minimization (mol pdf) value and also based on
the DOPE and the GAL scores. Procheck program was used to evaluate the model for
stereochemical quality (Laskowski et al., 1993). Secondary structure prediction were

performed with PSI-PRED sever (Bryson et al., 2005).

93



5.3 Results

5.3.1 AtNOGC1 mod€

The 3D model of AtNOGC1 (TAIR protein locus At1g62580, GenPept accession number,
NP_176446) was performed according to the homology modelling strategy using template
structures of bacterial FMOs from Methylophaga sp, strain SK1 (PDB code: 2vq7a) and
phenylacetone monooygenase, a Baeyer-Villager monooxygenase (PDB code: 1w4xa)
because the sequence identity of AINOGC1 and the two template proteins resulted in Z-scores
of 59.47 and 19.13 respectively, which are both considered as a 99 % confidence prediction
(Appendix IIT). The alignment of AINOGC1 with the two templates is shown in Figure 5.2.
The residues which form part of the heme-binding motif are aligned to the other residues in
the templates structures. Highly conserved residues and the three characteristic sequences in
the FMO superfamily are: (1) the FAD binding domain (GAGAAG, (2) the FMO identifying
sequence (FxGxxxHxxxF), and (3) the NADPH-binding domain (GSSVSG), where X can be
any amino acid. Other crucially functional residues include the heme-binding motif (YxSxR)
and the GC motif (SFSIGLGIDTWPG). Figure 5.1 show the alignment of AINOGC1 with

mFMO and Baeyer-Villager monooxygenase.
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Figure 5.1: Alignment of AINOGC1 with structures of the FMO from Methylophaga Sp. strain SK1 and a
phenylacetone monooygenase, a Baeyer-Villager monooxygenase. Residues corresponding to the FAD
binding domain, heme binding motif, GC motif, NADP binding motif, and the FMO signal sequence are
highlighted in blue, magenta, orange, red, purple and green arrows respectively. The alignment was created by

Multialin program.

Residues corresponding to the heme-binding motif are aligned with those from both template
structures. Starting from this alignment, a set of 30 full-atom models was generated. Figure
5.2 shows the cartoon and surface representation of the AtNOGC1 best model, indicating the
presence of the important and functional residues found in the protein structure. Figure 5.3
shows the ramachandran plot for the phi and psi angels of each residue in the model of
AtNOGC1], and indicates that AtNOGC1 model is stereochemically stable model. The best
model had 87.8 % residues in the most favoured regions. This value when compared to those
of the template structures of 89.2 % for 2vq7 and 89.9 % for 1w4xa indicated that a good
model had been created Although there is 1.2 % residues in the disallowed regions (E492,
T176, 170, T298 and A473), these outliers when traced back in the structure, they were found

to be located in the loop (Figure 5.3B).
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Figure 5.2: The three-dimensional model of AtNOGCL1. Cartoon and surface representation of the AINOGC1
structure showing all the important residues, the FAD binding domain (blue), heme binding domain (magenta),

GC domain (yellow) and the NADP binding domain (red).

Psi (degrees)

Phi (degrees)

Figure 5.3: Evaluation of the AtNOGC1 model by procheck. (A) Ramachandran plot showing the phi and ps
angels of the residues of the AANOGC1 model. There are 87.8 % residues in the most favoured region, 9.5 % in
the additionally allowed region, 1.6 % in the generously allowed region and only 1.2 % in the disallowed region.

(B) Cartoon representation of the residues in the outliers and as is found in the Ramachandran plot.
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The structure of AtNOGC1, 2vq7 and lw4xa were also compared by superimposition.

Secondary structure predictions made by PSI-PRED programs agree with the obtained

structure of AtNOGC1 through template modelling. Comparison of the secondary structure

evidenced that helices and B-strands are well conserved along the sequence and few changes

are observed in length (Figure 5.4).
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Figure 5.4: Fold recognition to determine the secondary structure of AtNOGCL. The secondary structure

prediction shows that AINOGCL consists of conserved helices and sheets, interlinked by loops. The 3D model

created by modeller agrees with the secondary structure prediction.
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5.3.1 At5g57690 model

The 3D model of At5g57690 (TAIR protein locus Atlg62580, GenPept accession number,
NP_176446) was performed according to the homology modelling strategy using template
structures of the Salmonella typhimurium Yegs a putative lipid kinase (pdb code: 2plr) and
the E. coli lipid kinase that is homologous to the mammalian diacylglycerol kinase (pdb
code:2bon). Figure 5.5 shows the alignment of At5g57690, E. coli lipid kinase and the
Salmonella typhimurium lipid kinase. The two templates were selected because they had
sequence identity of more that 30 %. The best model had 86.7 % of residues in the most
favoured regions indicating a very quality model compared to 87.1 % and 87.5 % for 2plr
and 2bon templates respectively (see figure 5.6). The structure of At5g57690, 2plr and 2bon
were also compared by superimposition and secondary structure predictions made by PSI-
PRED programs and agreed with the obtained structure of the At5g57690 by template
modelling (Figure 5.7). Comparison of the secondary structure evidenced that a-helices and
B-strands are well-conserved along the sequence and few changes are observed in length. The
structure of the core is well-ordered, but the NH,-terminal loop domain has conformational
flexibility between regions 1-81. A refinement was done for the best model of the At5g57690
to obtain a more stabilized N-terminal. The model of At5g57690 was also checked for the
presence of the GC motif ‘RYGLGLCLEAFASR’ and the HNOX motif ‘Hx12Px14,16,

