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ABSTRACT 

 

Plant natriuretic peptides (PNP) are novel peptides which, like in vertebrates, have been shown to 

have a function associated with water and salt homeostasis. Two PNP-encoding genes have been 

identified and isolated from Arabidopsis thaliana, namely; AtPNP-A and AtPNP-B. In this study, 

the focus was on PNP-B, which has not been extensively studied. Bioinformatic analysis was 

done on the AtPNP-B gene. This included the bioinformatic study of its primary structure, 

secondary structure, tertiary structure, transcription factor binding sites (TFBS) and its relation to 

other known proteins. The AtPNP-B gene was shown to be a 510 bp long, including a predicted 

138 bp intron. AtPNP-B was also shown to have some sequence similarity with AtPNP-A and 

CjBAp12. The TFBS for AtPNP-B and OsJPNP-B were compared and they comprised of TFBS 

that are related to water homeostasis and pathogenesis. This suggested two possible functions; 

water stress and homeostasis and a pathogenesis related function for PNP-B. Following 

bioinformatic analysis, the heterologous expression of the AtPNP-B was attempted to investigate 

whether the AtPNP-B gene encoded a functional protein and to determine the functional role of 

PNP-B. However, expression was unsuccessful. An evolutionary study was then carried out 

which revealed that there were some plants without the intron such as, rice, leafy spurge, oilseed 

rape, onion, poplar, sugar cane, sunflower and tobacco. These plants would therefore be used for 

expression and functional studies in the future. The evolutionary studies also revealed that PNP-B 

had a relationship with expansins and the endoglucanase family 45. Other PNP-B related 

molecules were also obtained from other plant genomes and therefore used in the construction of 

a phylogenetic tree. The phylogenetic tree revealed that AtPNP-B clustered in the same group as 

CjBAp12 while AtPNP-A had its own cluster group. There were also other PNP-B like molecules 

that clustered in the same group as expansins (α- and β-). Thus, we postulate that, like PNP-A, 

PNP-B also has a possible function in water and salt homeostasis. However, due to the clustering 
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of AtPNP-B into the same group as CjBAp12, a possible role of PNP-B in pathogenesis-related 

response is also postulated. 

 

Keywords: plant natriuretic peptides, evolutionary development, phylogenetic tree, functional 

role 
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CHAPTER ONE: LITERATURE REVIEW  
 

1. Introduction 
 

For many years, the insight into intercellular signalling in plants was based upon the knowledge 

of the five classical hormones namely; auxin, cytokinin, ethylene, gibberellin, and abscisic acid. 

However, biochemical and genetic studies have identified molecules that play crucial roles in 

plant growth and development, including defence mechanisms in response to wounding by pests, 

the control of cell division and expansion and pollen self-incompatibility (Lindsey et al., 2002). 

These range from nutrients such as nitrate and glucose through jasmonate, salicylate and larger 

molecules such as brassinosteroids and nodulation factors (Gehring, 1999). 

 

There is evidence that signal molecules, once considered to be specific to animal systems, are 

also found and function in plants such as steroids, sterols and lipid derivatives (Bishop & Yokota, 

2001). A natriuretic peptide system was discovered in plants, when radioimmunoassays were 

performed on tissue extracts from florida beauty (Dracena godseffiana) (Vesely & Giordano, 

1991). Further studies showed that NP-like proteins were present in several other plant species 

and data from high performance gel permeation chromatography projected that pro-ANPs and 

NPs from plants share similar molecular masses with vertebrate ANPs (Vesely et al., 1993). 

 

The discovery of this novel protein peptide system in plants led to a more in-depth study of the 

plant hormones already known (‘classical and ‘non-classical’) and the link between these 

hormones and the newly discovered plant natriuretic peptide system. 
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1.1 Classical Hormones 

 

1.1.1 Auxin  

Auxin is a collective term for a group of hormones that has varying effects on plants and they 

were the first plant hormones to be discovered. One example of an auxin includes indole-3- acetic 

acid (IAA), which is the main chemical form of auxins and is involved in many physiological 

processes in plants (Arteca, 1996). Others include indole-3-butyric acid (IBA), phenyl acetic acid 

and 4-chloro - IAA. Auxins are responsible for promoting cell elongation, a process that is 

required before differentiation of a cell. They also promote growth by stimulating the formation 

of lateral promordia (Kende & Zeevart, 1997). Auxins are also involved in cell division by 

increasing levels of p34cdc2-like proteins in cultured tobacco cells (John et al., 1993). IAA is 

synthesized from typtophan through several different routes (Bandurski et al., 1995). To date, 

three pathways for the synthesis of IAA have been proposed, namely via indole-3-pyruvic acid, 

tryptamine or indole-3-acetonitrile (Kende & Zeevart, 1997). IAA can also occur through a non-

typtophan pathway (Normanly et al., 1995). 

 

1.1.2 Gibberellins (GAs) 

Gibberellins are growth promoters and have a similar effect as auxins, in that they promote cell 

division and elongation, break seed dormancy and seed germination. Gibberellins consist of a 

large family of tetracyclic compounds, of which to date more than 100 Gibberellic Acids (GA) 

have been identified (Hisamatsu et al., 1998). GA3 or gibberellic acid is the most common form 

and originally isolated from the fungus Gibberella fujikuroi and is known to have a high activity 

in promoting growth of dwarf plants, dormant buds and dormant seed (Sponsel, 1995). The 

precursor of gibberellins is mevalonic acid (Macmillan, 1997). Gibberellic acid can promote the 
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growth of a genetic deficient plant to full size, where the genotype is for minimal growth (Kende 

& Zeevart, 1997).   

  

1.1.3 Cytokinins 

Unlike other hormones, cytokinins are found in both plants and animals. Several bacteria, 

including Agrobacterium, also produce cytokinins (Gaudin et al., 1994). Naturally occurring 

cytokinins are synthesized from purine. The first naturally occurring cytokinin was extracted 

from immature kernels of Zea Mays and named zeatin or 6-(4-hydroxy-3-methylbut-trans-2-

enylamino) purine. The most biologically active cytokinin is not found in plants, but was 

extracted from autoclaved herring sperm DNA and called kinetin or 6-(furfurylamino) purine 

(McGaw & Burch, 1995). Other common cytokinins are benzyl adenine (BAP) and isopentenyl 

adenine (IP). 

 

Cytokinins are involved in cell division and work in conjunction with auxin, to increase the level 

of a p34cdc2- like protein (John et al., 1993) and also to induce morphogenesis and to inhibit 

apical dominance. They also promote stomatal opening (Davies, 1995). Cytokinins are also used 

to delay aging and death, known as senescence. 

 

1.1.4 Ethylene 

Ethylene is unique, as compared to other hormones, in that it can only be found in the gaseous 

form. Ethylene can also be metabolized into ethylene oxide and ethylene glycol. Since ethylene is 

in the gaseous form it can easily and readily diffuse from plant tissue, making it unnecessary for 

metabolism to become part of its removal process (Kende & Zeevart, 1997). Plants produce 

ethylene in response to stress signals and ethylene is often found in high concentrations within 

cells at the end of the plant’s life. Ethylene enhances fruit ripening, causes leaves to droop 
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(epinasty) and drop (abscission) and promotes senescence (Sponsel, 1995). Ethylene inhibits 

elongation of terrestrial plants and causes thickening of the stem (Lang et al., 1982), but 

promotes the rapid elongation of semi-aquatic plants upon submergence (Voesenek et al., 1992). 

Ethylene is synthesized from methionine (McKeon et al., 1995). 

 

1.1.5 Abscisic Acid (ABA) 

Abscisic acid is a general plant growth inhibitor and high concentrations of abscisic acid (ABA) 

are present in the guard cells and play a role in the stomatal closing during periods of drought 

stress (Zeevaart & Creelman, 1988). ABA also induces dormancy, prevents seeds from 

germinating, promotes abscission (Walton, 1980) and induces storage protein synthesis in seeds 

(Kende & Zeevart, 1997; Davies, 1995). Carotenoids are precursors for ABA, with xanthoxin as 

the intermediates (Zeevaart et al., 1991). 

 

1.1.5.1 Possible Interaction of ABA with Plant Natriuretic Peptides  

ABA is the most likely of the five ‘classical’ plant hormones to interact with the PNP signalling 

processes, because it is involved in the regulation of the response to abiotic stresses, such as 

drought, salinity and cold. ABA has a major role in maintaining plant water status under these 

abiotic stress conditions by stimulating stomatal closure and regulating the expression of many 

genes (Finkelstein et al., 2002; Xiong et al., 2002). ABA signalling is a well studied and complex 

process. ABA operates through a labyrinth of multiple redundant perception and signalling 

pathways that in turn are co-regulated by other hormones, environmental stimuli and metabolic 

status (Schroeder et al., 2001; Finkelstein et al., 2002; Le´on & Sheen 2003; Razem et al., 2006). 

A noteworthy antagonism is that exogenous ABA promotes stomatal closure (Schroeder et al. 

2001), whereas PNP stimulates stomatal opening (Pharmawati et al., 1998a, 2001; Morse et al., 

2004). ABA levels accumulate in plants in response to abiotic stresses, such as drought and 
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salinity, as a result of enhanced synthesis of ABA (Xiong et al., 2002). Levels of irPNP are also 

increased in response to saline and osmotic stresses (Rafudeen et al., 2003).  

  

1.2 Non-classical Hormones 

 

1.2.1 Oligosaccharins 

Oligosaccharins are synthesized in the cell walls and consist of two major groups, namely; pectic 

oligosaccharins and xyloglucan oligosaccharins. These oligosaccharins play roles in the induction 

of defense reactions following pathogen attack (Aldington & Fry, 1993), auxin antagonism 

(Warneck et al., 1998) and induction of root nodules. Pectic oligosaccharins display ‘hormone-

like’ activity, contributing to the natural control of plant metabolism, growth and development 

(Aldington & Fry, 1993). Pectic oligosaccharins also inhibit auxin action and function as elicitors 

to initiate pathogen defense response (Creelman & Mullet, 1997). Xyloglucan oligosaccharins 

can inhibit auxin-, gibberellins-, proton- and fussicoccin-induced growth and inhibit 

endogenously regulated growth at a concentration of 1nM (McDougall & Fry, 1989). Some 

oligosaccharins can also promote stem elongation at higher concentrations (McDougall & Fry, 

1990). 

 

1.2.2 Brassinolides 

Brassinolides are natural steroid hormones that were first discovered in Brassica pollen (Grove et 

al., 1979). Its sources are reproductive organs and growing tissue. It plays a role in stimulation of 

cell division and elongation (Mussig & Altman, 1999), promotion of xylem differentiation (Oh & 

Clouse, 1998), activation of H+ pump and increases the success of fertilization (Khripach et al., 

2000). To date, more than 40 related steroids, called the brassinosteroids, have been identified in 

the plant kingdom (Fujioka, 1999; Khripach et al., 2000). 
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1.2.3 Jasmonates (JA) 

Jasmonates are volatile fatty acid derivatives. Its source is in young organs and developing 

reproductive structures. The functions of JA in plants are varied and include inhibition of the 

germination of non-dormant seeds and the stimulation of the germination of dormant seeds 

(Bewley, 1997). Experiments by Berger et al., (1996) suggest that JA may stimulate seed 

germination by decreasing sensitivity to ABA. In addition to its effects on seed germination, JA 

also strongly inhibits root growth (Berger et al., 1996). JA also promotes senescence, abscission, 

fruit ripening and pigment formation (Staswick, 1995). It also plays a role in the induction of 

defense genes and proteins (Bewley, 1997), stimulation of dormant tissue germination (Bergey et 

al., 1996) and inhibition of root growth. Creelman & Mullet, (1997) reviewed several roles of JA 

action in plant defense. It is observed that there is an accumulation of JA in wounded plants as 

well as in plant cell culture treated with elicitors of pathogen defense. 

  

1.2.4 Salicylic Acid 

Salicylic acid is a phenolic compound, which has its source in flowers and infected organs. 

Salicylic acid is derived from the shikimate-phenyl propanoid pathway in higher plants (Metraux, 

2002). It is a key-signalling component in systemic acquired resistance (SAR); a defence 

mechanism that confers a broad-spectrum resistance to pathogens (Delaney, 1997; Durner et al., 

1998). SAR confers resistance to plants by interfering with replication of pathogens and/or 

inhibiting their systemic movement in the plant (Durner et al., 1998). Usually SAR follows after 

initial and rapid hypersensitivity response (HR) characterized by responses such as necrotic 

lesion around pathogens and sustained burst of reactive oxygen species (ROS) (Lamb and Dixon, 

1997). Salicylic acid plays a role in the activation of pathogen defense genes (Shah & Klessig, 

1999) and induction of flowering (Yalpani et al., 1991). 
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One of the most studied functions of salicylic acid is its association with, and involvement in 

plant resistance response to different pathogen attacks (Yalpani & Raskin, 1993; Alvarez, 2000). 

It was also reported that salicylic acid accumulates during exposure to ozone or UV light (Sharma 

et al., 1996). Salicylic acid also reduces transpiration and reverses ABA-induced stomatal closure 

(Raskin, 1995). 

 

1.3 Peptide Phytohormones 

Protein/peptide signalling molecules are well characterised in animal systems where they create 

diversity in signalling. However, it is only relatively recently that they have been recognised in 

plants (Wang et al., 2007). Over the last decade it has become apparent that plants also contain 

peptidic signalling molecules that play vital roles in cell-to-cell communication (Matsubayashi et 

al., 2001; Lindsey et al., 2002). Peptide hormones have been shown to affect development 

(Topping & Lindsey, 1997), reproduction (Takayama et al., 2000), nodulation (Campalans et al., 

2004) and defense (Schaller & Ryan, 1995). 

 

1.3.1 Peptide Phytohormones with Non-defense Signalling Roles 

 

1.3.1.1 Peptide Indole-3-acetic acid 

The primary auxin in plants is indole-3-acetic acid (IAA). Although other compounds with auxin 

activity, such as indole-3-butyric acid (Epstein & Ludwig-Müller, 1993), phenyl acetic acid, and 

4-chloro-IAA, are also present in plants (Normanly et al., 1995), little is known about their 

physiological role. Indole-3-acetic acid (IAA) is involved in virtually all aspects of plant growth 

and development (Davies, 1995). Plants produce active IAA by de novo synthesis and by 

hydrolyzing IAA conjugates (Normanly et al., 1995; Bartel, 1997; Normanly, 1997).  
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Indole-3-acetic acid (IAA) occurs not only in the free form but also appears in ester-conjugated 

forms with glucans (Piskornik & Bandurski, 1972), glucose, inositol (Cohen & Bandurski, 1982) 

and glycoprotein (Percival & Bandurski, 1976). Amide conjugations to aspartate (Cohen, 1982), 

glutamate (Epstein et al., 1984) and peptides (Bialek & Cohen, 1986) also exist. IAA conjugation 

activity is widely distributed in the plant kingdom from mosses to angiosperms (Sztein et al., 

1995), and most IAA in plant tissues is conjugated via its carboxyl group (Cohen & Bandurski, 

1982; Bandurski et al., 1995).  

 

Different conjugates may perform different functions in the plant. For example, IAA–Asp is an 

intermediate in IAA destruction (Tsurumi & Wada, 1986; Monteiro et al., 1988; Tuominen et al., 

1994). Bialek and Cohen (1986) purified a 3-kDa Phaseolus peptide IAA that may have roles in 

IAA metabolism, transport and storage (Cohen & Bandurski, 1982). Other conjugates may serve 

as reservoirs of inactive IAA that can be hydrolyzed to supply the plant with active hormone, as 

in maize germination when conjugate hydrolysis provides free IAA to the developing seedling 

(Epstein et al., 1980). Some IAA conjugates appear to serve functions such as IAA storage forms 

in seeds and hormonal homeostasis. The iaglu gene in maize, which encodes an enzyme that 

esterifies IAA to glucose, has been cloned (Szerszen et al., 1994). In Arabidopsis, a gene family 

that encodes IAA conjugate hydrolases has been identified (Bartel, 1997). 

 

1.3.1.2 Phytosulphokines (PSKs) 

Phytosulphokines are disulphated pentapeptides that have mitogenic activities and can stimulate 

colony formation of rice protoplasts at concentrations > 10-8 M.  PSK-alpha [Tyr(SO3H)-Ile-

Tyr(SO3H)-Thr-Gln] and PSK-beta [Tyr(SO3H)-Ile-Tyr(SO3H)-Thr] are two sulphated peptides 

that have been obtained from Asparagus officinalis (Matsubayashi & Sakagami, 1996). The 

sulphation of the peptide occurs at a tyrosine residue preceded by an acidic residue (Hanai et al., 
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2000), and PSK-alpha is less abundant and more active than its truncated form, PSK-beta (Yang 

et al., 1999b). 

 

Binding assays with [35S]PSK-alpha demonstrated that rice suspension cells contain both specific 

high-(Kd 10-9) and low-affinity (Kd 10-7) saturable PSK binding sites on the surface. Since PSK 

showed high ligand binding specificity, it was estimated that each cell contains ≥ 105 binding 

sites for each type. PSK binding is not affected by auxin or cytokinin, suggesting that novel 

signal transduction pathways might be involved in PSK-dependant activation of gene induction 

(Matsubayashi et al., 1997). 

 

PSK is highly conserved amongst plants and is involved mainly in cell proliferation and 

differentiation (Matsubayashi & Sakagami, 1996). It has been suggested that PSK helps to initiate 

proliferation and/or differentiation of mature quiescent tissues (Matsubayashi & Sakagami, 

2006). In addition, PSK has many other biological functions, such as the enhancement of 

chlorophyll synthesis under etiolated or short-day growth conditions (Yamakawa et al., 1999), 

the promotion of adventitious root (Yamakawa et al., 1998) and bud (Yang et al., 1999a) 

formation, and stimulation of the differentiation of the tracheary element (Matsubayashi et al., 

1999) and somatic embryogenesis (Kobayashi et al., 1999). 