YxSxR’.
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Figure 5.5: Alignment of the At5g57690 with template structures Salmonella typhimurium Yegs (pdb

code: 2plr) and E. coli lipid kinase (pdb code: 2bon). The two templates lack the conserved heme-binding

motif and the GC motif, highlighted in the At5g57690 sequence.
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Figure 5.6: Evaluation of the model structure obtained for At5g57690. (A) Ramachandran plot showing the
phi and ps angels of the residues of the At5g57690 model. There are 85.0 % residues in the most favoured
region, 12.1 % in additional allowed region, 1.7 % in the generously allowed region and only 1.2 % in the
disallowed region. With over 90 % residues in the allowed region, At5g57690 is therefore a stable model. (B)
Cartoon representation of the 3D model of At5g57690 shown in different colours. At5g57690 consists of ~10
helices and ~9 sheets interconnected by loops. (C) Cartoon representation and (D) surface representation of
At5g57690 showing the GC motif highlighted in yellow and the HNOX motif highlighted in magenta (Figure
plotted using pymol).
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Figure 5.7: Fold recognition to determine the secondary structure of At5g57690. The secondary structure
prediction shows that AINOGC1 consists of conserved helices and sheets interlinked by loops. The fold
recognition was determined by the PSI-PRED server (Bryson et al., 2005).
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4.4 Discussion

Several studies have demonstrated a physiological role of NO in regulation of intracellular
Ca®" concentrations and protein kinases, modulation of plant responses to pathogens, which
are crucial for plant growth (Besson-Bard et al.,, 2008a; Hong et al., 2008; Qiao and Fan,
2008; Wilson et al., 2008). This study has identified a NO binding protein that also acts as a
GC invitro. AtNOGC1 is a 409 amino acid protein, based on its size and the presence of most
important functionally sequences might suggest it to be a multifunctional protein. Structural
characterisations of the novel AINOGCL1 will lighten up more functional roles that are related
to this protein in plants. This chapter has explored the structural basis for the two HNOX
domains identified from Arabidops's thaliana and the residues involved in heme-binding are

highlighted.

The AtNOGC1 was modelled and analysed, and model evaluation showed that with over 90
% residues in the allowed regions, the model created was indeed of good quality. Secondary
structure prediction by PSI-PRED indicated that AINOGCL1 is made up of ~13 helices and
~20 sheets which are interconnected by loops, and this prediction correlated well with the

prediction made by modeller with minor changes such as an extra helix.

AtNOGC1 is an Arabidopsis thaliana protein that is currently annotated as a flavin containing
monooxygenase. Sequences analysis highlighted some important motifs in the sequence of
the AtNOGC1, which include the heme-binding motif and GC motif, and futhermore, using
experimental methods, this study has also demonstrated a function of the AtNOGC1 in NO/O;

binding (Chapter 3) and in GC activity (Chapter 4). Plants contain a large number of
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functionally characterized and annotated FMOs of which the Arabidopsis encode 29
annotated genes (Schlaich, 2007) compared to the animal and yeast kingdom and this
suggesting that a wide range of functions are yet to be identified for FMOs in plants.
Searching for the homologs to use as template structures for model building using FUGUE
server (Shi et al., 2001), templates with high sequence identify to the AINOGC1 are also
known to be from a family of FMOs. Based on the structural sequence alignment of
AtNOGC1 with the two templates (Figure 5.1), AtNOGC1 binds the adenine moiety of the
FAD via the FAD-binding motif ‘GAGAAG’ which is located at the N-terminus and
NADPH-binding motif ‘GSGVVG’ located towards the centre of the protein. AINOGCL is
also characterized by an FMO identifying motif which on the alignment aligned with the
2vq7 template at the same position but not with the 1w4xa template, and this difference in
position for the FMO identifying motif have also been previously reported (Fraaije et al.,
2002; Eswaramoorthy et al., 2006). Like other FMO, AINOGC1 contains the HCTGYK motif

indicating a role in oxidizing sulphur containing substrates.

Blast searches for sequences analysis also indicated that AINOGC1 is a multi-domain protein,
which include a flavin-binding monooxygenase-like and a TrkA domain, which is a predicted
flavoprotein involved in K' transport [inorganic ion transport and metablosim]. The PHYRE
server was also explored to gain more information on the function of AtNOGC1, and its
Conserved Residue Function Prediction (confunction) indicated AINOGCL1 to be involved in
processes such as monooxygenase activity, flavin-containing monooxygenase activity,
oxidoreductase activity (acting on paired donors incorporating or reducing molecular
oxygen), magnesium ion binding, metal ion binding and ion binding. These functions indicate

that AINOGC1 might be a multifunctional domain protein with a wide range of functions yet

103



to be discovered. Therefore, the structural determination of the AtNOGC1 will be a huge

breakthrough in the understanding of many functions related to this protein.

At5g57690 is currently annotated as a diacylglycerol kinase and like AINOGCL, it was also
identified during the search for HNOX domains in Arabidopss thaliana. Sequence alignment
of At5g57690 with the two templates showed some conserved residues in the family of the
lipid kinases however, none of the template contained the residues required for heme-binding
and GC activity as found in At5g57690. The At5g57690 was modelled and analysed, and the
model evaluation showed that with over 90 % residues in the allowed regions, the model
created was of very good quality. Secondary structure prediction by PSI-PRED indicated that

At5g57690 is made up of ~10 a-helices and ~9 B-sheets which are interconnected by loops.

Function prediction conducted by the PHYRE server, implicated At5g57690 in a number of
functions including involvement in phosphotransferase activity, kinase activity, transferase
activity (in transferring phosphorus containing groups), lipid binding, catalytic activity,
molecular function and finally, in binding. Based on the model that was build for the
At5g57690, its role in binding correlates very well with our prediction that it contains a

heme-binding motif and a GC motif.
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6. Final conclusion and future per spective

South Africa has an increasing population with high dependency on agriculture, however
factors such as pathogens, drought, salinity, high and low temperatures, hinder plant growth
which therefore lead to low crop yield and food availability (Denby and Gehring, 2005). To
alleviate this problem, famers use expensive equipment, chemicals and most importantly
irrigation to maintain quality and high crop production. This in turn, affects food availability
and prices drastically, both in South Africa and worldwide. Food shortage can also lead to
malnutrition and associated diseases, a scenario has been commonly observed in several
African countries. Food security is therefore dependent on the development and production of
staple crop plants that have increased resistance to abiotic and biotic stresses such as drought

and pathogen challenge respectively (Denby and Gehring, 2005).

The application of plant biotechnology and its recent advances in molecular research
technologies will help to discover novel candidate molecules to help enhance crop
production. Identification and analysis of genes encoding proteins that exhibit large
expression responses to several different types of stress may provide insights into the
functional basis of multiple stress tolerance and an understanding in the signalling cascades
occurring in plants. This will aid as a promising target for maintaining plant growth and

development.

Application of these rational approaches has led to the identification of guanylyl cyclases in
higher plants (Ludidi and Gehring, 2003). These GCs have been demonstrated to synthesize

cGMP, which in turn, plays a role as a second messenger and involved in important processes
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such as drought and salinity tolerance in plants, (Donaldson et al., 2004), induction of
pathogen resistance genes such as PAL (Durner et al., 1998) and mediation of homeostasis in
plants (Ramirez et al, 2010). Several studies have shown a link between the second
messenger cGMP and NO in mediating signalling cascades and stress signalling pathways in
particular. Although a full understanding of how this NO/cGMP signalling cascade is
conducted has not yet been reported. NO has been shown to be an important signalling
molecule in many plant processes, such a response to pathogens (Delledonne et al., 1998),
increased tolerance to drought in plants (Lamattina et al., 2003), and is also a major signal in
the production of transient cGMP levels (Durner et al, 1998). Thus a heme protein
containing soluble guanylyl cyclase member may provide the missing link between NO and

cGMP signalling in plants.

Since major components of the NO/cGMP pathway including the NO-sensitive GC in higher
plants are not yet reported, their identification was a great target for our understanding of the
plant signalling pathways. An attempt has been made to search for candidates containing the
heme-binding domains for sensing gases using the HNOX approach (Boon and Marletta,
2005a, b) and the GC motif (Ludidi and Gehring, 2003). A small number of new genes
including the flavin-containing monoxygenase-like protein (At1g62580/AtNOGC1) and the
diacylgylcerol kinase (At5g57690) were identified in the Arabidopsis thaliana proteome. To
elucidate the functional role of AINOGC1, a recombinant protein was prepared (Chapter 2)

and it’s molecular and biochemical properties analysed (Chapters 3, 4 and 5).