 

1.3.1.3 CLAVATA3 (CLV3) and CLE 

CLAVATA3 was first isolated from Arabidopsis meristem. CLAVATA3 encodes a 96-amino 

acid polypeptide with a predicted 18-amino acid secretion signal at the N-terminus (Fletcher et 

al., 1999). After being C-terminally processed to a 12-amino-acid peptide and hydroxyprolinated 

(Ito et al., 2006; Kondo et al., 2006; Ni & Clark, 2006), acts as an extracellular ligand. CLV3 has 

also been reported to be involved in growth coordination in the plant (Schopfer et al., 1999). 
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CLAVATA1 and CLAVATA3 are expressed in the shoot apical meristem, as detected by in situ 

hybridization and they are also involved in shoot meristem organization (Fletcher et al., 1999). It 

was found that CLAVATA1 and CLAVATA3 act in the same pathway, suggesting that 

CLAVATA3 may encode CLAVATA1, making them mutually epistatic (Clark et al., 1997; 

Fletcher et al., 1999).   

  

CLV3 processing occurs at the conserved residue, arginine-70, at the beginning of the CLE 

domain. CLE is a conserved sequence located at the COOH-terminus of CLV3 (Ni & Clark, 

2006). CLE genes encode small secreted peptides (14 amino acid residues) that are processed 

from a larger polypeptide and then modified (Matsubayashi & Sakagami, 2006). These peptides 

have been found in a range of tissues, and mutant analyses of different CLEs have shown that 

they may act as ligands in different signalling pathways regulating plant development (Hobe et 

al., 2003; Fiers et al., 2004). 

 

1.3.1.4 POLARIS 

POLARIS (PLS) gene expression has been detected in the early stages of embryo and seedling 

development (Topping & Lindsey, 1997) where it encodes a 36-amino-acid peptide necessary for 

correct root growth, leaf vascular patterning (Casson et al., 2002) and correct auxin-cytokinin 

homeostasis (Matsubayashi & Sakagami, 2006). Further studies are required for native peptide 

isolation. Mutant analysis has shown that PLS expression is repressed by ethylene and induced by 

auxin. This auxin-ethylene interaction leads to modulation in cell division and expansion, 

eventually influencing root growth and lateral root development (Chilley et al., 2006).  
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1.3.1.5 Inflorescence Deficient in Abscission Gene 

The inflorescence deficient in abscission (IDA) gene is expressed in the floral organ abscission 

zone where the floral organs are being shed. Arabidopsis ida mutants are deficient in 

inflorescence abscission (Butenko et al., 2003). IDA over-expressed lines lead to phenotypes 

such as, the ectopic loss of organs, premature floral organ abscission and the accumulation of 

arabinogalactan in degraded cell wall middle lamella (Stenvik et al., 2006), whereas ida mutants 

retain floral organs indefinitely. Butenko et al., (2006) produced an IDApromoter::GUS line in 

the etr1-1 mutant background (an ethylene-insensitive mutant), and observed a lack of GUS 

staining in the abscission zone, demonstrating that ethylene plays a role in IDA gene regulation. 

 

IDA encodes a 77-amino-acid peptide, which may be processed to a similar peptide that acts as a 

ligand. It has been suggested that IDA is recognised by HAESA, a leucine-rich repeat receptor-

like kinase (LRR-RLK) found at the base of petioles and pedicles (Jinn et al., 2000). Isolation 

and characterization of the native IDA peptide may help in the understanding of ligand-receptor 

interactions (Matsubayashi & Sakagami, 2006) and, eventually, in the engineering of plants that 

retain their floral organs. This is an important feature in cut flowers and may also affect the 

timing of pollination and, ultimately, the yield. 

 

1.3.1.6 ROTUNDIFOLIA4/DEVIL1 

ROTUNDIFOLIA4 (ROT4) and DEVIL1 (dvl1, mutants have a horned fruit phenotype) belong 

to a 22-member ROT-FOUR-LIKE (RTFL) gene family in Arabidopsis, which encodes small 

peptides (ROT, 53 amino acids; DVL1, 51 amino acids) (Narita et al., 2004; Wen et al., 2004). 

These short peptides are involved in the regulation of polar cell proliferation through-out 

development, and over-expression leads to smaller leaves, shorter bolts and smaller 

inflorescences. Although their transcripts have been found in various tissues, the actual peptides 
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have not been isolated or structurally characterized. However, over-expression of a domain 

encoding a 29-amino-acid region conserved in RTFL family members leads to aberrant 

phenotypes (Narita et al., 2004). 

  

1.3.1.7 S-locus Cysteine-rich Protein/S-locus Protein 11 

S-locus cysteine-rich (SCR) proteins or S-locus protein 11 (SP11) originated from Brassica 

pollen. It is a 50-53 amino acid protein, synthesized from 74 – 81 amino preprotein (Schopfer et 

al., 1999). Through gain-of-function experiments (Schopfer et al., 1999) and a pollination 

bioassay, it has been confirmed that SCR/SP11 is the key pollen protein that controls self-

incompatibility (Takayama et al., 2000), a plant-specific mechanism that prevents self-

fertilization and leads to diversity within species. Expression studies reveal that SCR genes are 

expressed gametophytically in the microspores and in the tapetum and that the proteins might 

diffuse between developing pollen grains (Schopfer & Nasrallah, 2000). 

 

Mature SP11 homologues generally contain eight conserved cysteine residues (Watanabe et al., 

2000). Immunoprecipitation of S8-SP11 purified from pollen under non-reducing conditions, 

followed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF-MS), revealed the mass value of 5716, suggesting that mature SP11 is a processed 

monomer with oxidized cysteine residues involved in four intramolecular disulphide bonds 

(Takayama et al., 2001). Furthermore, Mishima et al., (2003) established the three-dimensional 

structure of S8-SP11 via nuclear magnetic resonance (NMR) spectroscopy, and demonstrated that 

its α/β-sandwich structure is similar to that of plant defensins. Through structure-based sequence 

alignment and homology modeling of allelic SP11, a hyper-variable (HV) region was identified 

that was suggested to be the specific binding site for the stigma receptor (Mishima et al., 2003).   
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Orthologues of SCR/SP11 have been found in Arabidopsis in a range of tissues, and are named 

SCR-related (SCRL; Fletcher et al., 1999). The function of this family of 28 genes, encoding 

4.4–9.5 kDa peptides, remains uncharacterized (Matsubayashi & Sakagami, 2006) 

 

1.3.1.8 4-kDa Peptide 

Following the discovery of a 43-kDa basic hormone receptor glycoprotein with kinase activity, 

an extensive search was performed to isolate its hormonal peptide ligand (Watanabe et al., 1994). 

A peptide with a molecular mass of 3920 Da and with 37 amino acid residues was isolated from 

radicles of germinated soybean seed, and called leginsulin, insulin-like activity or 4-kDa peptide 

(Watanabe et al., 1994). Subsequently, it was demonstrated that the peptide co-localizes with and 

can bind to the α-subunit of the 43-kDa peptide (Shang et al., 2004). Sequence comparison 

analysis between mRNA and the mature peptide revealed that the 4-kDa peptide is a processed 

polypeptide from a precursor protein containing a signal peptide that is removed co-

translationally, followed by a 4-kDa peptide that is cleaved post-translationally, a linker and a 6-

kDa peptide (Watanabe et al., 1994). 

 

The peptide is specific to legumes and the sequence is highly conserved, with six cysteines 

establishing three disulphide bonds stabilizing a T-knot scaffold, which is essential for ligand 

function (Watanabe et al., 1994; Yamazaki et al., 2003). MS analysis revealed the presence of 

two signals with a 56.6 Da mass difference, proposing that the active form has lost a glycine 

residue from its COOH-terminus, similar to a number of animal peptide hormones (Watanabe et 

al., 1994). The 4-kDa peptide stimulates protein kinase activity (Watanabe et al., 1994), resulting 

in an acceleration in callus growth and differentiation at an early developmental stage, and 

regulates cell proliferation (Yamazaki et al., 2003). Defensive action has been demonstrated for a 

pea 4-kDa peptide (PA1b) against cereal weevils Sitophilus spp. (Gressent et al., 2003).   
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1.3.1.9 Early Nodulin 40 (ENOD40) 

Early nodulin 40 (ENOD40) is a gene with several short ORFs, and therefore it is not clear 

whether these ORFs are translated (Campalans et al., 2004; Guzzo et al., 2005). Gulyyaev & 

Roussis (2007), through a study of predicted secondary structures and comparative analysis of 

plant ENOD40 RNAs, determined the most conserved structural features. These characteristics 

showed similarity to expansion segments found in structural RNAs [rRNAs, RNase P and signal 

recognition particle (SRP) RNAs] and higher sequence conservation in ENOD40 RNA molecules 

than in deduced peptide sequences. These findings suggest that ENOD40 in RNA format is 

favoured and that its short peptide form only appears in certain plant families. 

 

Early nodulins are peptide signals involved in the early responses of non-legume and legume 

hosts to nodulation factors and/or early nodulation steps. ENOD40 expression has been detected 

in the root pericycle and in dividing cortical cells of the nodule primordium in legumes, 

suggesting a role in the sensitization of cells to division-inducing signals (Charon et al., 1999). 

The ENOD40 gene is expressed in the pericycle of legume roots early in the nodulation process, 

adjacent to the protoxylem poles, before the cortical cells divide to form the nodule itself (Yang 

et al., 1993; Compaan et al., 2001). The implication is that ENOD40 therefore counteracts the 

effects of ethylene to promote cortical divisions and nodule formation (Lindsey et al., 2002).  

 

ENOD40 is expressed in response to Nod factors and classical hormones such as auxin and 

cytokinin in legumes and non-legumes (Horvath et al., 1993). ENOD40 has a role in root 

nodulation and unlike systemin; it is not synthesized via a precursor. ENOD40 is partially 

responsible for the induction of cortical cell divisions in the early phase of root nodule 

morphogenesis (Cooper & Long, 1994; Minami et al., 1996). During nodule formation there is a 

hormonal imbalance in the root cortex which is affected by ENOD40 (Charon et al., 1997). 
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Orthologues of ENOD40 have also been found in other non-legume plants, suggesting roles 

outside of symbiosis (Compaan et al., 2003). When soybean ENOD40 was expressed in wheat 

germ extracts, two peptides with sizes of 12- (peptide A) and 24 (peptide B) amino acid residues 

were formed (Röhrig et al., 2002). These two peptides interacted with sucrose synthase, and 

therefore may be regulators of sucrose metabolism in plants (Thummler & Verma, 1987). 

 

1.3.1.10 Nodule-specific Cysteine-rich 

Nodule-specific cysteine-rich (NCR) is a gene family with more than 300 members restricted to 

galegoid legumes, including M. Truncatula, pea (Pisum sativum), broadbean (Vicia faba), white 

clover (Trifolium repens) and Galega orientalis (Mergaert et al., 2003). The expression of gene 

family members has been limited to nodules and roots, with the exception of two genes that are 

expressed in mycorrhizal roots. NCRs encode small peptides (60-90 amino acids) with a 

conserved signal peptide and a conserved cysteine motif. Mergaert et al., (2003) have proposed 

that NCRs are involved in nodule development and functioning on the basis of the abundance of 

transcripts in nodules and the localization of NCRs to nodules. Furthermore, they have suggested 

that NCRs may have a role in plant cell-to-cell signalling and plant-bacteria interactions.  

 

1.3.2 Peptide Phytohormones with Defense Signalling Roles 

 

1.3.2.1 Systemin 

Systemin (Pearce et al., 1991) was the first plant peptide shown to have a role in plant signalling. 

This peptide is a systemically-acting, phloem-mobile wound signal capable of inducing 

proteinase inhibitors in unwounded tissue at femtomolar concentrations (Ryan, 1992; Schaller & 

Ryan, 1995). The signal is an 18-amino acid polypeptide (AVQSKPPSKRDPPKMQTD) (Pearce 

et al., 1991). Systemin is the proteolytic COOH-terminal product of the 200-residue prosystemin 
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precursor (McGurl et al., 1992), which is synthesized in the cytosol and compartmentalized in the 

nucleus of phloem parenchyma cells (Narváez-Vásquez & Ryan, 2004). Recently, a two-step 

mechanism of activation of a putative receptor was revealed. Firstly, the N-terminus of the 

polypeptide binds and secondly, an activation step occurs linking it to the C-terminus (Meindl et 

al., 1998). Systemin-activated signalling cascades are lipid based and are initiated by the release 

of linoleic acid from membranes feeding into the octadecanoid pathway. One of the components 

of the pathway, the oxylipins, are structural orthologues of prostaglandin  and the similarities 

between the defense signalling pathways in tomato leaves and macrophages and mast cells led to 

the speculation of common ancestry between plant and animal defense pathways (Bergey et al., 

1996). Systemin is primarily a wound response hormone, may have several other functions, 

including that of general defense against pathogens. In tomato leaves, exogenous systemin 

induced accumulation of H2O2, a defense product against herbivores and pathogens (Orozco-

Cardenas & Ryan, 1999). 

 

1.3.2.2 Cell Wall Hydroxyproline-rich Glycopeptides (Systemin-like Peptides) 

Similar to systemin, hydroxyproline-rich glycopeptides (HypSys; Narváez-Vásquez et al., 2005) 

are the proteolytic products of a precursor protein called preproHypSys, with 146, 165 and 214 

amino acid residues in tomato, tobacco and petunia, respectively (Pearce et al., 2007; Pearce & 

Ryan, 2003). In petunia, the 214-amino-acid precursor protein contains a leader sequence and 

four predicted proline-rich peptides of 18-21 amino acids, three of which bear hydroxylated 

prolines and glycosyl residues (Pearce et al., 2007). The peptides contain a –GR- motif at their 

NH2-termini, suggesting a processing site for peptide maturation (Pearce et al., 2007). Wounding 

induces the production of the precursor in phloem parenchyma cells, which later is secreted to the 

cell wall matrix, where it is subjected to processing proteases (Narváez-Vásquez et al., 2005). 
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Some of the proline residues are converted to 4-hydroxyproline via hydroxyprolination to 

produce mature HypSys (Matsubayashi & Sakagami, 2006). 

 

Biochemical studies have shown that there are three HypSys glycopeptides in tomato 

(TomHypSys I, II and III with 20, 18 and 15 amino acid residues, respectively) and two in 

tobacco (TobHypSys I and II, both containing 18 amino acid residues) (Pearce & Ryan, 2003). 

Pearce & Ryan (2003) have demonstrated that tomato preproHypSys is upregulated on wounding 

and with systemin and methyl jasmonate treatment, and that TomHypSys (I, II and III) peptides, 

similar to systemin, act as a signal for the induction of proteinase inhibitors in leaves. Therefore, 

it has been suggested that systemin and HypSys peptides are wound response signals in plants 

(Narváez-Vásquez et al., 2005). 

 

1.3.2.3 Rapid Alkalinization Factor (RALF) 

 Another peptide with 49 amino acid residues was identified during systemin purification, which 

causes a rapid alkalinization of the medium, and was thus named rapid alkalinization factor 

(RALF; Pearce et al., 2001). A tobacco cDNA encoding a preproprotein of 115 amino acid 

residues with identity to RALF at its COOH-terminus was isolated, suggesting that RALF is a 

processed peptide with an NH2-terminal signal peptide (Pearce et al., 2001). Sequence 

comparison of RALF precursors indicated the presence of an acidic region between the signal 

peptide and the mature RALF peptide, which may be involved in signalling (Olsen et al., 2002). 

The presence of a dibasic (-RR-) amino acid residue within the RALF acidic region led Pearce et 

al., (2001) to propose this site as a protease recognition site, similar to that proposed for PSK 

(above). RALF sequence possess a highly conserved 17-amino-acid COOH-terminal sequence 

motif containing two cysteine residues that have been found in many plant species, suggesting an 

essential role (Pearce et al., 2001; Olsen et al., 2002). Although Arabidopsis has 34 genes 
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encoding RALF-like peptides (Olsen et al., 2002), their physiological functions remain elusive 

(Matsubayashi & Sakagami, 2006). 

 

1.3.2.4 AtPep1 

AtPep1 (ATKVKAKQRGKEKVSSGRPGQHN) is a 23-amino-acid peptide derived from a 92-

amino-acid precursor protein called PROPEP1 found in Arabidopsis (Huffaker et al., 2006). 

AtPep1, similar to RALFs, can be detected via the rapid alkalinization assay. The peptide acts as 

an elicitor, leading to the activation of the defensin genes (PDF1.2, PR-1) subsequent to the 

synthesis of H2O2, turning on the innate immune response in plants (Huffaker et al., 2006; 

Huffaker & Ryan, 2007).  

  

The gene that encodes the precursor can be induced by wounding, methyl jasmonate and 

ethylene, suggesting a role in plant-pathogen interactions (Huffaker et al., 2006; Huffaker & 

Ryan, 2007; Ryan et al., 2007). Huffaker et al., (2006) have further demonstrated that the 

constitutive expression of PROPEP1 results in the constitutive transcription of PDF1.2 and plant 

root resistance to a root pathogen, Phythium irregulare. Homologues of PROPEP1 have been 

found in Arabidopsis (six annotated and one unannotated paralogue) and in other species, making 

them an interesting target for the development of pathogen-resistant crops. Transcript analysis 

has demonstrated that PROPEP2 and PROPEP3 are the most responsive to pathogens and 

salicylic acid (Huffaker & Ryan, 2007).   

 

1.3.3 Plant Natriuretic Peptides 

Since systemin, was first described in 1991 (Pearce et al., 1991), a small number of other 

protein/peptide molecules have been shown to have key roles in various aspects of plant growth 

and development (Lindsey et al., 2002). A novel class of plant proteins, called plant natriuretic 
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peptides (PNP), with immunological similarity to vertebrate natriuretic peptides was identified by 

Gehring (Gehring 1999; Gehring and Irving 2003). 

 

1.4 Natriuretic Peptide System in Vertebrates 

 

Natriuretic peptides (NP) were first identified in vertebrate species ranging from elasmobranchs 

and mammals where they play a role in the regulation of salt and water balance (Maryani et al., 

2001). Their levels are generally increased in the setting of volume expansion and act on multiple 

effector systems to cause vasodilation and natriuresis in an effort to return volume status back to 

normal (Joffy & Rosner, 2005). This regulation is partly mediated by intracellular changes in 

cyclic GMP (cGMP) (Gehring, 1999). 

 

Atrial natriuretic peptide (ANP), brain natriuretic peptide (also known as B-type natriuretic 

peptide; BNP), C-type natriuretic peptide (CNP), ventricular natriuretic peptide (VNP) 

(Rosenzweig & Seidman, 1991; Farrell & Olson, 2000), D-type natriuretic peptide, and their 

prohormones, along with urodilatin (also known as renal natriuretic peptide), compose the major 

members of the natriuretic peptide family in vertebrates (shown in Table 1.1 below). The 

classification is based on the genetic and structural homology of their amino acid composition 

(Rosenweig & Seidman, 1991). Adrenomedullin is a separate peptide that also has a role in 

volume homeostasis. A host of other peptides, such as guanylin, uroguanylin, melanocyte 

stimulating hormone, and a putative endogenous ouabain-like factor also likely have a role in the 

regulation of body volume (Humphreys & Valentin, 2000). 
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ANP, BNP and VNP are cardiac hormones secreted into the blood in response to volemic, 

osmotic and pressure load to the heart and act to decrease the load while CNP is principally a 

paracrine factor in the brain and periphery (Itoh & Nakao, 1994; Fowkes & McArdle, 2000). 

 

Table 1.1: Types of Natriuretic Peptides, their Site of Production, Stimulus and Primary Effect. 

 Site of Production Stimulus  Primary Effect 

ANP 

 

Cardiac atria 

 

Atrial wall 

tension and 

stretch 

 

Reduction in plasma volume 

and blood pressure 

 

BNP 

 

Cardiac ventricle 

 

Ventricular wall 

tension 

 

Same as ANP 

 

CNP Heart, brain, kidney, 

vasculature 

 

Shear stress 

 

Vasodilation, central nervous 

system neurotransmitter 

 

D-Type 

Natriuretic 

Peptide 

Unknown Unknown Vasodilation 

 

Adrenomedullin 

 

Adrenal medulla, cardiac 

ventricles, lungs, 

kidneys 

 

Unknown Reduction in plasma volume, 

blood pressure, vasodilation 

 

Adapted from Joffy & Rosner (2005) 

 

 

1.4.1 Structure 

Natriuretic peptides are produced as pre-prohormones, which are cleaved to their mature form 

upon release (Takei, 2000) by either the enzyme furin or corin. Furin cleaves pro- CNP (Wu et 

al., 2003) and corin cleaves pro-ANP and pro-BNP (Wu & Wu, 2003). Vertebrate ANPs are 

synthesised from a single precursor called preproANP which consists of 149 to 153 amino acids 
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depending on the species. The 24 amino acid signal peptide at the N-terminal and the two 

carboxyl (C)-terminal arginine residues found in some vertebrates (except humans), are cleaved 

off to yield Pro-ANP (1 - 126).  The subsequent proteolytic steps yield a single, inactive 98-

amino acid called the NH2 – terminal fragment or ANP (1 - 98) and a bioactive 28-amino acid 

ANP, called the COOH – terminal peptide ANP (99 - 126) (Schwartz et al., 1985; Michener et 

al., 1986).  

 

The C-terminal 28-mer, ANP (99 -126) forms a 17-residue circular structure due to disulphide 

bonds formed between the cysteines in positions 7 and 23 and is believed to be the main 

biologically active ANP (Inagami et al., 1987). This 17-amino acid ring structure shares a high 

degree of sequence homology between members of the natriuretic family. It has been 

demonstrated that ANP, BNP and CNP all contain this loop, but the amino acid sequence of this 

loop is identical in ANP and BNP, but CNP differs in residues 3 and 5 (Koller et al., 1991; Sudoh 

et al., 1988; Sudoh et al., 1990). ANP (1 -98) is less well established, but it has been suggested 

that it is further cleaved into ANP (1 - 30), ANP (31 - 67) and ANP (79 - 98), with a role in Na+ 

and K+ excretion and long acting effects on vascular smooth muscles (Vesely et al., 1994). The 

four peptide hormones consisting of amino acids 1 – 30, 31 – 67, 79 – 98 and 99 – 126 of the 

ANP prohormone have been tentatively named long-acting natriuretic peptide, vessel dilator, 

kaliuretic peptide, and atrial natriuretic peptide, respectively, for their most prominent effects in 

humans (Vesely et al., 1994; Vesely et al., 1998) and laboratory rats (Martin et al., 1990) as 

shown in figure 1.1 below. 

 

Structural divergence between the natriuretic peptides is largely restricted to differences in the N- 

and C-terminal portions and probably has an important role in differentiating the function of the 
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particular peptide. For example, urodilatin (renal natriuretic peptide) differs from ANP only in 

the addition of 4 amino acids in the N-terminal region (Feller et al., 1989). 

 

 

Figure 1.1. Origin of long-acting natriuretic peptide, vessel dilator, kaliuretic peptide and atrial natriuretic peptide 

from the 126 amino acid atrial natriuretic peptide (Vesely et al., 2001)  

 

1.4.2 Natriuretic Peptide Receptors (NPR-A, NPR-B, NPR-C & NPR-D) 

The effects of NPs are mediated through interaction with receptors (NPRs) and four types of 

receptors are involved as shown in table 1.2 below. The four types of natriuretic peptide receptors 

include the following; 

• NPR-A and NPR-B 

• NPR-C 

• NPR-D 

 

NPR-A and –B contain an intracellular guanylate cyclase domain (Garbers & Lowe, 1994), of 

which binding of the ligand to the extracellular domain stimulates intracellular production of 

cGMP (Takei, 2000). NPR-A exhibits high affinity to ANP and BNP and NPR-B is specific to 



 

23 
 

CNP (Rosenzweig & Seidman, 1991; Takei, 2000). It is interesting to note that VNP has high 

affinity to both NPR-A and NPR-B (Katafuchi et al., 1994). NPR-C lacks a cytosolic GC domain 

and thus does not use cGMP as a second messenger to exert biological actions. However, NPR-C 

is believed to be linked to cAMP pathways and also functions as a ‘clearance’ receptor by 

internalizing and metabolizing NPs (Anand-Srivastava & Trachte, 1993). The supportive data for 

its clearance function are 1) no ligand specificity (high affinity to all NPs); 2) overall tissue 

distribution (more than 90% of total NP receptor population in various tissues); and 3) rapid 

internalization after binding of the ligand to the receptor. The NPR-C is particularly abundant in 

the lung of tetrapods and in the gills of teleost fishes. These organs are ideally located to serve as 

a buffer to regulate the plasma concentration of hormones secreted from the heart, since they 

receive the entire blood expelled from the heart (Olson, 1998). 

 

A new type of GC-uncoupled receptor has been cloned from the brain of eels in addition to NPR-

A and NPR-C from the gills and NPR-B from the brain, and named NPR-D (Kashiwagi et al., 

1995). The GC-coupled receptors, NPR-A and NPR-B, exist as tetramers under non-reducing 

conditions while NPR-C is a dimeric receptor. However, NPR-D is tetrameric similar to GC-

coupled receptors. HS-124-1, which was initially thought to be a specific blocker for GC-coupled 

receptors (Morishita et al., 1991), also blocked the binding of NPs to NPR-D. Therefore, it is 

evident that HS-124-1 is a specific blocker for tetrameric NP receptors. Since NPR-D is localized 

selectively in the brain of eels, it may have some biological functions more than the mere 

clearance of NPs, as suggested for NPR-C (Levin, 1993).   

 

 

 

 



 

 

Table 1.2: Types of Natriuretic Peptide Receptors

Distribution.  

Receptor 

NPR-A 

NPR-B 

NPR-C 

Adapted from Joffy & Rosner

                                   NPR-

   NPR

   receptor

Figure 1.2: Representation of the principal two types of NP receptors, NPR

 

The receptors are single transmembrane proteins with extracellular domains of approximately 

440 amino acids as shown in figure 1.2 above
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Natriuretic Peptide Receptors, their Second Messenger and Ti

Second Messenger Tissue Distribution

cGMP Kidney, adrenal, endocardium,

brain, lung, aorta

 

cGMP Kidney, adrenal, cerebellum,

pituitary, lung 

 

None known Widely distributed

 

Adapted from Joffy & Rosner (2005) 

-A and             NPR-C type 

NPR-B type  receptor  

receptor 

Representation of the principal two types of NP receptors, NPR-A and -B and NPR

single transmembrane proteins with extracellular domains of approximately 

as shown in figure 1.2 above. The intracellular domain of NPR

heir Second Messenger and Tissue 

Tissue Distribution 

Kidney, adrenal, endocardium, 

brain, lung, aorta 

Kidney, adrenal, cerebellum, 

Widely distributed 

 

 

 

 

 

 

 

 

 

 

 

  

B and NPR-C (Gehring, 1999). 

single transmembrane proteins with extracellular domains of approximately 

. The intracellular domain of NPR-C is short, 37 
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amino acids. NPR-A and NPR-B, however, both have bipartite intracellular domains of 

approximately 280 and 250 amino acids respectively. The domains proximal to the membrane, 

which are approximately 280 amino acids, show significant homology to protein kinases while 

the distal fragments include guanylate cyclase domains (approximately 250 amino acids) 

(Takayanagi et al., 1987; Schulz et al., 1989; Koller et al., 1991).  

 

1.4.3 Functions and Modes of Action 

Sustaining water and solute homeostasis is a key requirement for living systems and in 

vertebrates homeostasis is, in part achieved by natriuretic peptides (NPs), a family of peptide 

hormones (Suzuki et al., 2001). The molecular structures and physiological functions of 

natriuretic peptides (NPs) in animals are the subject of a large and growing literature (Kourie & 

Rive, 1999). This wealth of information is, in part due to the significant therapeutic potential of 

the peptide(s) and its derivatives. 

 

In vertebrates, natriuretic peptides constitute a family of peptide hormones which occur not just 

in the heart but also the brain and periphery of vertebrates and are strongly implicated in the 

regulation of salt and water homeostasis. NPs also modulate cation movement by inhibiting the 

apical Na+, K+ - ATPases; by stimulating (Petrov et al., 1994) or inhibiting (Carmelo et al., 1994) 

antiporters in different cell types. NPs have also been reported to also promote K+ conductance in 

rat glomerular mesangial cells (Cermark et al., 1996). They also facilitate a K+ current in atrial 

ventricular papillary muscle (Kecskemeti et al., 1996). 

 

The synthesis and release of natriuretic peptides are stimulated by various derangements in 

systemic blood pressure, as well as increases in extracellular volume and sodium balance. They 

exert a multitude of endocrine and paracrine actions in the heart, brain, kidneys, vasculature and 
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adrenal glands. However, their major role is to induce natriuresis through their actions on renal 

hemodynamics and tubular function. Other effects of natriuretic peptides include vasodilation, 

decrease in sympathetic outflow, inhibition of arginine vasopressin release, and inhibition of 

aldosterone release (Humphreys & Valentin, 2000). 

 

ANP is synthesized in the cardiac atria of vertebrates and regulates blood pressure and 

extravascular flow of fluids (De Bold, 1985; Lang et al., 1985). Furthermore, Ca2+-dependant K+ 

channels in mesangial cells are activated by ANP and its putative second messenger cGMP 

(Stockand & Sansom, 1996).  It is released in response to atria stress caused by hypervolemia – 

induced increased blood pressure (Lang et al., 1985). It is thus concluded that the heart (atria) 

contains the highest concentration of ANP than the rest of the body (Needleman et al., 1989). 

 

BNP is synthesized and distributed in the atria and ventricle of the heart, even though it was first 

isolated from brain tissue (Sudoh et al., 1988). BNP is found in higher concentrations in the heart 

ventricle, and is considered a cardiac natriuretic peptide. BNP, like ANP has a role in vaso-

relaxing, natriuretic and diuretic responses (Pidgeon et al., 1996; Rademaker et al., 1997). 

 

CNP is found in a wide array of vertebrate tissue (de Plater et al., 1998). It was thought to only 

occur in the central nervous system, maintaining body fluid homeostasis (Sudoh et al., 1990), but 

has been discovered in rat heart (Vollmar et al., 1993) and as a native peptide in hearts and brains 

of elasmobranch fishes (Suzuki et al., 1992). CNP contributes to the regulation of vascular tone, 

growth and hormone release (Shimekake et al., 1994; Amin et al., 1996). 

 

A unique peptide named VNP has been isolated from the cardiac ventricle of two teleost species. 

There is a possibility that VNP is a homologue of tetrapod BNP, but it is structurally more akin to 
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mammalian ANP than to BNP (Takei et al., 1994). VNP has a long C-terminal ‘tail’ sequence 

with 14 amino acid residues that extend from the intramolecular ring (Takei, 2001). 

 

There is structural and functional evidence of an immunologically related peptide that operates in 

plants (Vesely et al., 1993; Billington et al., 1997; Gehring, 1999). Natriuretic peptide 

immunoanalogues occur in many plants and have been isolated, with two NP encoding genes 

identified in Arabidopsis thaliana L. (AtPNP-A and AtPNP-B) (Ludidi et al., 2002). 

 

1.5 Biologically Active Natriuretic Peptide System in Plants 

Plant natriuretic peptides represent a novel class of small proteins that are most closely related to 

expansins, which are key regulators of cell wall extension (Ludidi et al., 2002; Li et al., 2003; 

Kende et al., 2004). 

 

1.5.1 Evidence for a Natriuretic Peptide System in Plants 

Immunological and physiological evidence suggests the presence of biologically active 

natriuretic peptide hormones (NPs) in plants (Gehring & Irving, 2003).  

 

1.5.1.1 125I – labeled rANP Binds to Isolated Leaf Microsomes 

The first indications for NPs in plants came from radioimmunoassays on Florida beauty (Dracena 

godseffiana) (Vesely & Giordano, 1991) where antibodies against the N-terminus (ANP, 1–98), 

the mid-portion (ANP, 31–67) and the C-terminus (ANP, 99–126) recognized peptides in leaves 

and stems. It was also demonstrated that a synthetic peptide identical to the C-terminus (amino 

acids 99-126) of the rat atrial natriuretic peptide (rANP) binds specifically to isolated leaf 

microsomes in vitro (Gehring et al., 1996) and leaf tissue in situ (Suwastika et al., 2000). 
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Evidence for receptor ligand interactions comes from binding studies where isolated leaf 

membranes were exposed to rat (3-[125I] iodotyrosol28) ANP (Gehring et al., 1996; Suwastika et 

al., 2000). The specificity of binding was assessed by increasing the concentration of unlabelled 

competitor (rANP). Approximately 50% of the labeled ligand was displaced by 0.1 µM rANP, 

indicating that plant membranes contain a low-affinity NP binding site for the heterologous 

rANP.  

 

The rate of transpiration, solute flow and solute uptake in carnation and chrysanthemum was 

shown to rapidly and significantly increase after exogenous application of synthetic human ANP 

(1 - 30), ANP (31 - 67) or ANP (79 - 98), at concentrations of less than 5.9 pg.ml-1 (Vesely et al., 

1993). However, ANP (99 - 126) was shown not to affect these processes at equivalent peptide 

concentrations. 

 

1.5.1.2 rANP Promotes Stomatal Opening 

Secondly, it was also demonstrated that synthetic rANP can induce stomatal opening in 

Tradescantia sp. at concentrations (of ≥ 10-6 M) in a conformation dependent manner (Gehring et 

al., 1996; Pharmawati et al., 1998a and 2001). The high concentration necessary to get a response 

could be due to large taxonomic divergence between hormone source and test organism.  It is 

noteworthy that Na+ is required in the medium for activity in animal systems, which is not the 

case in plants (Gehring et al., 1996). This suggests that in plants NPs operate on processes other 

than Na+ transport, such as K+ transport or the synthesis of compatible solutes. 
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1.5.1.3 cGMP 

Thirdly, there are indications that this NP effect on stomatal guard cells is influenced by cGMP 

since stomatal opening does not occur in the presence of LY 83583, an inhibitor of particulate 

guanylate cyclase, but it can be induced by the cell permeant cGMP analogue 8-Br-cGMP 

(Pharmawati et al., 1998a, b and 2001). For decades the presence and possible function of cyclic 

nucleotides in plants was a subject of fierce debate (Newton et al., 1999) however, Ludidi and 

Gehring (2003), described the first plant guanylate cyclase and more recently new evidence for 

the importance of cGMP to plant natriuretic peptide signalling was reported (Wang et al., 2007). 

 

Three different guanylate cyclase inhibitors that have different modes of action were used 

namely; LY83583, ODQ and NS 2028. LY 83583 is a redox-sensitive dye that is a cell permeable 

competitive inhibitor of soluble guanylate cyclases that acts by generating superoxide anion 

radicals (Mülsch et al., 1988). ODQ and NS 2028 are analogues that are specific irreversible 

inhibitors of soluble guanylate cyclase in vitro thought to act at the haem-binding pocket and 

hence can be reversed in intact cells (Garthwaite et al., 1995; Schrammel et al., 1996; Olesen et 

al., 1998). Of these inhibitors, LY83583 has been used most often in plant systems (Penson et al., 

1996; Pharmawati et al., 2001). It is critical to use several inhibitors to assure that heterologous 

pharmacological agents do not cause misleading results. Because two of these inhibitors reduced 

AtPNP-A and all three inhibited the peptide region 33 - 66 induced increases in protoplast 

volume, it strongly supports a role for guanylate cyclase activity in relaying the PNP signal. The 

membrane permeable analogue of cGMP, 8-Br-cGMP, was shown to increase protoplast volume 

at 0.1 µM but that it had no effect at 10 µM. This could be due to an overriding feedback system 

at the higher concentrations of 8-Br-cGMP or possibly toxicity (Wang et al., 2007). 
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It was also shown that, rANP increased radial water movement out of the xylem shoots of 

Tradescantia multiflora (Suwastika et al., 2000), by measuring the dye movements and 

determining the water tissue ratios by 2H NMR. An increase in radial movements was observed 

when an increase in 8-Br-cGMP occurred, while the channel inhibitor mercuric chloride and LY 

83583 (guanylate cyclase inhibitor) both significantly inhibited the radial movement. This 

evidence suggests that NPs play an important role in controlling radial movements out of the 

xylem and is mediated by the regulation of guanylate cyclase and water channels (Gehring, 

1999).  

 

1.5.1.4 Isolation & Purification of Active PNP immuno-analogues 

Fourthly, and most importantly, biologically active plant natriuretic peptide immuno-analogues 

(irPNP) have been isolated and purified by immunoaffinity chromatography. IrPNPs from ivy 

(Hedera helix) were the first such NPs from a plant, using rabbit anti-alpha-ANP (1 - 28) (human, 

canine) antiserum (Billington et al., 1997). Isolation and affinity purification of immunoreactive 

plant NPs (irPNPs) from ivy (Hedera helix) and potato (Solanum tuberosum) with rabbit anti-α-

ANP (99–126) (human) antiserum yielded several different molecules, indicating that plants 

either contain more than one type of NP or that different precursors also contain the epitope(s) 

(Pharmawati et al., 1998a). 