Structural characterisation including homology modelling (Sali and Blundell, 1993), fold
recognition (Bryson et al., 2005) and sequence analysis strongly indicated the presence of the

conserved heme-binding motif as observed in other heme proteins (Pellicena et al., 2004;
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Rothkegel et al., 2006) for both AINOGC1 and At5g57690. As heme proteins are known for
their function in sensing gases, electrochemical studies were therefore undertaken and
demonstrated that AtNOGC1 senses NO with higher affinity than for O,, (chapter 3) NO
being an important signalling molecule in plants (Durner et al., 1998). The role of NO to
modulate plant growth and development by mediating processes such as response to
pathogens (Delledonne et al., 1998), increased drought resistance in wheat seedlings (Beligni
and Lamattina, 2000; Neill et al., 2003) and roles in both apoptosis and anti-apoptotic
(Beligni et al., 2002; Garcia-Mata and Lamattina, 2001), have been reported. In pathogen
response, NO is suggested to induce the expression of disease resistance genes. Although
most of these roles have been demonstrated to occur both in vivo and in vitro, an
understanding of the signalling cascade is still missing. The involvement of AtINOGC1 in
sensing NO might suggest an important role of AtNOGC1 in NO signalling pathways.
Electrochemical-catalytic properties of AtNOGC1 also suggested the reduction of NO at the
AtNOGC1 bioelectrode. The electrochemical oxidation and reduction of NO has been shown
to result in the formation of metabolic compounds such as nitrite (NO,") and then to nitrate
(NO3), nitrous oxide (N,O), nitrogen gas (N,), hydroxylamine (NH;OH") and ammonia
(NH;") (Kosminsky et al., 2001; de Vooys et al., 2004). Inspection of the microarray data of
the transcriptional activation of the AINOGC1 implied a significant elevation of transcript
levels during NOs starvation (Appendix V). Taken together with its role in NO sensing, the
molecule might also have as yet unknown role in nitrogen metabolism. In addition, the
microarray data also implies that increased expression levels of AtNOGC1 may occur in
stress processes including the defence against pathogens as well as in epidermal root tissue at

several stages during root growth (Appendix I'V).
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It was also demonstrated that AINOGC1 has a GC activity in vitro that is NO-dependent
(Chapter 4). Although GCs in higher plants have been identified and characterised including
the AtGCl1 (Ludidi and Gehring, 2003), the AtBRI1 (Kwezi et al., 2007), the AtWAKL10
(Meier et al., 2010), it should be noted that neither of them binds to NO and that their GC
activities were not NO-dependent. Circumstantial evidence of the NO/cGMP signalling
pathway in plants has been reported, although a clear understanding remains elusive
(Wendehenne et al., 2004). The link between NO sensing and the GC activity which is NO-
dependent by AINOGCL1 suggests the presence of a soluble GC-like in higher plants, and this

in turn may imply that AtNOGC1 has an important role in cellular signalling.

Three-dimensional models for both AINOGC1 and At5g57690 were built and confirmed the
presence of the heme-binding motifs and suggested that the structures of both proteins
provide an additional basis of further understanding their functions. In assigning a biological
role to AtNOGCL1 in plants, it will be necessary to elucidate the more biological aspects and
stimuli activation of this protein molecule. One way of doing it would be to construct
AtNOGC1-knockouts in the Arabidopsis and using transcriptomics, proteomics and
biochemical methods to analyse the phenotypes under normal and stress conditions. Since the
use of soluble GC inhibitors abolished NO related functions in plants (Durner et al., 1998), an
Arabidopsis cell line lacking the AtNOGC1 gene or selected mutants will further elucidate the

biological roles of AtNOGC1 in NO signalling.
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8. Appendix

Appendix |: Chemicals, stock solutions, buffersand bacterial strains

Bacterial media and solutions

0.1 M IPTG (Isopropyl-1-thio- (D-galactoside)): Stock solution prepared by dissolving 1.19

g in 5 ml distilled H,O, filter sterilized, aliquots stored at -20 °C

2 X SDS sample buffer: 4 % SDS, 0.125 M Tris pH 6.8, 15 % glycerol, 1 mg/mL

Bromophenol Blue, 2 M DTT stored at -20 °C.

50 % glutaraldehyde

Bacterial strains: MC1061 and BL21pLyS competent cells
Bovine Serum albumin (BSA)

Electrophoresis buffer: 10 % stock solution prepared by dissolving 30 g Tris-Cl, 144 g
Glycine, 10 g SDS, made up to 1000 mL with distilled water.
Elution buffer: 50 mM NaH,PO4, 300 mM NaCl, 250 mM Imidazole, and pH adjusted to

8.0 with NaOH.
Didodecyldimethylammonium bromide (DAB)

IPTG (Isopropyl-1-thio- (D-galactoside): 0.1 M stock solution prepared by dissolving1.19
g IPTG dissolved in 50 mL water. Solution divided into 5 mL aliquots, sterilized by filtration

and stored at -20 °C. Stable for 2 to 4 months.

Kanamycin stock solution: 50 mg/mL stock solution prepared in distilled H,O, filter

sterilized, aliquots stored at -20 °C. Stock diluted 1:1000 in LB medium or LB medium- agar.