 

Two Arabidopsis thaliana irPNP-encoding genes termed AtPNP-A and AtPNP-B have been 

identified and the domain organization of the encoded proteins described (Ludidi et al., 2002). 

Both proteins are novel and have not been functionally characterized fully. However, AtPNP-B 

has an orthologue in Citrus jambhiri that is associated with responses to citrus blight (Ceccardi et 

al., 1998).  
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5΄ 3΄ 
105 bp      273 bp 

100 bp 

Figure 1.3. Intron and exon organization of the AtPNP-A encoding gene from Arabidopsis thaliana 

 

From the evidence above, it is noted that, irPNPs promote stomatal opening (Pharmawati et al., 

1998a), affect ion transport in plants (Pharmawati et al., 1999), displace ANP-binding (in situ and 

in vitro) (Suwastika et al., 2000) and cause rapid, reversible cGMP increases (Pharmawati et al., 

1998b; Pharmawati et al., 2001). The responses to irPNP and ANP showed a high degree of 

similarity. 

 

1.5.2 Structure 

Recently, progress has been made in the elucidation of the molecular structure of irPNP-like 

molecules. In Arabidopsis thaliana two irPNP encoding genes (AtPNP-A and AtPNP-B) have 

been identified and characterized (Ludidi et al., 2002). AtPNP-A and –B are small proteins of 

less than 130 amino acids and are related to expansins. AtPNP-A is a small protein of 126 amino 

acids in length (MW: 14016 kDa; pI: 9.22) that is encoded by a gene with a single intron of 100 

bp (accession no.: AAD08935), as shown in figure 1.3 below. The DNA sequence of the AtPNP-

A coding region is also shown in figure 1.4 below. The protein contains a 24 amino acid signal 

peptide (MW: 2249).  
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1 ATG GCG GTG AAA TTT GTG GTG GTG ATG ATT GTG TTT GCG CAG ATT  45 

46 CTG GCG CCG ATT GCG GAA GCG GCG CAG GGC AAA GCG GTG TAT TAT  90 

91 GAT CCG CCG TAT ACC CGC AGC GCG TGC TAT GGC ACC CAG CGC GAA 135  

136 ACC CTG GTG GTG GGC GTG AAA AAC AAC CTG TGG CAG AAC GGC CGC 180  

181 GCG TGC GGC CGC CGC TAT CGC GTG CGC TGC ATT GGC GCG ACC TAT 225  

226 AAC TTT GAT CGC GCG TGC ACC GGC CGC ACC GTG GAT GTG AAA GTG 270  

271 GTG GAT TTT TGC CGC GAA CCG TGC AAC GGC GAT CTG AAC CTG AGC 315  

316 CGC GAT GCG TTT CGC GTG ATT GCG AAC ACC GAT GCG GGC AAC ATT 360  

361 CGC GTG GTG TAT ACC CCG 378 

Figure 1.4. Nucleotide sequence of AtPNP-A from Arabidopsis thaliana (378 base pairs). 

 

1.5.3 Synthesis and Degradation 

The loci of synthesis and degradation as well as induction patterns of irPNPs are currently under 

investigation. Reverse transcriptase-PCR (RT-PCR) has revealed AtPNP- A transcripts in leaf 

tissue from unstressed Arabidopsis plants (Ludidi et al., 2002), indicating that the protein is not 

only found, but synthesized, in leaves. It is also possible that stress induced up-regulation of 

AtPNP-A transcription occurs either in leaves or elsewhere. Tissue prints revealed that 

immunoreactants are concentrated in vascular tissues of leaves, petioles and stems. Phloem-

associated cells, xylem cells and parenchymatic xylem cells showed the strongest 

immunoreaction (Maryani et al., 2003).   

 

In situ localization data indicates that irPNPs are systemically mobile proteins since they are 

found in conductive tissue; a highly unlikely place for synthesis, but not transport. Biologically 

active immuno-reactants have also been detected in xylem sap and this is indicative of synthesis 

in the root. Further information on temporal and spatial induction patterns will be forthcoming 

when transgenic plants containing GUS or GFP promoter fusions are available (Maryani et al., 

2003). 
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1.5.4 Functions of Plant Natriuretic Peptide (PNP)  

There is evidence that irPNPs have a role in plant homeostasis. It has been shown that levels of 

native irPNP increased in salt stressed Erucastrum strigosum (a fast growing brassicaceous weed) 

shoots and that irPNP levels also rise in Arabidopsis suspension cells exposed to NaCl or sorbitol 

levels (Rafudeen et al., 2003). This is suggestive of a role for PNP in counteracting the salinity or 

drought stress. 

 

Net water up-take into plant cells is osmotic in nature and occurs in response to highly regulated 

ion movements. Under unfavorable osmotic conditions, for example high salinity, plants can 

synthesize intracellular compatible solutes such as proline or mannitol, thus increasing 

intracellular osmotic pressure and drawing in water. Enhanced water uptake does occur in 

response to NPs in plants (Gehring, 1999; Maryani et al., 2001) and may be the driving force of 

the observed stomatal opening which is conditional on water uptake. Since irPNP does not appear 

to change water permeability and net ion flux appears with a delay (>20 min) (Pharmawati et al., 

1999), it is interesting to speculate that irPNPs stimulate rapid synthesis (or re-

compartmentalization) of compatible solutes. Such a mode of action is in accordance with 

previously observed NP-dependent increases in lateral water movement out of the conductive 

tissue (xylem) into the neighbouring parenchyma (Suwastika & Gehring, 1998; Gehring 1999), 

increases in cell volumes (Maryani et al., 2001), the delayed net K+ and Na+ uptake (Pharmawati 

et al., 1999) and the promotion of stomatal opening (Gehring et al., 1996; Pharmawati et al., 

1998a; Gehring, 1999). The ‘drawing’ of water into cells and tissues together with an up-

regulation under conditions of drought and salinity stress are also compatible with a role for PNP 

in plant homeostasis.  
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1.5.5 Evolutionary Development 

In mammals, the natriuretic peptide (NP) system was originally discovered in an extract of rat 

atria in 1981 (de Bold et al., 1981). As mentioned previously, there is some evidence that the 

natriuretic peptide system is also present in plants. The evidence of a natriuretic peptide system 

was shown from a wide range of diversified plant species. AtPNP-A displays a weak overall 

sequence identity with human ANP, although significant similarity is found between residues 33 

– 66 of AtPNP-A and the mature human ANP. This section of the peptide (33 - 66) is also 

sufficient to confer solute uptake by the protoplast (Morse et al., 2004). Plant natriuretic peptide 

genes also share weak sequence similarities with the expansins, although they lack a 

carbohydrate-binding domain. Natriuretic peptides represent the first known conserved hormonal 

system that is shared between animals and plants. The sequence similarity and homology in the 

signalling mechanism strongly support that this mechanism, involved in homeostasis regulation, 

may have evolved before the last common ancestor of the two kingdoms, 1.6 billion years ago 

(Meyerowitz, 1999).   

  

Humans and plants share a convergent evolution rather than a common inheritance which is 

suggested by the fact that green plants took a radically different evolutionary path in which 

movement was a low priority, but, however, there are traits that are shared by humans and plants 

such as multi-cellularity and tissue differentiation. Atrial natriuretic peptides have been identified 

in both metazoans and green plants, and serve to regulate solute flow through tissues in both 

groups (Billington et al., 1997). 

 

In silico analysis has also established the evolutionary and functional relationships of irPNP-like 

molecules within the superfamily of expansins, pollen allergens and distantly related molecules 

such as endoglucanases and shown that irPNP-like molecules are related to expansins (Ludidi et 
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al., 2002). Gehring & Irving (2003) also hypothesised that irPNP-like molecules have evolved 

from primitive glucanase-like molecules that have been recruited to become systemically mobile 

modulators of homeostasis acting via the plasma membrane. Such a function is compatible with 

localisation in the conductive tissue and the physiological and cellular modes of action of irPNPs 

(Gehring & Irving, 2003). 

 

1.6 Molecules Related to Plant Natriuretic Peptides 

Plant natriuretic peptides represent a novel class of small proteins that are most closely related to 

expansins, which are key regulators of cell wall extension (Ludidi et al., 2002; Li et al., 2003; 

Kende et al., 2004). A significant sequence similarity of AtPNP-A (AAD08935) and AtPNP-B 

(CAB79756) to a functionally uncharacterised transcript from citrus, CjBAp12 (AAD03398) has 

been observed (Ludidi et al., 2002). AtPNP-A and AtPNP-B, as well as CjBAp12, show 

homology with the N-terminus of expansins but are considerably shorter lacking the wall binding 

domain (Ludidi et al., 2002; Li et al., 2003). However, unlike expansins, PNPs are mobile and 

seem to be involved in regulating solute and water homeostasis (Gehring & Irving 2003; Maryani 

et al., 2003; Rafudeen et al., 2003; Morse et al., 2004). 

 

1.6.1 Expansins 

Plant cells are surrounded by a rigid cell wall. The major components of the wall are cellulose 

microfibrils consisting of an unbranched β-1,4-glucan polymer, hemicelluloses (branced glycans) 

that bind to cellulose to form a matrix, and acidic polysaccharides (pectins) that form ionic gels 

(Ludidi et al., 2002). Developmental processes such as cell elongation and any rapid elongation 

such as stomatal movement that require changes in cell shape thus necessitate temporary 

loosening of the cell walls.     
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Cell wall loosening and extension play a crucial role in shaping the form and size of plants and a 

highly conserved family of proteins called expansins, that catalyzes wall extension have been 

identified. Expansins are cell wall proteins that induce pH-dependent wall extension and stress 

relaxation in a characteristic and unique manner. Expansins were first discovered in studies of the 

mechanism of plant cell enlargement, specifically of the “acid growth” phenomenon (McQueen-

Mason et al., 1992). Evidence from work with transgenic plants indicates that endogenous 

expansins are not only involved in regulating growth (Cho & Cosgrove, 2000; Choi et al., 2003; 

Zenoni et al., 2004), but also developmental processes such as initiation of leaves (Pien et al., 

2001), abscission (Cho & Cosgrove, 2000), and softening of tomato fruits (Brummell et al., 

1999). 

   

Two classes of expansin proteins are currently recognized, namely alpha-expansins (EXP) and 

beta-expansins (EXPB), and they comprise large multigene families whose members show 

diverse organ-, tissue- and cell-specific expression patterns. They are similar to each other in size 

(~ 25 – 28 kDa for the mature protein) and have distant but significant sequence similarity to 

each other throughout the length of the protein backbone (Cosgrove et al., 2002).  

 

A number of sequence features are common to the two expansin families, including a cleaved 

signal peptide at the amino terminus, a series of cysteines with characteristic spacing and 

conserved flanking sequences, an “HFD” (histidine, phenyalanine, glutamic acid) motif, and a 

series of tryptophans and other aromatic residues at characteristic positions in the protein 

backbone. The two families also differ in the presence of N-linked glycosylation motifs, which 

are generally absent in the EXP sequences but present in EXPB sequences (Cosgrove et al., 

2002). 
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Sequence analysis suggests that mature expansins contain two domains. Domain 1 has significant 

but distant homology to family-45 endoglucanases, including a series of conserved cysteines and 

an HFD motif that makes up part of the catalytic site of family-45 endoglucanases (Cosgrove, 

1997; Cosgrove, 2000). This suggests that expansins have an endoglucanase activity, but if so it 

is very weak and highly specific in its substrate requirements because experimental tests of EXP 

have not detected significant activity of its kind (McQueen-Mason & Cosgrove, 1995). It would 

thus appear that the structural similarity between glucanases and expansins reflects an 

evolutionary relationship between two classes of enzymes that operate differently on a common 

substrate, the cell wall (Ludidi et al., 2002). Domain 2 has homology to a group of proteins found 

in grass pollen, named group 1 grass pollen allergens, of unknown biological and biochemical 

function. The group 1 allergens are glycoproteins abundantly expressed on the surface of pollen 

grains, released upon hydration and have been identified as the main causative agents of hay 

fever and allergic asthma elicited by grass pollen (Knox & Suphioglu, 1996). It has been 

speculated that domain 2 is a polysaccharide binding domain on the basis of conserved aromatic 

and polar residues on the surface of the protein (Cosgrove, 1997). 

 

In Arabidopsis the EXP family has 26 members and the EXPB family has five members (Li et 

al., 2002), whereas in rice and in maize there are probably a similar number of EXP genes but 

many more EXPB genes (Lee et al., 2001; Lee & Kende 2002; Wu et al., 2001). The larger size 

of the EXPB family in grasses is likely related to the unusual composition of the grass cell wall, 

which had reduced amounts of xyloglucan and pectins and larger amounts of 

glucuronoarabinoxylans (Carpita, 1996). The evolutionary divergence of the composition of the 

grass cell wall appears to have been accompanied by an enlargement and functional 

diversification of the EXPB family (Cosgrove et al., 2002). 
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In Arabidopsis there is also a third family of related proteins, named expansin-like (EXPL), as 

well as a single, more distant protein named expansin-related (EXPR) (Cosgrove et al., 2002). 

Additionally, Arabidopsis and other species have genes that encode homologs of a protein first 

found in studies of citrus blight (Ceccardi et al., 1998). This protein, called p12 (CjBAp12) 

because its size is approximately 12 kDa, has very distant homology to Domain 1 of EXP and is 

thus considerably smaller than the classic expansins (molecular mass of ~ 25 kDa) (Cosgrove et 

al., 2002). The protein accumulates in root, stem, and leaf tissues (Ceccardi et al., 1998), 

suggesting systemic mobility. However, despite the sequence similarity with expansins, p12 has 

no apparent expansin-like activity suggesting a role other than wall loosening (Ceccardi et al., 

1998).  

 

The plant natriuretic peptides share sequence homology with expansins but do not contain the 

tryptophan and tyrosine rich C-terminal putative polysaccharide-binding domain typical of 

expansins or bacterial cellulases and hemicellulases (Ludidi et al., 2002). Interestingly, the C-

terminal domain of α and β expansins (Cosgrove, 2000) is encoded by an entire exon that is 

absent in irPNP-like molecules (Ludidi et al., 2002). Expansins are distantly related to glucanases 

and cellulases; in the latter, the C-termini have been proven to be cell wall binding (Linder & 

Teeri, 1997) and the same function has been suggested for the α and β expansin C-terminus 

(Cosgrove, 2000). Since expansins, which are the closest relatives of irPNPs, and the more 

distantly related glucanases and cellulases, all contain the C-terminus; it is reasonable to argue 

that irPNP-like molecules have lost this domain.  

 

It can also be argued that both irPNP-like molecules and expansins have evolved from ancestral 

glucanase-like molecules that hydrolyzed the cell wall. The absence of the polysaccharide-

binding domain is thought to increase the mobility of these molecules (Ludidi et al., 2002). 
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Importantly, it has previously been demonstrated that irPNPs act on protoplasts (Maryani et al., 

2001), that is plant cells without cell walls as well as microsomes, indicating that these novel 

proteins specifically interact with the plasma membrane. Thus, irPNP-like molecules are 

candidates for a physiological role in water and solute homeostasis (Gehring & Irving 2003; 

Maryani et al., 2003; Rafudeen et al., 2003; Morse et al., 2004). 

 

1.6.2 Citrus Blight (CjBAp12/p12) 

The AtPNP-A and AtPNP-B encoded proteins, which are both related proteins, show similarity to 

CjBAp12, a functionally undefined protein isolated from Citrus jambhiri (rough lemon). 

CjBAP12 (previously referred to as a blight-associated protein, p12) is a protein that is induced in 

response to citrus blight infection and has a molecular mass of approximately 12 kDa (Ceccardi 

et al., 1998). The CjBAp12 gene is expressed in the root and stem tissues in response to a 

challenge from citrus blight, which proliferates in the conductive tissue of the host and severely 

affects host homeostasis eventually resulting in xylem plugging and consequent shoot wilting and 

host death. The protein itself accumulates in root, stem, and leaf tissues (Ceccardi et al., 1998), 

suggesting systemic mobility. 

  

IrPNPs and CjBAp12 are likely to be not just structural homologues but may also have some 

common physiological functions. Since CjBAp12 is induced by citrus blight which leads 

eventually to die-back, it is conceivable that the expression of CjBAp12 is an early host response 

to counteract the pathogen induced limitation of water and nutrient availability (Nembaware et 

al., 2004). If so CjBAp12 may, at least in part, enable the host to counteract blight-induced 

disturbances of cation and water transport. It is noteworthy, that the CjBAp12 message is present 

in roots but not leaves while the protein is present in xylem sap and leaves (Ceccardi et al., 1998). 
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This must mean that the message in leaves has an extremely short half-life or more likely, that the 

protein is transported, presumably in the xylem, to the leaves.  

 

On the basis of cross reaction with antibodies raised against vertebrate atrial natriuretic peptide, it 

was speculated that p12-like proteins may function as peptide hormones for water and solute 

balance in plant cells (Ludidi et al., 2002).  

 

How then are the irPNP-like proteins and p-12, interrelated and related to other proteins, and can 

similarities with proteins of known function, therefore provide a key to understanding their 

unknown function? 

 

1.7 Pathogenesis - Related Proteins 

 

Pathogenesis-related proteins (PRs) are a group of plant-coded proteins induced by different 

stress stimuli. PRs have been assigned an important role in plant defense against pathogenic 

constraints and in general adaptation to stressful environment (Edreva, 2005). 