Luria Broth (LB) medium: 10 g pancreatic digest, 5 g yeast extract, 5 g NaCL
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LB agar: LB medium containing 15 g/l Bacteriological Agar

Lyss buffer: 50 mM NaH,PO4, 300 mM NaCl, 10 mM Imidazole, pH adjusted to 8.0 with

NaOH.

Primers: 100 uM stock solutions stored at -20 °C.

SDS: 10 % stock solution prepared by dissolving 100 g of SDS was dissolved in 900 mL
water, heated to 68 °C to dissolve the crystals, and the volume made up to 1000 mL. Stored at

room temperature

Separating buffer: 1.5 M Tris pH 8.8, stored at 4 °C.

Sodium azide: 10 % stock solution prepared by dissolving 10 g in 100 mL distilled water.
Stacking buffer: 0.5 M Tris pH 6.8, stored at 4 °C.

TBE: 10 X stock solution prepared by dissolving 108 g Tris, 55 g boric acid, and 9.3 g
EDTA, made up to 1000 mL with distilled water.

Tris-Cl: 1 M stock solution prepared by dissolving 121.4 g in 500 mL of distilled water, pH

adjusted with HCl and the volume made up to 100 mL.

Wash buffer: 50 mM NaH,PO,, 300 mM NacCl, 20 mM Imidazole, pH adjusted to 8.0 with

NaOH.
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Appendix I1: Prediction of protein parametersfor the AINOGCL1 protein

ProtParam

User-provided sequence:

10 20 30 40 50 60
MVPAVNPPTT SNHVAVIGAG AAGLVAAREL RREGHSVVVF ERGNHIGGVW AYTPNVEPDP

70 80 90 100 110 120
LSIDPTRPVI HSSLYSSLRT IIPQECMGFT DFPFSTRLEN GSRDPRRHPG HSEVLAYLRD

130 140 150 160 170 180
FVREFKIEEM IRFETEVVRV EQAGENPKKW RVKSRNFGDI SDEIYDAVVV CNGHYTEPRH

190 200 210 220 230 240
ALIPGNKINH SFSIGLGIDT WPGKQIHSHN YRVPEQVKDQ, VVVVIGSSVS GVDISRDIAN

250 260 270 280 290 300
VTKEVHISSR STKPETYEKL PGYDNLWLHS NIETVREDGS VVFKNGKTVY ADTIMHCTGY

310 320 330 340 350 360
KYYFPFLDTK GEVTVEDNRV GPLYKHVFPP ALSPGLSFIG LPWQNMKLQT LDVNELIGQC

370 380 390 400 410 420
FGYLLVIPFP MFELQSKWVA AVLAGRVSLP SQEEMEDTKM FYLKLEASCI PKRYTHLMAE

430 440 450 460 470 480
LDSQFVYNNW LADQCDYPRI EKWREQMFYK VFKRIQSQAS TYKDDWDDDH LIAEAYEDFV

490
KFPSNYPSSL IEREYTS

Nunber of am no acids: 497
Mol ecul ar wei ght: 56739. 2
Theoretical pl: 5.82

Am no acid conposition:

Ala (A 24 4.8%
Arg (R 28 5. 6%
Asn (N) 21 4.2%
Asp (D) 28 5. 6%
Ooys (O 6 1. 2%
dn (Q 15 3. 0%
du () 37 7. 4%
dy (9 30 6. 0%
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Hs (H 17 3. 4%
Ile (1) 29 5.8%
Leu (L) 33 6. 6%
Lys (K) 25 5. 0%
Met (M 10 2. 0%
Phe (F) 23 4. 6%
Pro (P) 32 6. 4%
Ser (S) 37 7. 4%
Thr (T) 24 4. 8%
Trp (W 9 1. 8%
Tyr (Y) 23 4. 6%
Val (V) 46 9. 3%
Pyl (O 0 0. 0%
Sec (V) 0 0. 0%

(B 0 0. 0%

(2) 0 0. 0%

(X 0 0. 0%

Total nunber of negatively charged residues (Asp + Qu): 65
Total nunmber of positively charged residues (Arg + Lys): 53

At om ¢ conposition:

Car bon C 2558
Hydr ogen H 3909
Ni t rogen N 685
Oxygen @] 748
Sul fur S 16

Formul a:  CosssHs900Ns850748S16
Tot al nunber of atons: 7916

Extinction coefficients:

Extinction coefficients are in units of M! cm?!, at 280 nm neasured in

wat er .

Ext. coefficient 84145
Abs 0.1% (=1 g/l) 1.483, assuming all pairs of Cys residues formcystines

Ext. coefficient 83770
Abs 0.1% (=1 g/l) 1.476, assuming all Cys residues are reduced

Estimated half-life:

The N-term nal of the sequence considered is M (Met).

The estimated hal f-life is: 30 hours (manmalian reticul ocytes, in vitro).
>20 hours (yeast, in vivo).

>10 hours (Escherichia coli, in vivo).