 

Since their discovery in tobacco leaves hypersensitively reacting to tobacco mosaic virus (TMV) 

by two independently working groups (Van Loon & Van Kammen, 1970), pathogenesis-related 

proteins (initially named “b” proteins) have focused an increasing research interest in view of 

their possible involvement in plant resistance to pathogens. Initially, it was assumed that these 

proteins are commonly induced in resistant plants. However, it later turned out that b-proteins are 

induced not only in resistant, but also in susceptible plant – pathogen-interactions, as well as in 

plants, subjected to abiotic stress factors (Van Loon, 1985). 
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1.7.1 Classification of PRs 

Originally, five main groups of PRs (PR-1 to PR-5) were characterized by both molecular and 

molecular-genetic techniques in tobacco. The PR groups are numbered in order of decreasing 

electrophoretic mobility. Each group consists of several members with similar properties (Bol et 

al., 1990). Thereupon, in 1994 a unifying nomenclature for PRs was proposed based on their 

grouping into families sharing amino acid sequences, serological relationships, and/or enzymatic 

or biological activity. Eleven families (PR-1 to PR-11) were recognized and classified for 

tobacco and tomato, with the families PR-8 and PR-10 being also present in cucumber and 

parsley, respectively (Van Loon et al., 1994). Later three novel families (PR-12, PR-13 and PR-

14) were recognized in radish, Arabidopsis and barley, respectively (Van Loon & Van Strien, 

1999). Germins and germin-like proteins (GLPs) have been classified as PR-15 and PR-16; PR-

16 has been isolated from hot pepper during the resistance response to bacterial and viral 

infection (Park et al., 2004). PR-17 proteins have been found in infected tobacco, wheat and 

barley (Christensen et al., 2002). 

 

The criteria used for the inclusion of new families into PRs are that (a) the protein must be 

induced by a pathogen in tissues that do not normally express it, and (b) induced expression must 

occur in at least two different plant-pathogen combinations, or expression in a single plant-

pathogen combination must be confirmed independently in different laboratories (Van Loon & 

Van Strien, 1999). 

 

Within each PR-family a type member has been defined, the nucleotide sequence of the mRNA 

of which may be used in the search for homologues in the same or in different plant species as 

shown in the Table 1.3 below. 
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Table 1.3: Recognized families of pathogenesis-related proteins (van Loon et al., 2006) 

Family Type Member Properties 

PR-1 

PR-2 

PR-3 

PR-4 

PR-5 

PR-6 

PR-7 

PR-8 

PR-9 

 

PR-10 

PR-11 

PR-12 

PR-13 

PR-14 

PR-15 

PR-16 

PR-17 

Tobacco PR-1a 

Tobacco PR-2 

Tobacco P, Q 

Tobacco ‘R’ 

Tobacco S 

Tomato Inhibitor I 

Tomato P69 

Cucumber chitinase 

Tobacco “lignin-forming 

peroxidase” 

Parsley “PR1” 

Tobacco “class V” chitinase 

Radish Rs-AFP3 

Arabidopsis TH12.1 

Barley LTP4 

Barley OxOa (germin) 

Barley OxOLP 

Tobacco PRp27 

Unknown 

Β-1,3-glucanase 

Chitinase type I, II, IV, V, VI, VII 

Chitinase type I, II 

Thaumatin-like 

Proteinase-inhibitor 

Endoproteinase 

Chitinase type III 

Peroxidase 

 

Ribonuclease-like 

Chitinase, type I 

Defensin 

Thionin 

Lipid-transfer protein 

Oxalate oxidase 

Oxalate-oxidase-like 

Unknown 

 

For the majority of the PR families, activities are known or can be inferred (Kombrink & 

Somssich, 1997). The PR-2 family consists of endo-β-1,3-glucanases, and PR-3, -4, -8 and -11 

are all classified as endochitinases, which could act against fungi (Brunner et al., 1998). 

Members of the PR-8 family possess lysozyme activity and may be directed against fungi. PR-6 

is a group of proteinase inhibitors implicated in defense against insects and other herbivores, 

micro-organisms, and nematodes (Koiwa et al., 1997; Ryan, 1990). PR-7 is an endoproteinase 

that is the most conspicuous PR in tomato (Jorda et al., 2000) and it might aid in microbial cell 

wall dissolution. PR-9 is a specific type of peroxidase that could act in cell wall reinforcement by 
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catalyzing lignifications (Passardi et al., 2004) and enhance resistance against multiple 

pathogens. 

 

PRs of group 5 share significant amino acid sequence homology with the sweet tasting protein in 

the fruits of the tropical plant Thaumatococcus danielli, and have been named thaumatin-like 

(TL) proteins (Cornelissen et al., 1987). Some members of this family have been shown to 

possess antifungal activity, particularly against oomycetes (Van Loon & Van Strien, 1999). 

 

Members of the PR-1 proteins have also been associated with activity against oomycetes. 

Notably, the prominent PR-1 proteins are often used as markers of the enhanced defensive state 

conferred by pathogen-induced systemic acquired resistance (SAR), but their biological activity 

has remained elusive (Van Loon & Van Strien, 1999). 

 

PR-10 shows homology to ribonucleases (Bufe et al., 1996) and it has sometimes been assumed 

that the ribonuclease activity of PR-10-type proteins points to a role in defense against viruses 

(Park et al., 2004). 

 

Defensins (PR-12) (Lay & Anderson, 2005), thionins (PR-13) and the lipid transfer proteins 

(LTPs; PR-14) all exhibit antibacterial and antifungal activities, exerting their effect at the level 

of the plasma membrane of the target micro-organism (Bohlmann, 1994). The families PR-15, -

16 and 17 have been added recently. PR-15 and -16 are typical of monocots and comprise 

families of germin-like oxalate oxidases and oxalate oxidase-like proteins with superoxide 

dismutase activity (Berner & Bernia, 2001). These proteins generate hydrogen peroxide that can 

be toxic to different types of attackers or could directly or indirectly stimulate plant-defense 

responses (Donaldson et al., 2001). PR-17 proteins have been found as an additional family of 
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PRs in infected tobacco, wheat and barley and contain sequences resembling the active site of 

zinc metalloproteinases (Christensen et al., 2002). A putative novel family (PR-18) comprises 

fungus- and salicylic acid (SA)-inducible carbohydrate oxidases, as exemplified by proteins with 

hydrogen peroxide-generating and antimicrobial properties from sunflower (Custers et al., 2004).  

 

1.7.2 Osmotin 

Osmotins of the same group display similarity to TL proteins (Singh et al., 1987). Osmotin is a 

basic 24-kDa pathogenesis-related (PR) protein that accumulates in salinity and desiccation-

adapted tobacco cells (Singh et al., 1985; Singh et al., 1987). The expression pattern of this gene 

indicates that its transcription can be activated by several factors, including NaCl, desiccation, 

ethylene, wounding, abscisic acid, tobacco mosaic virus, fungi, and UV light (Stintzi et al., 

1991). However, in nonhypersensitive-responding genotypes the protein mainly accumulates in 

response to osmotic stress (LaRosa et al., 1992). It has been demonstrated that osmotin has 

antifungal activity against a variety of fungi, including Phytophthora infestans, Candida 

albicans, Neurospora crassa, and Trichoderma reesei (Woloshuk et al., 1991; Vigers et al., 

1992). Recent reports also indicate that not only tobacco osmotin but also osmotin-like proteins 

from several plant species have similar inhibitory effects on fungal pathogens and may function 

as plant defense proteins (Vigers et al., 1991). 

 

1.7.3 Protease Inhibitors (PIs) 

Plants have numerous PIs [e.g. 41 in Arabidopsis and 52 in rice (http://merops.sanger.ac.uk)] 

which are widely distributed in plant organs to establish a balance between endogenous 

proteolysis and protein synthesis (Rawlings et al., 2006). Moreover, they can also function as 

suppressors of exogenous proteolytic enzymes of phytopathogens, including insects, nematodes, 

bacteria and fungi (Jackson & Tailor, 1996; Valueva & Mosolov, 2004). PIs are also potentially 
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important in developing genetically modified crops with elevated resistance to biotic stresses, 

particularly insects (Reeck et al., 1997; Ferry et al., 2005). PIs can be expressed constitutively or 

be induced on pest or pathogen attack (Bolter & Jongsma, 1997). In phytophagous insects, PIs 

either bind to digestive proteases, impairing protein digestion in the gut (Broadway & Duffey, 

1986), or may affect moulting and non-digestive enzyme regulation (Faktor & Raviv, 1997). The 

only concern regarding the use of transgenic plants expressing PIs is the possibility of 

endangering the predator population involved in the biological control of pests and useful insects, 

such as honey bees (Apis mellifera L.). Ferry et al., (2005) demonstrated that feeding the predator 

insects with prey that fed on transgenic plants expressing PIs had no detrimental effect on 

predator biology. However, feeding nurse honey bees with a pollen diet containing at least 1 % 

soybean trypsin inhibitor can potentially endanger colony growth and maintenance (Sagili et al., 

2005).   

 

The co-expression of PIs also appears to be useful during the heterologous expression and 

isolation of recombinant proteins (Rivard et al., 2006; Kim et al., 2007) and antibodies 

(Komarnytsky et al., 2006). Constitutive co-secretion of PIs can reduce the extracellular protease 

activity, which has useful merits in increasing the yields of complex therapeutic proteins secreted 

from plant tissues (Komarnytsky et al., 2006).  

 

1.7.4 Cellular Localization of PRs 

In leaves, PRs appear to be present both in epidermal and mesophyll cells, as well as in the 

vascular bundles. For example, in response to infection by Phytophthora infestans, potato 

accumulates PR-1b in the vicinity of the successfully colonized leaf area and of the epidermal 

cell layer in particular. Additional locations within infected leaves were stomatal guard cells, 

glandular trichomes, crystal idioblasts and the vascular bundles (Hoegen et al., 2002). 
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Many PR proteins are synthesized with an N-terminal signal peptide determining translocation 

into the ER, followed by secretion into the apoplast. These proteins accumulate extracellularly 

and can be collected easily in intercellular washing fluid. PR-type proteins have been collected 

from xylem fluid of tomato, broccoli, rape, pumpkin, and cucumber (Buhtz et al., 2004; Kehr et 

al., 2005; Rep et al., 2003; Rep et al., 2002) and from the guttation fluid of barley leaves 

(Grunwald et al., 2003), suggesting that secretion into the veins entails uptake and transport in 

the transpiration stream. Other proteins have additional extensions specifying deposition into the 

vacuole. PR-10-type proteins are the only family of which all members seem to be cytoplasmic 

(van Loon et al., 2006).  

 

1.7.5 Functional Roles of PRs other than Biotic Stress 

The occurrence of homologous PRs as small multigene families in various species belonging to 

different plant families, their tissue-specific expression during development and consistent 

localization in the apoplast as well as in the vacuolar compartment, and their differential 

induction by endogenous and exogenous signalling compounds, suggest that PRs have important 

functions extending beyond a role in adaptation to biotic stress conditions (van Loon & van 

Strien, 1999). 

 

Secreted PRs accumulate in senescing leaves of some species and in ripening fruits (Buchanan-

Wollanston et al., 2003; Davoine et al., 2001; Quirino et al., 2000), as well as in the medium of 

cell suspension cultures in the absence of visible necrosis (Broekaert et al., 2000; Takeda et al., 

1990), indicating that at least some PRs are also produced under specific physiological 

conditions.  
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Abiotic stresses can also elicit pathogenesis-related protein induction, as in the case of osmotic 

stress, cold stress, or wounding (Broekaert et al., 2000). Typically, tobacco osmotin is induced in 

leaves, stems and roots by drought, high salt, or abscisic acid, as well as in leaves by wounding or 

UV light. Several reports show that apoplastic PR-1-type proteins, chitinases, glucanases, 

thaumatin-like proteins, thionins, and lipid-transfer proteins are induced during cold stress. Hon 

et al., (1995) have shown that PR-2, -3, and -5 proteins have an antifreeze activity on cold 

hardening in rye. The same proteins accumulated in response to cold, short daylength, and 

dehydration. The chitinase and glucanase-like proteins, have both enzymatic and antifreeze 

activities (Atici & Nalbantoglu, 2003; Griffith & Yaish, 2004).  

 

Other abiotic stresses, such as heavy metal toxicity, are likely to induce PRs as a result of the 

cell-damaging action of the stimulus (van Loon et al., 2006).  When testing for the compounds in 

various pollen and latex that are responsible for allergic reactions in humans, several types of PR-

like proteins were found to be responsible. The major pollen allergen from birch, Bet v 1 (Bufe et 

al., 1996), belongs to the PR-10 family, and is induced by both biotic and abiotic stress 

conditions in various plant tissues. PR-10-type proteins are widespread in plants and PR-10-type 

allergens are present in many foods such as fruits and vegetables. Other pathogenesis-related 

food allergens belong to the PR-2, -3, -4, -5, -8, -12, -14, and -15 families (Hoffmann-

Sommergruber, 2000, Wu et al., 2001). 

 

Several PRs are expressed in cultured cells (Takeda et al., 1990) or upon the transition of plants 

to flowering (Neale et al., 1990), suggestive of a developmental role. PR-2-like, PR-3-like and 

PR-5-like proteins accumulate in the apoplast of winter rye tissues during cold acclimation and 

exhibit antifreeze activity (Antikainen et al., 1996). Basic PR-5 proteins (osmotin) are induced in 

tobacco and tomato in response to osmotic response. 
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1.7.6 AtPNP-A as a PR Protein 

Although AtPNP-A is yet to be proven to be induced at the protein level in response to 

pathogens, elevated protein levels have been shown as a result of abiotic stresses (Rafudeen et 

al., 2003). In addition, transcription of AtPNP-A is low under control conditions but strongly 

induced in response to biotic and abiotic stresses and the protein has been identified and isolated 

from the A. thaliana apoplast together with PR-1, PR-2 and PR-5 proteins (Boudart et al., 2004). 

AtPNP-A has other features characteristic of PR proteins including an N-terminal signal peptide 

(Van Loon et al., 2006) that directs the molecule into the extracellular space. Further, induction 

of AtPNP-A at the transcript level appear to occur independent of de novo protein synthesis 

characteristic of genes encoding secreted proteins (Wang et al., 2006). The evolutionary history 

of AtPNP-A suggests that PNPs, like the related expansins, derived from ancestral family-45 

endoglucanases have lost their expansin activity and have sub-functionalized into extracellular, 

systemically mobile signalling molecules (Ludidi et al., 2002). 
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CHAPTER TWO: INTRODUCTION TO THE PRESENT STUDY 

 
2. Introduction 

 

Natriuretic peptides (NP) were first identified in vertebrate species ranging from elasmobranchs 

and mammals where they play a role in the regulation of salt and water balance (Maryani et al., 

2001). They were recently discovered in plants with the following evidence to support their 

presence in plants: 

• 125I – labeled rANP binds to isolated leaf microsomes (Gehring et al., 1996) 

• rANP promotes stomatal opening in Tradescantia sp. in a concentration and conformation 

dependent manner (Suwastika et al., 2000) 

• plant natriuretic peptides cause rapid reversible increases in cGMP (Pharmawati et al., 

2001) 

• two Arabidopsis thaliana irPNP-encoding genes termed AtPNP-A and AtPNP-B have 

been identified (Ludidi et al., 2002) 

 

The first indications for NPs in plants came from radioimmunoassays on Florida beauty (Dracena 

godseffiana) (Vesely & Giordano, 1991) where antibodies against the N-terminus (ANP, 1–98), 

the mid-portion (ANP, 31–67) and the C-terminus (ANP, 99–126) recognized peptides in leaves 

and stems.  AtPNP-A has since been extensively studied (reviewed by Gehring, 1999; Gehring & 

Irving, 2003) in order to elucidate its mode of action and possible function in plants.  These 

studies clearly indicated a functional role for PNP-A in water homeostasis, with the peptide 

sequence, 33 - 66 in ANP identified as the section corresponding to the activity of AtPNP-A 

(Morse et al., 2004).    
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Plant natriuretic peptides are most closely related to expansins, which are key regulators of cell 

wall extension (Ludidi et al., 2002; Li et al., 2003; Kende et al., 2004). A significant sequence 

similarity of AtPNP-A (AAD08935) and AtPNP-B (CAB79756) to a functionally uncharacterised 

transcript from citrus, CjBAp12 (AAD03398) has been observed with all three transcripts 

containing a signal sequence suggesting that the proteins are secreted (Ludidi et al., 2002). 

AtPNP-A and AtPNP-B, as well as CjBAp12, show sequence similarity with the N-terminus of 

expansins but are considerably shorter lacking the wall binding domain (Ludidi et al., 2002; Li et 

al., 2003). However, unlike expansins, PNPs are mobile and seem to be involved in regulating 

solute and water homeostasis (Gehring & Irving 2003; Maryani et al., 2003; Rafudeen et al., 

2003; Morse et al., 2004). 

 

2.1 Problem Statement 

 

Plant natriuretic peptides are a novel group of peptides whose function is currently not well 

elucidated. Two irPNP-encoding genes have been identified namely; AtPNP-A and AtPNP-B. 

There have been extensive studies on the possible function of PNP-A while there is little if any 

literature at all about the function of PNP-B. In this study we therefore aim to study the 

evolutionary development of PNP-B as well as perform preliminary studies to establish a possible 

functional role in either water homeostasis or in plant defense. 

 

2.2 Hypothesis 

 

The function of PNP-B can be deduced from its sequence similarity with PNP-A, expansins, 

CjBAp12 and other known plant peptides.  
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2.3 Aim  

 
The amplification, cloning and sequencing of the coding region of PNP-B from various 

evolutionary related plants and optimization of the heterologous expression of the peptide 

for functional and structural studies. 

 

2.4 Objectives 

 

1. Bioinformatics analysis of PNP-B 

a. Search for the PNP-B gene using Entrez protein and BLAST and sequence 

alignments of all the sequences related to AtPNP-B 

b. Chromosomal location and identification of genes surrounding PNP-B using the 

rice and Arabidopsis genome sequences. 

c. Promoter and regulatory elements prediction of PNP-B in the rice and Arabidopsis 

genome. 

d. Subcellular location and signal peptide prediction 

e. Secondary and tertiary structure prediction 

2. Expression of the novel protein, PNP-B 

a. Subclone the coding region of the PNP-B gene from selected plants into an 

expression plasmid 

b. Optimization of heterologous expression of the novel protein, PNP-B in 

Escherichia coli  

3. The evolutionary relationship of PNP-B in plants  

a. Obtain DNA sequences of PNP-B genes from various plant genomes 

b. Construct evolutionary trees 
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CHAPTER THREE: BIOINFORMATICS ANALYSIS OF PNP-B 
 

3. Introduction 

 

3.1 Bioinformatics Analysis 

 

The knowledge of protein structure is generally considered a prerequisite to understanding 

protein function (Bourne & Weissig, 2003; Bergeron, 2003). Approximately 30 000 protein 

structures are now known. Most were determined by X-ray crystallography or Nuclear Magnetic 

Resonance (NMR) (Lesk, 2005). Experimental methods are time consuming, expensive and do 

not give guaranteed success. However, computational methods are the more viable means of 

predicting protein structures of novel proteins. Computational methods such as ab initio, folding 

recognition and comparative modeling methods are the most widely used methods in the 

prediction of the protein structure using amino acid sequences (Bourne & Weissig, 2003; 

Bergeron, 2003). 