Instability index:

The instability index (l11) is conputed to be 47.68
This classifies the protein as unstable.

Ali phatic index: 80.32

Grand average of hydropathicity (GRAVY): -0.379
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Appendix I11: DNA sequencing results: Sequence analysis of AtNOGGL1 cloned into
PET SUM O vector sequenced at INQABA Biotechnical industries (Pty) Ltd.

Area highlighted in yellow are from the vector sequence and the Red highlighted is the start of the
AtNOGCI1 clone. The heme-binding motif and the GC motif are highlighted in magenta and green

respectively.

gat att at t gaggct cacagagaacagat t ggt ggt gat ggat ccat ggt accagcagt a

DI | EAHREG QI G D GHEEN P A V
aatcctcctaccacatccaaccacgtggcagtaatcggtgctggagcagccggactcgtg
NP PTTSNMHYVAVI GAGAAGIL

gct gct cgagaget ccgeegt gagggecact ct gt cgt t gt t tt cgaacgt gggaaccac
AARELRREGHSVVVFERGN.
atcggaggcgtgtgggcttacacgccaaacgttgaacccgacccccttagcatcgacccg
I G G V

A Y T P NV E I DPL SI DP
acccgacccgtaatccattcgagcctctacagttctctccgaaccatcatcccacaagaa
TRPVI HSSL SBSBER 7! | PQE

tgcatgggtttcactgatttcccgttttcgaccagact cgaaaacgggt ct agagat ccg
C MGFTDFWPFSTIRLENGSRUDP
agaagacatccaggtcatagtgaggttcttgcttacctgagagactttgtgagggagttc
R RHPGHSEV L AYL D F V F
aagattgaggagatgattcgtttcgagacggaggttgtgagggttgagcaggcgggggaa
K1 EEMI RFETEVVRVEQAGE

aat cccaaaaagt ggagagt caagt ct agaaat t t cggt gat at ct ccgacgagatttat

NP KKWRVKSRNFGDI SDEII Y
gacgccgtagt t gt tt gt aacggt cact at acagagcect cgt cat gct ct aat acct ggc
DAVV VY CNGHYTEZPRWHALI PG

Forward AtNOGC1 strand: T7 forward primer

Alignment of AtNOGCI1 sequence (Length 1494) with the sequenced AtNOGCI1 (Length 963).
Query-AtNOGCI1 sequence, subject-Sequenced AtNOGCI, Score = 1065 bits (554), Expect =
0.0,Identities = 554/554 (100%), Gaps = 0/554 (0%). The sequence highlighted in red denotes the N-
terminal of AINOGC1

Query 1  [ESSEACCAGCAGTAAATCCTCCTACCACATCCAACCACGTGGCAGTAATCGGTGCTGGA 60

Sbjct 406 [SISEIACCAGCAGTAAATCCTCCTACCACATCCAACCACGTGGCAGTAATCGGTGCTGGA 465

Query 61  GCAGCCGGACTCGTGGCTGCTCGAGAGCTCCGCCGT GAGGGCCACTCTGTCGITG C 120

Shjct 466 GCAGCCGGACTCGTGGCTGCTCGAGAGCTCCGCCGT GAGGGCCACTCTGTCGITG C 525

Query 121 GAACGTGGGAACCACATCGGAGGCGT GTGGGCTTACACGCCAAACGT TGAACCCGACCCC 180

Shjct 526 GAACGTGGGAACCACATCGGAGGCGT GTGGGCTTACACGCCAAACGT TGAACCCGACCCC 585

Query 181 CTTAGCATCGACCCGACCCGACCCGTAATCCATTCGAGCCTCTACAGTTCTCTCCGAACC 240

Shjct 586 CTTAGCATCGACCCGACCCGACCCGTAATCCATTCGAGCCTCTACAGTTCTCTCCGAACC 645
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Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

241

646

301

706

361

766

421

826

481

886

541

946

ATCATCCCACAAGAATGCATGGGT TTCACTGATTTCCCGT TTTCGACCAGACTCGAAAAC

ATCATCCCACAAGAATGCATGGGT TTCACTGATTTCCCGT TTTCGACCAGACTCGAAAAC

GGGT CTAGAGATCCGAGAAGACAT CCAGGT CATAGTGAGGT TCTTGCTTACCTGAGAGAC

GGGT CTAGAGATCCGAGAAGACAT CCAGGT CATAGTGAGGT TCTTGCTTACCTGAGAGAC

TTTGTGAGGGAGT TCAAGATTGAGGAGATGATTCGT TTCGAGACGGAGGT TGTGAGGGT T

TTTGTGAGGGAGT TCAAGATTGAGGAGATGATTCGT TTCGAGACGGAGGT TGTGAGGGT T

GAGCAGGCGGGGGAAAAT CCCAAAAAGT GGAGAGT CAAGTCTAGAAATTTCGGTGATATC

GAGCAGGCGGGGEGAAAAT CCCAAAAAGT GGAGAGT CAAGTCTAGAAATTTCGGTGATATC

TCCGACGAGATTTATGACGCCGTAGT TGT TTGTAACGGT CACTATACAGAGCCTCGTCAT

TCCGACGAGATTTATGACGCCGTAGT TGT TTGTAACGGT CACTATACAGAGCCTCGTCAT

GCTCTAATACCTGG 554

GCTCTAATACCTGG 959

Reverse AtNOGC1 strand: T7 reverse primer

300

705

360

765

420

825

480

885

540

945

Alignment of AtNOGCI1 sequence (Length 1494) with the sequenced AtNOGCI1 (Length 690).