 

With the advent of structural genomics, prediction of biological function from structure has 

become one of the major goals of structural biology and bioinformatics (Shapiro & Harris, 2000). 

Assignment of biological function provides a valuable first step toward experimental 

characterization of cellular and physiological roles of gene products (Bourne & Weissig, 2003). 

 

The identification of similar amino acid sequences is used to infer both the structure and the 

function of a protein. It is believed that structure and function can be transferred between similar 

sequences because they have been conserved over long periods of time. This has been confirmed 

for structure (Chothia & Lesk, 1986), but it is a bit more difficult to justify for function. Above 



 

53 
 

40% sequence identity, homologous proteins tend to have the same function, but below this 

threshold, conservation of function falls rapidly (Todd et al., 2001). Even at high levels one must 

be cautious in inferring function, as some sequence relatives with 35% or more sequence identity 

can have differing catalytic activities (Bourne & Weissig, 2003). 

 

Protein functions are often conferred by a few conserved residues, which sequence-based 

methods often fail to detect. These residues will, however, be related in 3D, so a comparison of 

structural similarities between proteins has the potential to identify functional similarities in 

nonhomologous proteins (Bourne & Weissig, 2003).   

 

Proteins, like genes do not exist as linear sequences of molecules, but they assume complex, 

compact 3D shapes. Protein shapes or configurations are characterized as secondary, tertiary, or 

quaternary. The primary structure, which is the linear sequence of the amino acids, is functionally 

uninteresting (Bergeron, 2003). Secondary and tertiary structures are mostly related to protein 

function.  

  

We thus have the following paradigm: 

• DNA sequence determines protein sequence 

• Protein sequence determines protein structure 

• Protein structure determines protein function (Lesk, 2005). 
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3.2 Protein Structure 

 

Proteins are large molecules which, play a variety of roles in life processes: there are structural 

proteins (for example, viral coat proteins); proteins that catalyse chemical reactions (the 

enzymes); transport and storage proteins (haemoglobin); regulatory proteins, including hormones 

and receptor/signal transduction proteins; proteins that control gene transcription; and proteins 

involved in recognition, including cell adhesion molecules, and antibodies and other proteins of 

the immune system (Lesk, 2005).  In many cases only a small part of the structure – an active site 

– is directly functional, the rest existing primarily to create and fix the spatial relationship among 

the active site residues. Proteins evolve by structural changes, produced by mutations in the 

amino acid sequence and genetic rearrangements, which bring together different combinations of 

structural subunits (Lesk, 2005).   

 

Protein molecules have four levels of structural organization: primary (sequence), secondary 

(local folding), tertiary (overall folding) and quaternary (multichain association) (Matthews et al., 

2000). 

 

3.2.1 Primary Structure 

The primary structure of a protein is the first level of organization and depicts the sequence of 

amino acids in its polypeptide chain. The primary structure is dictated by the DNA sequence in 

the gene for each protein (Matthews et al., 2000). A specific sequence of nucleotides in DNA is 

transcribed into mRNA, which is read by the ribosome in a process called translation. The 

sequence of a protein is unique to that protein, and defines the structure and function of the 

protein. The sequence of a protein can be determined by methods such as Edman degradation or 

tandem mass spectrometry. Often however, it is read directly from the sequence of the gene using 
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the genetic code. Post-transcriptional modifications such as disulfide formation, phosphorylations 

and glycosylations are usually also considered a part of the primary structure, and cannot be read 

from the gene (Cooper & Hausman, 2007). Most proteins exhibit higher levels of structural 

organization as well. It is the specific three-dimensional structure of each protein that allows it to 

function in its particular biological role (Matthews et al., 2000).  

 

3.2.2 Secondary Structure 

The secondary structure is the regular arrangement of amino acids within localized regions of the 

polypeptide. Two types of secondary structure, which were first proposed by Linus Pauling and 

Robert Pauling in 1951, are particularly common: the α-helix and the β-sheet. Both of these 

secondary structures are held together by hydrogen bonds between the CO and the NH groups of 

peptide bonds (Cooper & Hausman, 2007). The part of the backbone that is not in a regular 

secondary structure is said to be a random coil. 

 

3.2.2.1 α-Helix 

An α-helix is formed when a region of a polypeptide chain coils around itself, with the CO group 

of one peptide bond forming a hydrogen bond with the NH group of a peptide bond located four 

residues downstream in the linear polypeptide (Cooper & Hausman, 2007). This results in a 

strong hydrogen bond that has the nearly optimum N ........O distance of 2.8 Å. Amino acid side 

chains project outward and down ward from the helix, thereby avoiding steric interference with 

the polypeptide backbone and with each other. The core of the helix is tightly packed; that is, its 

atoms are in van der Waals contact. Not all amino acids favor the formation of the α-helix due to 

steric constraints of the R-groups. Amino acids such as alanine, aspartic acid, glutamic acid, 

isoleucine, leucine and methionine favor the formation of α-helices, whereas, glycine and proline 

favor disruption of the helix. This is particularly true for proline since it is a pyrrolidine based 
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amino acid (HN=) whose structure significantly restricts movement about the peptide bond in 

which it is present, thereby, interfering with extension of the helix. The disruption of the helix is 

important as it introduces additional folding of the polypeptide backbone to allow the formation 

of globular proteins (Voet et al., 1999). The helical twist of the α-helix found in all proteins is 

right-handed (Nelson & Cox, 2005). The α-helix is a common secondary structure encountered in 

proteins of the globular class.  

 

3.2.2.2 β-Strands 

A β-sheet is formed when two parts of a polypeptide chain lie side by side with hydrogen bonds 

between them. β-sheets can be formed between several polypeptide strands, which can be 

oriented either parallel or anti-parallel to each other (Cooper & Hausman, 2007). In parallel 

sheets adjacent peptide chains proceed in the same direction whereas, in antiparallel sheets 

adjacent chains are aligned in opposite directions (Voet et al., 1999).  

 

3.2.3 Tertiary & Quaternary Structure 

Proteins show a great variety of three-dimensional conformations. The functions of proteins 

depend on their adopting the native 3-dimensional structure (Lesk, 2005). Tertiary structure is the 

folding of the polypeptide chain as a result of interactions between the side chains of amino acids 

that lie in different regions of the primary structure. In most proteins, combinations of α-helices 

and β-sheets, connected by loop regions of the polypeptide chain, fold into compact globular 

structures called domains, which are the basic units of tertiary structure. The formation of tertiary 

structure is usually driven by the burial of hydrophobic residues in the interior of the protein but 

other interactions such as hydrogen bonding, ionic interactions and disulfide bonds can also 

stabilize the tertiary structure. The tertiary structure encompasses all the noncovalent interactions 
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that are not considered secondary structure, and is what defines the overall fold of the protein, 

and is usually indispensable for the function of the protein (Cooper & Hausman, 2007). 

 

The highest level of protein structural organization is the quaternary structure.  The quaternary 

structure results from association of independent tertiary structural units through surface 

interactions, such as formation of the hemoglobin tetramer from myoglobin-like monomers 

(Cooper & Hausman, 2007). The individual chains are called subunits. The individual subunits 

are not necessarily covalently connected, but might be connected by a disulfide bond. Not all 

proteins have quaternary structure, since they might be functional as monomers. The quaternary 

structure is stabilized by the same range of interactions as the tertiary structure (Nelson & Cox, 

2005).  

 

Proteins with multiple polypeptide chains are oligomeric proteins. Oligomeric proteins can be 

composed of multiple identical polypeptide chains or multiple distinct polypeptide chains. 

Proteins with identical subunits are termed homo-oligomers. Proteins containing several distinct 

polypeptide chains are termed hetero-oligomers. Hemoglobin, the oxygen carrying protein of the 

blood, contains two α and two β subunits arranged with a quaternary structure in the form, α2β2. 

Hemoglobin is, therefore, a hetero-oligomeric protein (Voet et al., 1999). 

 

3.3 Transcription in Eukaryotes 

 

Transcription is centrally involved in an array of biological processes, which include growth, 

development and response to external stimuli. Transcription in eukaryotes is a much more 

complex process than in prokaryotes (Matthews et al., 2000). Transcription refers to the process 

whereby the double-stranded deoxyribonucleic acid (DNA) blueprint of a gene is converted into a 
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single stranded messenger ribonucleic acid (mRNA). In eukaryotes, protein-coding genes are 

transcribed by the RNA polymerase II transcriptional machinery, which comprises RNA 

polymerase II and other factors that are required for basal and regulated transcription. Gene 

expression is controlled, inter alia, through: (i) dense packaging of chromatin; (ii) transcription 

initiation through assembly of RNA polymerase II and binding of transcription factors (TFs) at 

the core promoter; (iii) enhancer elements; (iv) CpG islands; (v) alternative splicing; (vi) 

polyadenylation; and (vii) translation initiation (Fickett & Hatzigeorgiou, 1997; Johansson et al., 

2003; Lareau et al., 2004; Pedersen et al., 1999). 

 

In order for transcription to begin, the RNA Polymerase II holoenzyme and a number of 

accessory proteins, called general transcription factors (TFs), must bind to the core promoter that 

spans the transcription start site (TSS) and comprises the TATA box, which has the sequence 

TATAA and is located 25 to 30 nucleotides upstream of the TSS, initiation region (Inr) and 

downstream promoter element (DPE), located approximately 30 base pairs downstream of the 

TSS (Cooper & Hausman, 2007). In addition, regulatory proteins may bind to the proximal 

promoter, upstream of the core promoter. Transcription resulting from the binding of only the 

minimal components to the core promoter is called basal transcription and is uncommon in vivo 

(Pedersen et al. 1999). 

 

In contrast to basal transcription, the activated transcription that occurs in vivo is tightly regulated 

by the binding of additional TFs to additional cis-regulatory elements. Bound TFs mediate their 

regulatory effects by interacting with the basal transcription complex via protein-protein 

interactions. This is made possible by the DNA strand bending back on itself (Werner et al., 

2003). Regulatory elements can be found several kilobases (kb) away up- or downstream from 
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the TSS and include both enhancers, that activate transcription, and silencers, that repress 

transcription (Pedersen et al., 1999). 

 

The type of TF that binds a DNA sequence will also influence whether transcription will be 

repressed or stimulated, and to what extent. Some TFs binding upstream of a gene may be 

nonspecific, whilst others may be specific for the gene (Nikolov & Burley, 1997) and the 

conditions under which transcription must occur. The binding of TFs to DNA is influenced by the 

degeneracy of the transcription factor binding site (TFBS) and the availability of the TFs. For 

example, spatial, temporal and environmental conditions may alter the types of TFs that are 

available to the cell. A specific combination of TFs bound upstream of a gene may thus modulate 

transcription in a different manner than that of a different combination of TFs bound upstream of 

the same gene (Pedersen et al., 1999). 

 

3.4 Aims 

 

• To identify the biophysical properties (functional and structural) of PNP-B and its 

relation to other molecules as reported in literature. 

• To predict the promoter region and the regulatory elements of PNP-B. 

 

3.5 Materials & Methods 

 

3.5.1 Search for the PNP-B gene 

The retrieval of all known previously identified plant natriuretic peptide and plant natriuretic 

peptide-like genes was achieved through use of the Entrez Protein accessed via the NCBI website 

(http://www.ncbi.nlm.nih.gov/Entrez) (Altschul et al., 1990). The keywords that were used for 
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retrieving the sequences from Protein Entrez were ‘plant natriuretic peptide’ and the default 

settings were used. The sequences were saved as FASTA format in a text file. 

 

3.5.2 Sequence Alignments 

Sequence alignments were done using CLUSTALW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html) (Larkin et al., 2007) using the relevant text 

files that were obtained in section 3.4.1 for inputting the sequences. Default settings were used in 

all the alignments.  

 

3.5.3 Chromosomal Location and Surrounding Genes 

Genes up stream and downstream of AtPNP-B were accessed from NCBI Sequenceviewer 

(http://www.ncbi.nlm.nih.gov/projects/sviewer/). 

 

3.5.4 Promoter and Regulatory Elements Prediction 

Recognition of promoter elements in PNP-B was achieved by scanning the genomic DNA 1 kb 

upstream and 200 bp downstream of the transcriptional start site (TSS) with Neural Network 

Promoter Prediction (NNPP; http://www.fruitfly.org/seq_tools/promoter.html) and Promoter 

Scan (http://www.cbs.dtu.dk/services/promoter) at default settings.  

 

Recognition of regulatory elements in PNP-B was achieved by scanning the genomic DNA 1 kb 

upstream and 200 bp downstream of the TSS with PLACE (Plant Cis-acting Regulatory DNA 

Elements; http://www.dna.affrc.go.jp/PLACE/signalscan.html) according to the method of Higo 

et al., (1999), Genomatix (http://www.genomatix.de/cgi-bin/matinspector_prof/mat_fam.pl?) and 

Plant Care (Cis-Acting Regulatory Element) 
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(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) according to the method of Lescot 

et al., (2002) were used at default settings.  

 

3.5.5 Subcellular Location and Signal Peptide Prediction 

Subcellular location and signal peptide prediction were done for the PNP-B sequence from 

Arabidopsis thaliana using TargetP (http://www.cbs.dtu.dk/services/TargetP/) as described by 

Emanuelsson et al., (2007). Default settings were used in the subcellular location and signal 

peptide predictions. 

 

3.5.6 Secondary Structure Prediction 

Protein secondary structures of PNP-B (Q9M0C2.1) and PNP-A (Q9ZV52.2), from Arabidopsis 

thaliana and CjBAp12 (Q9ZP41.1) (citrus blight protein) were predicted using PSIpred 

(http://bioinf.cs.ucl.ac.uk/psipred/) as described by Jones (1999). Default settings were used in all 

the secondary structure predictions. 

 

3.5.7 Tertiary Structure Prediction 

The tertiary structure of PNP-B from Arabidopsis thaliana was predicted using SWISS-MODEL 

(http://swissmodel.expasy.org/) (Arnold et al., 2006). Default settings were used for the tertiary 

structure prediction. 

 

3.6 Results 

 

3.6.1 Chromosomal Location and Surrounding Genes 

A PNP-B gene from Arabidopsis thaliana (Q9M0C2.1) was identified and targeted for 

amplification and expression as further detailed. The Arabidopsis thaliana PNP-B was termed 
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5΄ 3΄ 
100 bp      272 bp 

138 bp 

Figure 3.1: Genomic organization of the AtPNP-B encoding gene from Arabidopsis thaliana. (a)  DNA 

sequence of AtPNP-B with the intron region indicated in red. (b)  Schematic representation of the AtPNP-B 

gene. 

AtPNP-B for future reference. It was shown that the encoding gene of AtPNP-B sits on 

chromosome 4 (NC_003075) in the Arabidopsis thaliana genome. On the Arabidopsis thaliana 

genome the first 100 base pairs of the AtPNP-B encoding gene correspond to base pair number 

14860491 to base pair 14860591. Base pair 101 to base pair 372 on the AtPNP-B encoding gene 

from Arabidopsis thaliana, corresponds to base pair number 14860728 to base pair 14861000 on 

chromosome 4 of the Arabidopsis thaliana genome. This shows the presence of a predicted 138 

base pair intron in the encoding gene of AtPNP-B (www.ncbi.nlm.nih.gov/blast/Blast.cgi).  

 (a) 
  1 ATGAGTAAAA GTATTGTGTT TTTTTCTACC GTTCTTGTTT TTCTCTTCTC 

 51 TTTCTCATAT GCAACTCCCG GGATTGCAAC TTTTTACACA AGTTACACTC 

101 GTAAGAATTT TTGTGTGTTT TACTACCAAA ATTATAAAAC AAATACAAAC 

151 AACAAACTTA TCTTATACAT TTTCATATCA ACCTACAGCG AAATGTTATA 

201 AAATCATTTT CTTTTATTTC ATGTTTGATA GCATCAGCAT GTTACAGAGG 

251 TACTCAAGAA GGAGTGATGA TCGCTGCAGC GAGTGATACA TTATGGGACA 

301 ATGGTCGAGT TTGTGGCAAA ATGTTCACCG TGAAATGCAG CGGACCTCGT 

351 AACGCCGTGC CTCACCCTTG CACGGGGAAA TCCGTGAAGG TCAAGATCGT 

401 TGACCATTGT CCCAGTGGCT GTGCTTCTAC GCTCGATCTT TCTCGAGAAG 

451 CTTTTGCTCA GATCGCTAAT CCTGTCGCTG GGATTATTAA CATTGATTAT 

501 TTTCCGTAA 

(b) 

 

 

 

 

Figure 3.1 above shows the genomic organization of AtPNP-B as predicted from the genomic 

sequence data. The genomic sequence is 510 bp long and contains one predicted 138 bp long 

intron. The predicted protein is thus expected to consist of 123 amino acids (approximately 13 

kDa) and an isoelectric point of 8.4. 
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The total DNA sequence for chromosome 4 was downloaded from TAIR and the genes 

surrounding AtPNP-B were identified. It was shown that AtPNP-B is flanked on either side by 

the zinc finger (C3HC4-type RING finger) family protein with a further heat shock protein and 

cyclic nucleotide gated channel protein upstream of the 5’ zinc finger, as shown in figure 3.2 

below.   

 
 

 

 

Figure 3.2: Schematic diagram of the genes surrounding AtPNP-B. AT4G30350.1 – heat shock protein-related; 

AT4G30360.1 – cyclic nucleotide gated channel family; AT4G30370.1 - zinc finger (C3HC4-type RING finger) 

family protein; AT4G390.1 – Unknown protein; AT4G30400.1 - zinc finger (C3HC4-type RING finger) family 

protein. 

 

3.6.2 Transcriptional Signals and Regulatory Elements 

A sequence [‘putative blight-associated protein p12 precursor (oryza sativa japonica group)’; 

BAD2245.1] from the rice genome was also identified using BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) for comparison of promoter and regulatory elements with 

AtPNP-B. The rice sequence was aligned with both AtPNP-A and AtPNP-B (shown in figure 3.3 

above) separately to determine which of the two sequences (AtPNP-A or AtPNP-B), had the 

highest sequence similarity with the sequence and therefore confirm that it is a PNP-B gene. It 

was observed that the rice sequence had more sequence similarity with AtPNP-B (54% sequence 

similarity compared with 38% for AtPNP-A). The Oryza sativa PNP-B was termed OsJPNP-B 

for future reference. 

AT4G30350.1 AT4G30360.1 AT4G30370.1 AtPNP-B AT4G30390.1 AT4G30400.1 
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(a) 
OsJPNP-B        MAKVITSVVIAAVVALAMVSLVAADSGTATFYTPPYTPSACYGFEDQGTMIAAASDVFWN 60 
AtPNP-B         MSK---SIVFFSTVLVFLFSFSYATPGIATFYTS-YTP--CYRGTQEGVMIAAASDTLWD 54 
                *:*   *:*: :.* : :.*:  * .* *****. ***  **   ::*.*******.:*: 
 
OsJPNP-B        GGAACGQQYVVTCTGPTNQGVPQPCTGQSVTVKIVDHCPSGCAGTIDLSQEAFAIIANPD 120 
AtPNP-B         NGRVCGKMFTVKCSGPRN-AVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANPV 113 
                .* .**: :.*.*:** * .**:****:**.************.*:***:**** ****  
 
OsJPNP-B        AGKVFIDYQQV 131 
AtPNP-B         AGIINIDYFP- 123 
                ** : ***    

 
 (b) 
OsJPNP-B        -MAKVITSVVIAAVVALAMVSLVAADSGTATFYTPPYTPSACYGFEDQGTMIAAASDVFW 59 
AtPNP-A         MIKMAVKFVVVMIVFAQILAPIAEAAQGKAVYYDPPYTRSACYGTQ-RETLVVGVKNNLW 59 
                 :  .:. **:  *.*  :..:. * .*.*.:* **** ***** : : *::....: :* 
 
OsJPNP-B        NGGAACGQQYVVTCTGPTNQGVPQPCTGQSVTVKIVDHCPSGCAGTIDLSQEAFAIIANP 119 
AtPNP-A         QNGRACGRRYRVRCIGATYN-FDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVIANT 118 
                :.* ***::* * * *.* : . :.***::* **:**.* . * * ::**::** :***. 
 
OsJPNP-B        DAGKVFIDYQQV 131 
AtPNP-A         DAGNIRVVYTPI 130 
                ***:: : *  : 

 
Figure 3.3 Sequence Alignments (a) Alignment of AtPNP-B and OsJPNP-B (b) Alignment of AtPNP-A and 

OsJPNP-B. 

 
The transcription start site was found -31 bp upstream of the AtPNP-B start codon (ATG) and -

109 upstream of the OsJPNP-B start codon (ATG). The core promoter region was predicted to be 

in the region -71 to -21 bp upstream of the start codon for AtPNP-B and in the region -149 to -99 

upstream of the start codon for OsJPNP-B. No downstream promoter element (DPE) was found 

in both AtPNP-B and OsJPNP-B but three initiator (INRNTPSADB) sites were found for AtPNP-

B and one initiator (INRNTPSADB) site for OsJPNP-B. A putative polyadenylation signal is 

found 119 bp downstream of the stop codon for AtPNP-B and 83 bp downstream of the stop 

codon for OsJPNP-B.  
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Figure 3.4: Schematic diagram showing the cis regulatory elements for the AtPNP-B gene. The abiotic TFBS are 

shown in pink while the biotic ones are shown in green. 
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Figure 3.5: Schematic diagram showing the cis regulatory elements for the OsJPNP-B gene. The abiotic TFBS are 

shown in pink while the biotic ones are shown in green. 
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A summary of the predicted transcription factor binding sites (TFBS) are found in Appendix 2, 

and represented schematically in figure 3.4 for AtPNP-B and in figure 3.5 for OsJPNP-B. For 

AtPNP-B, most of the TFBS were shown to be related to water homeostasis in particular 

dehydration responsiveness and water stress; ABRELATERD1 (Nakashima et al., 2006), 

ACGTATERD1 (Simpson et al., 2003), MYB1AT (Abe et al., 2003), MYB2AT (Urao et al., 

1993), MYCCONSENSUSAT (Abe et al., 2003), MYBCORE (Solano et al., 1995), 

TAAAGSTKST1 (Plesch et al., 2001) and MYCATRD22 (Abe et al., 1997). There were also 

other TFBS that were related to abiotic stresses such as low temperature response elements 

(LTRECOREATCOR15) (Baker et al., 1994). 

 

The AtPNP-B gene was also shown to have predicted TFBS that are related to biotic stresses. 

These TFBS included, EREELEE4 (ethylene responsive element; Rawat et al., 2005) and the W-

Box 1 (Yu et al., 2001), which is a TFBS that has a function in wounding and pathogen response. 

 

The promoters that were predicted to regulate the OsJPNP-B gene were mostly related to water 

homeostasis in particular dehydration and water stress; ACGTATERD1 (Simpson et al., 2003), 

MYCATERD1 (Simpson et al., 2003; Tran et al., 2004), MYCCONSENSUSAT (Abe et al., 

2003), MYB2CONSENSUSAT (Abe et al., 2003), MYBCORE (Solano et al., 1995), 

ABRELATERD1 (Nakashima et al., 2006), TAAAGSTKST1 (Plesch et al., 2001) and MYB1AT 

(Abe et al., 2003). The OsJPNP-B gene was also shown to have predicted TFBS that are related 

to biotic stresses. These TFBS included, TGAGG-motif (methyl jasmonate responsiveness), TC-

rich repeats (defense and stress responsiveness), GCCCORE (ethylene and jasmonate 

responsiveness; Brown et al., 2003) and ABREOSRAB21 (abscisic responsive element; Busk & 

Pages, 1998). 



 

 

 
Figure 3.6: Comparative analysis of cis

sequence for each gene was 1 kb upstream of the gene and 200 bp downstream. Elements identified: A 

response element; B – ABRELATERD1; C 

ERELEE4; G – GCCCORE; H 

MYB2CONSENSUSAT; M – MYBCORE; N 

– POLASIG3; R – PYRIMIDINEBOXHVEPB1; S 

repeats; V – TGAGG-motif; W –

 

The frequency and occurrence of the TFBS for AtPNP

shown in figure 3.6 above. The comparison shows that both AtPNP

that relate to both water and biotic stress. In both genes the TFBS that relate to water stress

homeostasis out-number the ones that relate to biotic stress approximately four fold. The TFBS 

that were present for both AtPNP

MYB1AT, MYBCORE, MYCCONSENSUSAT and TAAAGSTKST1. The TFBS that were 

common for both AtPNP-B and OsJPNP

dehydration responsiveness. The core promoter elements (CAATBOX and TATABOX) were 
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Comparative analysis of cis-elements identified in silico for AtPNP-

sequence for each gene was 1 kb upstream of the gene and 200 bp downstream. Elements identified: A 

ABRELATERD1; C – ABREOSRAB21; D – ACGTATERD1; E 

GCCCORE; H – INRNTPSADB; I – LTRECOREATCOR15; J – MYB1AT; K 

MYBCORE; N – MYCATERD1; O – MYCATRD22; P 

PYRIMIDINEBOXHVEPB1; S – TAAAGSTKST1; T – TATABOX (1, 2, 4, 5); U 

– W-BOX1 

cy and occurrence of the TFBS for AtPNP-B and OsJPNP

. The comparison shows that both AtPNP-B and OsJPNP

that relate to both water and biotic stress. In both genes the TFBS that relate to water stress

number the ones that relate to biotic stress approximately four fold. The TFBS 

that were present for both AtPNP-B and OsJPNP-B were ABRELATERD1, ACGTATERD1, 

MYB1AT, MYBCORE, MYCCONSENSUSAT and TAAAGSTKST1. The TFBS that were 

B and OsJPNP-B were the ones that are related to water stress and 

dehydration responsiveness. The core promoter elements (CAATBOX and TATABOX) were 

Regulatory Element 
 

-B and OsJPNP-B. The query 

sequence for each gene was 1 kb upstream of the gene and 200 bp downstream. Elements identified: A – ABA-

ACGTATERD1; E – CAATBOX1; F – 

MYB1AT; K – MYB2AT; L – 

MYCATRD22; P – MYCCONSENSUSAT; Q 

TATABOX (1, 2, 4, 5); U – TC-rich 

B and OsJPNP-B were compared as 

B and OsJPNP-B have TFBS 

that relate to both water and biotic stress. In both genes the TFBS that relate to water stress and 

number the ones that relate to biotic stress approximately four fold. The TFBS 

B were ABRELATERD1, ACGTATERD1, 

MYB1AT, MYBCORE, MYCCONSENSUSAT and TAAAGSTKST1. The TFBS that were 

B were the ones that are related to water stress and 

dehydration responsiveness. The core promoter elements (CAATBOX and TATABOX) were 
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also identified for both AtPNP-B and OsJPNP-B.  However there were a greater number of core 

promoter elements for AtPNP-B than OsJPNP-B. 

 

The TFBS that were identified for AtPNP-B only were ABA-response element, ERELEE4, 

LTRECOREATCOR15, MYB2AT, MYCATRD22, PYRIMIDINEBOXHVEPB1 and W-BOX1. 

The cis-regulatory elements that were identified for OsJPNP-B were ABREOSRAB21, 

GCCCORE, MYB2CONSENSUSAT, MYCATERD1, TC-rich repeats and TGACG-motif. 

 

3.6.3 Sequence Alignments 

Figure 3.7 below shows the alignments of AtPNP-B with the different molecules that have been 

shown to be related to it. Figure 3.7a below shows the alignment of AtPNP-B with a second plant 

natriuretic peptide sequence, from Arabidopsis thaliana, denoted as AtPNP-A (Q9ZV52.2) that 

shows 37% sequence similarity with AtPNP-B. As shown in Figure. 3.7b, AtPNP-B shows a 

strong sequence similarity to CjBAp12 (Q9ZP41.1), a blight-induced protein of unknown 

function, isolated from citrus, Citrus jambhiri (Ceccardi et al., 1998). AtPNP-B is annotated as a 

blight-associated protein homolog (BAPH, accession no. CAB79756), since it shows a high 

degree (54% identity) of sequence similarity with CjBAp12 (accession no. AAD03398).  The 

cysteine residues in both AtPNP-A and AtPNP-B (Figure. 3.7a below) are aligned suggesting a 

conserved protein folding pattern. While CjBAp12 contains an additional cysteine in its putative 

signal peptide, all other cysteine residues align with the AtPNP-A and AtPNP-B (Ludidi et al., 

2002) (Figure. 3.7c below). 
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(a) 
AtPNP-B         -MSKSIVFFSTVLVFLFSFS---YATPGIATFYT---SYTPCYRGTQEGVMIAAASDTLW 53 
AtPNP-A         MIKMAVKFVVVMIVFAQILAPIAEAAQGKAVYYDPPYTRSACY-GTQRETLVVGVKNNLW 59 
                 :. :: *. .::**   ::    *: * *.:*    : :.** ***. .::....:.** 
 
AtPNP-B         DNGRVCGKMFTVKCSGPRNAVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANPV 113 
AtPNP-A         QNGRACGRRYRVRCIGATYNFDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVIANTD 119 
                :***.**: : *:* *.   . :.***::*.**:**.* . * . *:***:**  ***.  
 
AtPNP-B         AGIINIDYFP- 123 
AtPNP-A         AGNIRVVYTPI 130 
                ** *.: * *  

  
(b) 
AtPNP-B         ---MSKSIVFFSTVLVFLFSFSYATPGIATFYTS-YTP--CYRGTQEGVMIAAASDTLWD 54 
CjBAp12         MGVGTKVLVITTMAICLISSAAYASEGTATFYTPPYVPSACNGYKNDGVMIAAASYAIWN 60 
                    :* :*: : .: :: * :**: * *****. *.*  *   .::******** ::*: 
 
AtPNP-B         NGRVCGKMFTVKCSGPRN-AVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANPV 113 
CjBAp12         NGAVCNKSFRVKCTGATNQGTPHPCRGGSVLVKIVDLCPAGCQATIDLSQEAFSQIANPD 120 
                ** **.* * ***:*. * ..**** * ** ***** **:** :*:***:***:*****  
 
AtPNP-B         AGIINIDYFP- 123 
CjBAp12         AGKIKIEFNQA 131 
                ** *:*::    

 
(c) 
AtPNP-B         ----MSKSIVFFSTVLVFLFSFSYATPGIATFYTS-YTP--CYRGTQEGVMIAAASDTLW 53 
CjBAp12         -MGVGTKVLVITTMAICLISSAAYASEGTATFYTPPYVPSACNGYKNDGVMIAAASYAIW 59 
AtPNP-A         MIKMAVKFVVVMIVFAQILAPIAEAAQGKAVYYDPPYTRSACYGTQRETLVVGVKNN-LW 59 
                      * :*.      :: . : *: * *.:* . *.   *    .: :::.. .  :* 
 
AtPNP-B         DNGRVCGKMFTVKCSGPRN-AVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANP 112 
CjBAp12         NNGAVCNKSFRVKCTGATNQGTPHPCRGGSVLVKIVDLCPAGCQATIDLSQEAFSQIANP 119 
AtPNP-A         QNGRACGRRYRVRCIGATY-NFDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVIANT 118 
                :** .*.: : *:* *.      :.* * :* **:** *   * . ::**::**  ***. 
 
AtPNP-B         VAGIINIDYFP- 123 
CjBAp12         DAGKIKIEFNQA 131 
AtPNP-A         DAGNIRVVYTPI 130 
                 ** *.: :    

 
(d) 
AtPNP-B         P-----CYRGTQEGVMIAAASDTLWDNGRVCGK-MFTVK 33 
AtPNP-A         PYTRSACY-GTQRETLVVGVKNNLWQNGRACGR-RY--- 34 
ANP             SLRRSSCFGGRMDR---IGAQSGL---G--CNSFRY--- 28 
                 .     *: *        .... *   *  *.   :    

 
Figure 3.7: Protein sequence alignments. (a) Alignment of AtPNP-B and AtPNP-A from Arabidopsis thaliana (b) 

Alignment of AtPNP-B and CjBAp12 (c) Alignment of AtPNP-B, AtPNP-A and CjBAp12 (d) Alignment of AtPNP-

B, AtPNP-A (33 - 66) and ANP (99 -126); asterisks (*) identify identical amino acids, colons (:) are conservative 

amino acid substitutions and dots (.) are semi-conservative amino acid substitutions. 

 

IrPNPs were first isolated through immunoaffinity purification with an antibody directed against 

the biologically active C-terminus of human α-ANP (α-hANP; NP_006163.1). Previous 

investigations have suggested that the portion 33 – 66 of AtPNP-A has similarity to human ANP 
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(Morse et al., 2004). Thus, there is a possibility that the portion 33 - 66 in PNP-B may show 

some similarity to ANP. The alignment of AtPNP-A, AtPNP-B (33 - 66) and the C-terminus of α-

hANP (99 - 126) (Figure. 3.7d above) shows considerable similarity between the two molecules. 

There is also the conservation of the two cysteine groups in all the three molecules. This might 

suggest a possibility of disulphide bonds which are critical in maintaining secondary structures.  

 

3.6.4 Secondary Structure, Subcellular Location and Signal Peptide Prediction 

A secondary structure prediction program using PSIpred (Jones, 1999) was applied to test for the 

presence of coil, β-sheet and helix domains. The comparison of AtPNP-B with both AtPNP-A 

and CjBAp12 shows near congruence in predicted secondary structure as shown in Figure. 3.8 

below and might imply common, albeit unknown functionality. 

 
Table 3.1: TargetP v1.1 prediction results (Emmanuelsson et al., 2007) 

Name                  Len     cTP    mTP     SP  other  Loc  RC 
---------------------------------------------------------------------- 
AtPNP-B              123   0.004  0.028  0.991  0.031   S    1 
---------------------------------------------------------------------- 

C Chloroplast, sequence contains cTP, a chloroplast transit peptide; 

M  Mitochondrion, sequence contains mTP, a mitochondrial targeting peptide; 

S Secretory pathway, sequence contains SP, a signal peptide; 

RC – “Reliability Coefficient” – a measure of how confident TargetP is in each prediction.  
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(a) 
AtPNP-B         -MSKSIVFFSTVLVFLFSFS---YATPGIATFYT---SYTPCYRGTQEGVMIAAASDTLW 53 
 
 
 
 
AtPNP-A         MIKMAVKFVVVMIVFAQILAPIAEAAQGKAVYYDPPYTRSACY-GTQRETLVVGVKNNLW 59 
 
                 :. :: *. .::**   ::    *: * *.:*    : :.** ***. .::....:.** 
 
 
AtPNP-B         DNGRVCGKMFTVKCSGPRNAVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANPV 113 
 
 
 
 
AtPNP-A         QNGRACGRRYRVRCIGATYNFDRACTGRTVDVKVVDFCREPCNGDLNLSRDAFRVIANTD 119 
                :***.**: : *:* *.   . :.***::*.**:**.* . * . *:***:**  ***.  
 
 
AtPNP-B         AGIINIDYFP- 123 
 
 
 
 
AtPNP-A         AGNIRVVYTPI 130 
                ** *.: * *  

 
(b) 
AtPNP-B         ---MSKSIVFFSTVLVFLFSFSYATPGIATFYTS-YTP--CYRGTQEGVMIAAASDTLWD 54 
 
 
 
CjBAp12         MGVGTKVLVITTMAICLISSAAYASEGTATFYTPPYVPSACNGYKNDGVMIAAASYAIWN 60 
 
                    :* :*: : .: :: * :**: * *****. *.*  *   .::******** ::*: 
 
 
AtPNP-B         NGRVCGKMFTVKCSGPRN-AVPHPCTGKSVKVKIVDHCPSGCASTLDLSREAFAQIANPV 113 
 
 
 
CjBAp12         NGAVCNKSFRVKCTGATNQGTPHPCRGGSVLVKIVDLCPAGCQATIDLSQEAFSQIANPD 120 
                ** **.* * ***:*. * ..**** * ** ***** **:** :*:***:***:*****  
 
AtPNP-B         AGIINIDYFP- 123 
 
 
 
CjBAp12         AGKIKIEFNQA 131 
                ** *:*::    

 
Figure 3.8: Comparison of predicted secondary structures of AtPNP-B with (a) AtPNP-A and (b) CjBAp12 from 

Citrus jambhiri; asterisks (*) identify identical amino acids, colons (:) are conservative amino acid substitutions and 

dots (.) are semi-conservative amino acid substitutions and the underlined sequence delineates the hydrophobic 

signal peptide. 