Query-AtNOGCI1 sequence, subject-Sequenced AtNOGC1, Score = 667 bits (347), Expect = 0.0,

Identities = 347/347 (100%), Gaps = 0/347 (0%). The sequence highlighted in red denotes the N-

terminal of AtNOGC1

Query

Sbj ct

Query

Sbj ct

1148

433

1208

373

TGGCAGGTAGGGT TTCACTCCCCTCACAAGAAGAGATGGAAGATACTAAGATGT TTTATT

TGGCAGGTAGGGT TTCACTCCCCTCACAAGAAGAGATGGAAGATACTAAGATGT TTTATT

TGAAGCTCGAAGCCT CATGTATTCCCAAAAGATACACACATCTTATGGCAGAATTAGATT

TGAAGCTCGAAGCCTCATGTATTCCCAAAAGATACACACATCTTATGGCAGAATTAGATT

1207

374

1267

314

129



Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

Query

Sbj ct

1268

313

1328

253

1388

193

1448

133

CTCAGTTTGTATACAATAACTGGCTTGCTGATCAATGT GACTATCCTCGGATCGAGAAAT

CTCAGTTTGTATACAATAACT GGCTTGCTGATCAATGT GACTATCCTCGGATCGAGAAAT

GGAGAGAGCAAATGI ACAAGGT GT TCAAGAGAATACAAT CCCAAGCCAGTACATATA

GGAGAGAGCAAATGI ACAAGGT GT TCAAGAGAATACAAT CCCAAGCCAGTACATATA

AGGACGAT TGGGACGATGATCACCT CATCGCAGAAGCATATGAAGATTTCGTCAAATTCC

AGGACGAT TGGGACGATGATCACCT CATCGCAGAAGCATATGAAGATTTCGTCAAATTCC

CATCTAACTATCCCAGTTCTTTAATCGAAAGAGAATATACABBEIIBA 1494

CATCTAACTATCOCAGT TCTTTAATCGAAAGAGAATATACABBEIIEE 87

1327

254

1387

194

1447

134

130



Appendix IV: Data for the determination of protein concentration using Bradford assay

Table 2.2: The concentration and absor bance of the standar d BSA and the dilution factor s of AINOGC1.

Concentration ofl{Absorbance of]

standard  proteinjstandard protein (595

(ng/ml) nm)
125 0.885
100 0.836
75 0.673
50 0.547
25 0.27
20 0.236
0 0

Dilution factor for|Absorbance values of

AtINOGC1 AtINOGC1
1:10 0.046
Equations for the calculation of AtNOGC1 protein concentration 1

Y=0.008 X
0.046= 0.008 X

X=10.046--0.008
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=5.75 pg/mL X 10 (dilution factor)

=57.5 pg/mL

124 Bradford assay

y=0.008x
1 R*= 0.

08 -

Abs 595 nm

o
=

02

o T T T T
0 20 40 60 80 100 120 140

Concentation of BSA (ug/ml)

Figure 2.9: Standard curve of the BSA for the Bradford assay to determine the concentration of
recombinant AtNOGC1. Ass values corresponding to different standard (BSA) concentrations are plotted
against concentration (ug/mL). The unknown concentration of AINOGC1 fusion protein was determined using
the measured absorbance values at 1:50 and 1:100 dilution factors. The values corresponding to the

concentration are calculated using the formula corresponding to the straight line fitted to the data.

Figure 2.10: UV absor ption spectrum of the AtNOGCL1 as deter mined by the NanoDr op. The recombinant
AtNOGC1 protein was measured at 280 nm and its concentration found to be ~40 pg/mL.
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Appendix V: Resultsfor AtNOGC1 and At5g57690 obtained from the Fugue server

Results for At NOGC1
Search sequence(s) against fold library using environnent-specific
substitution tables and structure-dependent gap penalti es.

Fold library and substitution tables are based on the HOVSTRAD dat abase.
http://tardis.nibio.go.]jp/honstrad/

FUGUE v2.5.07 (01 Apr 2003)

FUGUE server
http://tardis. ni bi 0. go.jp/fugue/

is avail abl e at:

http://tardis.nibio.go.]jp/fugue/prfsearch. htm

Ctation:

J. Shi, T. L. Blundell

Size of fold library:

Probe sequence ID

Pr obe sequence | en

Pr obe di vergence
Recomended cut of f

O her cutoff
O her cutoff
O her cutoff
O her cutoff

PLEN
RAWS
RVN :
ZSCORE
ZORI

AL

Profile Hit

hs2vq7a
hs3dlca
hslwdxa
hsilgtea

hsgrs

12258

At NOGC1

497
0.632

. ZSCORE >=
. ZSCORE >=
ZSCORE >=
ZSCORE >=
ZSCORE <

Profile I ength

Raw al i gnment score

(Raw score)-(Raw score for
Z-score nornmalized by sequence di vergence

Oiginal Z-score (before normalization)

Alignnent al gorithmused for Zscore/ Alignnment cal cul ation

0 -- Gobal, 2 -- doLocSeq (No sequence termni gap penalty)
3 -- @oLocPrf (No profile term ni gap penalty)

PLEN

443

350

533

1005

558

RAWS RVN

783

106

269

186

465

1382

413

458

176

225

ZSCORE

59. 47

21. 24

19.13

12.12

9. 83

ZORI

61. 86

23.77

21. 69

14. 40

12.27 00

00

00

00

33

NI

and K. M zuguchi

(2001), J Mol Biol, 310(1),

0 (CERTAIN 99% confi dence)
( confi dence)
5 (MARG NAL 90% confi dence)
0 (GUESS 50% confi dence)
0 (UNCERTAIN)
NULL nodel)

ALl GNVENT

CERTAI N Al'i gnnent
CERTAI N Al'i gnnent
CERTAI N Al'i gnnent
CERTAI N Al'i gnnent

CERTAI N Al'i gnnent

243-57
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hsld7ya 401 301 219 9. 45 11.97 00 CERTAI' N Ali gnnent
hs2ba9a 423 436 209 8. 96 11.56 00 CERTAI' N Ali gnnent
hsdlan9al 247 -148 94 8.79 11.44 22 CERTAI' N Al i gnnent
hslyvva 320 - 369 157 8. 67 11.33 02 CERTAI' N Al i gnnent

hsinbia 459 - 357 233 8.52 11.00 00 CERTAI' N Al i gnnent

Hnt: check '"ma' first if your query is a single sequence, otherw se start
with 'aa'.

Profile Hit HIM POSTSCRI PT TEXT(PI R FORMAT) Confi dence Vi ew Model Z-score
hs2vq7a aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 59. 47
hs3dlca aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 21.24
hslwdxa aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 19.13
hslgtea aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 12.12
hsgrsa aa ma nmh hh aa ma mh hh aa ma mh hh CERTAI N PDBChi e 9.83
hsld7ya aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 9.45
hs2ba9a aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 8. 96
hsdlan9al aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 8.79
hslyvva aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 8. 67
hslnbi a aa ma mh hh aa ma nh hh aa na nh hh CERTAI N PDBChi e 8. 52
Keys

aa: query sequences (including PSI-BLAST honol ogues) aligned agai nst al

the representative structures froma HOVSTRAD fami |y

ma: naster sequence aligned against all the representative structures from
a HOVBTRAD fanily

mh: master sequence aligned against a single structure of highest sequence
identity froma HOVSTRAD fam |y

hh: single sequence/structure pair w th highest sequence identity in 'aa

Note: If your query is a single sequence, nmaster sequence is equivalent to
your query and all the other
sequences (if any) are collected by PSI-BLAST.

If your query is a sequence alignment, master sequence is set to the
first sequence in the alignnent.

Results for At5g57690
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Appendix VI: Microarray data showing the expression profilesfor AINOGCL1 obtained

from Genevestigator

r

LEyad

)

' Digital Northern

Home | Guided Tour | FAQ | Profile | News 1

= Introduction

The Digital Northem quenes the database to answer the following guestions:
1. How is my gene of interest {or a set of genes) expressed throughout selected experiments?
2. Inwhich arrays is my gene of interest most strongly expressed?

The output iz given either as a graph or a2 a table of signal intesity values.

Scale Type (Graph only}
-

Lnear © Lag2(n)
Seale basa

Remove Clear

The background level is based on signals from the mismatch probes.

Please also read the section about possible pitfalls and precautions to take to awod
them (Documentation, chapter B}

~ Submission form Remark
Selected amrays Proceed as follows:
2507 Chooss  Resst 1. Selectthe chips you want to view using the Chip sskecion tool.
i Selected I {max 10) 2. Enterup to 10 gene identifiers (as either probeset or AG| code).
265105_s_at|AT1G63340 Add 3. Choose seale ype (linear orlog)
4. Choose output form (either graph or data)

| Open symbols indicate absant or marginal calls (o > 0.08; “signals not significantly
hngher -than background'), closed syrrSnlsl n.qls fp =<0
significantly higher fhan background”).
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