- β-Strand    - α- Helix 

- Loops     - Different secondary structure 
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Table 3.1 above shows that PNP-B is a secretory protein due to the higher probability of 0.991 of 

the protein following a secretory pathway. Furthermore, the Reliability Coefficient (RC) obtained 

for AtPNP-B was 1. Reliability Coefficient is a measure of the reliability of the prediction. The 

RC ranges from 1 (very reliable prediction; virtually no false positives detected in the TargetP 

test set) to 5 (not reliable prediction; many false positives detected). The RC is based on the 

difference between the highest and the second highest TargetP output scores: if this difference is 

larger than 0.8, then RC is 1; if it is between 0.6 and 0.8, then RC is 2, and so on (Emmanuelsson 

et al., 2007). The prediction of PNP-B to be a secretory protein is consistent with the prediction 

of the protein to have a signal peptide which is cleaved between amino acid 21 and 22 as shown 

in Figure 3.9 below. 

 
 
 
 

 

Figure 3.9: Domain organization of AtPNP-B. The open square is the signal peptide and the filled region represents 

the mature PNP-B peptide. 

 

3.6.5 Tertiary Structure Prediction 

The fold model of AtPNP-B was generated using the AtPNP-B sequence (1 - 123) and it was 

based on the crystal structure of the N-terminal of Ph1 P 1 Timothy Grass Pollen Allergen 

(accession number P43213). The template has also been used by Ludidi et al., (2004) and Wang 

et al., (2007) in the prediction of the plant natriuretic peptide tertiary structures. Template 

selection, alignment and model building were done completely automated by the server (Schwede 

et al., 2003). The template was selected from the SWISS-MODEL template library (SMTL), 

which is extracted from the Protein Data Bank (Westbrook et al., 2003) and the template had a 

sequence identity of more than 25% with the submitted AtPNP-B target sequence. The basic 

1 21   22 123 

N  
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common fold for these molecules is a double psi β barrel structure (Figure 3.10 below) where a 

six-stranded β barrel assumes a pseudo-twofold axes in which the parallel strands form two psi 

structures (Castillo et al., 1999). 

 
 

Figure 3.10: Modelled fold of AtPNP-B showing the six stranded double-psi β barrel (DPBB) structure. The α-

helices are indicated by the blue twisted ribbons and the β strands as pink ribbons and the two protruding psi loops 

are marked. The model was generated using SWISS-MODEL (Arnold et al., 2006) using the N-terminal of Ph1 P 1 

Timothy Grass Pollen Allergen (accession number P43213) as a template. 

 

3.7 Discussion 

 

Plant natriuretic peptides represent a novel class of small proteins that are closely related to 

expansins, which are key regulators of cell wall extension (Ludidi et al., 2002; Li et al., 2003; 

Kende et al., 2004). Thus, homology searches using BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) identified mostly expansins as the protein with significant 

sequence similarity to the AtPNP-B sequence. However, significant sequence similarity of 

AtPNP-B with AtPNP-A, ANP and CjBAp12 was also observed. 

 

Sequence alignment is fundamental to inferring homology (common ancestry) and function. If 

the sequence of a protein or other molecule significantly matches the sequence of a protein with a 

known structure and function, then the molecules may share structure and function (Bergeron, 
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2003). Multiple sequence alignment, in which three or more sequences must be aligned, is useful 

in finding conserved regulatory patterns in nucleotide sequences and for identifying structural 

and functional domains in protein families (Bergeron, 2003).  

 

Sequence alignments of AtPNP-B with ANP, AtPNP-A and CjBAp12 were done and significant 

sequence similarity was observed. A blight associated protein, CjBAp12 shows the highest 

sequence similarity (54%) with AtPNP-B thus giving PNP-B a possible function in pathogenesis 

response. Citrus blight causes zinc deficiency in leaves and accumulation of zinc in bark and 

wood up to four times the levels found in healthy trees (Albrigo & Young, 1981). Xylem vessels 

become plugged, reducing water flow throughout the tree, resulting in wilting, reduction in leaf 

and fruit size and eventual limb dieback (Cohen, 1974). Affected trees show symptoms of water 

stress due to the xylem dysfunction (Syvertsen et al., 1980).  

 

CjBAp12 has a high sequence similarity to AtPNP-B but CjBAp12 is not found in healthy plants 

while AtPNP-B has been amplified from RNA isolated from healthy, unstressed plants. The 

presence of PNP-B in healthy plants might suggest that the peptide is not pathogen responsive but 

this does not preclude a stress-induced up-regulation (Maryani et al., 2001). This will help to 

support the fact that due to the high similarity of AtPNP-B to CjBAp12, AtPNP-B could have a 

pathogenesis-related response in infections where it counteracts the disturbances of cation and 

water transport or directly towards the pathogens that cause the infection. It can therefore, be 

speculated that PNP-B and CjBAp12 either work together or independently towards the goal of 

counteracting disturbances of cation and water transport in plants. 

  

To further support the possibility of the function of PNP-B in pathogenesis-related response, the 

results from the TFBS prediction showed the presence of the W-BOX and the ERELEE4 
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(ethylene responsive element) in the region upstream of the AtPNP-B coding region. The W-

BOX is recognized specifically by salicylic acid – induced WRKY DNA binding proteins (Yu et 

al., 2001). This gives PNP-B a possible function in plant systemic acquired resistance (SAR) 

defense responses which may involve the modification of cellular ion and water homeostasis 

during stress responses. SAR can be triggered by exposing the plant to virulent, avirulent, and 

non-pathogenic microbes, or artificially with chemicals such as salicylic acid, 2,6-dichloro-

isonicotinic acid (INA) or benzo (1,2,3) thiadiazole-7-carbothionic S-methyl ester (BTH) (Sticher 

et al., 1997).  SAR results in the coordinated accumulation of pathogenesis-related proteins (and 

transcripts) and salicylic acid throughout the plant (Cameron et al., 1994). 

 

The prediction of a possible function of AtPNP-B in the SAR pathway is consistent with the 

work of Meier et al., (2008). Meier et al., (2008) have shown that the expression of AtPNP-A, the 

other PNP sequence from Arabidopsis thaliana that shows similarity (34%) with AtPNP-B, is 

significantly correlated with that of genes involved in the SAR defense response pathway in 

response to various biotic and abiotic stimuli. 

 

The presence of ERELEE4 (ethylene responsive element; Rawat et al., 2005) as one of the TFBS 

of AtPNP-B also shows that PNP-B could be involved in induced systemic resistance (ISR). 

Unlike SAR, ISR does not involve the accumulation of pathogenesis-related proteins or salicylic 

acid (Pieterse et al., 1996), but instead, relies on pathways regulated by jasmonate and ethylene 

(Yan et al., 2002). OsJPNP-B also contains two cis-acting elements involved in jasmonate 

responsiveness namely; the TGACG-motif and GCCCORE, further supporting the possible 

function of PNP-B in ISR. The GCC-box is found in many pathogen-responsive genes such as 

PDF1.2, Thi2.1 and PR4 (Brown et al., 2003). GCC-boxes have been shown to function as 

ethylene-responsive elements (Koyama et al., 2003) and they also appear to play important roles 
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in regulating jasmonate-responsive gene expression (Brown et al., 2003). The jasmonate-

responsive elements are found in OsJPNP-B alone but both AtPNP-B and OsJPNP-B have 

ethylene-responsive elements. Jasmonate and ethylene are reported to aid in pathogen resistance 

(Rance et al., 1998). Thus, PNP-B could be involved in providing plants with resistance against 

fungi and bacteria. TC-rich repeats, cis-acting elements that are involved in defense and stress 

responsiveness were also predicted upstream of the OsJPNP-B gene. 

 

For both AtPNP-B and OsJPNP-B abscisic acid (ABA) responsive (ABA response element and 

ABREOSRAB21) cis-acting regulatory elements were predicted. ABA is well known to regulate 

responses to abiotic factors such as salinity and drought (Zhu, 2002). However, more recently, 

ABA has also been implicated in the establishment of compatible interactions between fungal 

pathogens and host plants (McDonald & Cahill, 1999; Mohr & Cahill, 2003). Thus, the presence 

of this cis-regulatory element in both PNP-B genes implicates a role for PNP-B in plant defense 

responses which may involve the modification of cellular ion and water homeostasis during stress 

response. 

  

When AtPNP-B was aligned with AtPNP-A it showed a 34% similarity. This implied that 

AtPNP-B has a possible role in water homeostasis as has been studied before (Morse et al., 

2004). Studies have shown that AtPNP-A is an osmotic stress-responsive peptide hence; AtPNP-

B might also have a role associated with water homeostasis due to the similarity between the two.  

 

In order to help confirm the possible function of PNP-B in water homeostasis, the transcription 

factor binding sites (TFBS) were analysed using the Arabidopsis (AtPNP-B) and Rice (OsJPNP-

B) genomes. The result from the TFBS, section 3.5.2 as shown in figures 3.4 and 3.5 shows that 

PNP-B is most likely to have a function in water homeostasis as noted by the fact that most of the 
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TFBS were related to dehydration responsiveness and water stress. The frequencies of the water 

related TFBS in both AtPNP-B and OsJPNP-B was shown to be equal (17 for both) despite the 

higher water requirements for rice. This shows us that PNP-B regulation is independent of the 

extent of water requirements of the plant.  

 

Examples of TFBS that were shown to be related to dehydration responsiveness were 

ABRELATERD1 (Nakashima et al., 2006), ACGTATERD1 (Simpson et al., 2003), MYB1AT 

(Abe et al., 2003), MYCARTRD22 (Abe et al., 1997) and MYCCONSENSUSAT (Abe et al., 

2003). Other interesting TFBS that were shown to be related to water stress were MYB2AT 

(Urao et al., 1993) and MYBCORE (Solano et al., 1995) which are the binding sites for 

ATMYB2. ATMYB2 is involved in the regulation of genes that are responsive to water stress in 

Arabidopsis. Another TFBS, which contains a MYB recognition site that was found downstream 

of the OsJPNP-B gene, was MYB2CONSENSUSAT. The MYB recognition site is found in the 

promoters of the dehydration-responsive gene rd22 (Abe et al., 2003). 

 

Another TFBS that was found upstream of both AtPNP-B and OsJPNP-B was TAAAGSTKST1. 

The TAAAG elements are target sites for trans-acting Dof proteins controlling guard cell-specific 

gene expression (Plesch et al., 2001). The presence of the TAAAGSTKST1 cis-regulatory 

element upstream of both AtPNP-B and OsJPNP-B is consistent with the experiments of Gehring 

et al., (1996) which demonstrated that synthetic rANP can induce stomatal opening in 

Tradescantia sp. in a concentration dependent manner. Biologically active PNP immune-

analogues (irPNP) and recombinant AtPNP-A have also been shown to promote stomatal opening 

in a concentration dependent manner (Pharmawati et al., 1998a, 2001; Maryani et al., 2001; 

Morse et al., 2004). Therefore, this implies that PNP-B could also promote stomatal opening.  
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The experiments of Gehring et al., (1996) have shown that Na+ is required in the medium for 

activity in animal systems, but it is not the case in plants. Gehring & Irving (2003) suggested that 

in plants, natriuretic peptides operate on processes other than Na+ transport, such as K+ transport 

or the synthesis of compatible solutes. This is supported by the identification of the 

TAAAGSTKST1 regulatory element from both AtPNP-B and OsJPNP-B because the TAAAG 

motif is found in the promoter of the KST1 gene which encodes a K+ influx channel of guard 

cells in potato (Plesch et al., 2001). Thus, it can be concluded that PNP-B operates on K+ 

transport and has a possible function in promoting stomatal opening. 

 

PNPs are recognized by antibodies against vertebrate atrial natriuretic peptides (ANPs) (Vesley et 

al., 1993; Billington et al., 1997; Gehring, 1999). Vertebrate ANPs are a highly conserved and 

well studied group of peptide hormones with an important role in vertebrate salt and water 

homeostasis (Kourie & Rive, 1999; Kone, 2001; Rafudeen et al., 2003). PNPs and vertebrate 

ANPs can elicit a number of common biological responses in plants (Gehring, 1999; Gehring & 

Irving, 2003) and one such response is the promotion of stomatal pore opening that causes 

increased transpiration and gas exchange. While PNPs and ANPs can be viewed as functional 

analogues, they are not likely to be related molecules in the evolutionary sense (Ludidi et al., 

2002). The weak similarity between AtPNP-B and human ANP is the result of convergent 

evolution (Ludidi et al., 2002). 

 

The region of AtPNP-A (33 - 66) that has homology to ANP has also been shown to trigger 

protoplast swelling and stomatal guard cell opening (Morse et al., 2004). When the region 33 – 

66 of AtPNP-A and AtPNP-B were aligned with ANP some similarities were found. The 

sequence alignment showed conservation of the two cysteine residues in the three molecules. 

This suggests the formation of a disulphide bond which is important in maintaining the function 
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of the molecule (Morse et al., 2004). This is supported by the experiments of Pharmawati et al., 

(1998a) who showed that, ANP when linearized loses its biological activity. The experiments of 

Wang et al., (2007) have also shown that the linearization of AtPNP-A removes its ability to 

promote increases in protoplast volume. The conservation of the two cysteine residues in the 

three molecules (AtPNP-A, AtPNP-B and CjBAp12) and the experimental evidence, strongly 

suggests that the effect of PNPs is not just encoded in the primary amino acid sequence but is 

dependent on secondary and tertiary structure.  

 

In 1999, the Nobel prize in Physiology or Medicine was awarded to Günther Blobel for the 

discovery that proteins have intrinsic signals that govern their transport and localization in the 

cell. The determination of the subcellular localization of a protein is an important first step 

towards understanding its function (Emanuelsson et al., 2007) therefore, subcellular localization 

and prediction was one of the bioinformatics tools that was used to determine the localization of 

PNP-B. AtPNP-B was shown to follow a secretory pathway. 

 

The best known protein ‘‘zip code’’ is the secretory signal peptide (SP), which is found in all the 

three domains of life. It targets a protein for translocation across the plasma membrane in 

prokaryotes and across the endoplasmic reticulum (ER) membrane in eukaryotes (von Heijne, 

1990). AtPNP-B was found to be a secretory protein and it also has a signal peptide between 

amino acid 21 and 22. The signal peptide is cleaved off during its translocation across the 

membrane making PNP-B a translocatable protein. This shows that PNP-B is associated with the 

membranes and also supports the evidence that several irPNP-dependent processes have been 

observed in experimental systems that did not contain cell walls such as protoplast or microsomal 

and plasma membrane vesicles. The processes include: in vitro irPNP binding to isolated 

Tradescantia multiflora leaf microsomes (Suwastika et al., 2000), irPNP-dependent modulation 
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of plasma-membrane H+ gradients in potato leaf tissue vesicles (Maryani et al., 2000), increases 

of cGMP levels in response to irPNP in potato guard cell protoplasts (Pharmawati et al., 2001) 

and irPNP-dependent volume changes in protoplasts (Maryani et al., 2001). This implies that 

PNP-B can act directly on the plasma membrane.  

 

AtPNP-A has an important and systemic role in plant growth and homeostasis (Morse et al., 

2004). The accumulation of CjBAp12 in the leaf tissues when it is not synthesised there, indicates 

systemic mobility (Ceccardi et al., 1998). AtPNP-A, CjBAp12 and AtPNP-B all have signal 

peptides. This suggests that AtPNP-B is a systemically mobile protein due to the similarity that it 

has to AtPNP-A and CjBAp12. 

 

The tertiary structure of AtPNP-B was modelled based on the crystal structure of the N-terminal 

of Ph1 P 1 Timothy Grass Pollen Allergen (accession number P43213). Ph1 P 1 Timothy Grass 

Pollen Allergen is a group-1 pollen allergen. Group-1 pollen allergens of grasses have limited but 

significant sequence homology to expansins. Thus, the modelling of AtPNP-B using the pollen 

allergen verifies the similarity of plant natriuretic peptides to expansions though it is not very 

significant. The similarity that is shared with Ph1 P 1 Timothy Grass Pollen Allergen and PNP-B 

is that both molecules are secreted. In terms of their relation in function very little can be deduced 

since their similarity is below 25%.  

 

3.8 Conclusion 

 

In conclusion, we observed that PNP-B shows sequence similarity to ANP, AtPNP-A, CjBAp12 

(a blight-induced protein) and expansins. PNP-B shows higher sequence similarity to CjBAp12, 

giving it a possible pathogenesis-related response. Alignment of the active site of plant natriuretic 
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peptides (the region 33 - 66) with ANP showed that the function of plant natriuretic peptides is 

not only encoded in the primary structure. The possibility of the formation of a disulphide bond 

in the active site suggests that the function of PNPs is encoded in the secondary and tertiary 

structures. 

 

Secondary structure comparison also showed that AtPNP-B has a highly similar secondary 

structure to AtPNP-A suggesting a possibility of a water homeostasis role for PNP-B in plants. 

There is also similarity in the predicted 3D model for AtPNP-B and AtPNP-A molecules. Wang 

et al., (2007) and Ludidi et al., (2004) have predicted a double psi β barrel (DPBB) fold for 

AtPNP-A using the crystal structure of the N-terminal of Ph1 P 1 Timothy Grass Pollen Allergen 

(accession number P43213) as a template. The DPBB fold was also predicted for AtPNP-B, 

suggesting a similarity in function of these two molecules. The similarity in fold of AtPNP-B 

with AtPNP-A, Barwin and family 45 endoglucanases infers an evolutionary relationship 

between these molecules. 

 

From the bioinformatics analysis it has been shown that AtPNP-B has two possible functions; a 

pathogenesis-related or water homeostasis role. However, it is possible that the two roles work 

hand-in-hand, where AtPNP-B might work to counteract the effect of pathogens through 

regulation of water homeostasis. It is also possible that AtPNP-B might work directly against the 

pathogens that cause the infection. However it could not be concluded whether the roles work 

hand-in-hand or independently of each other, therefore, there is a need to investigate the actual 

role of AtPNP-B using purified recombinant protein.  To achieve this it was necessary to develop 

and optimise a heterologous expression system for AtPNP-B. 
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CHAPTER FOUR: FUNCTIONAL CHARACTERISATION OF PNP-B  

IN PLANTS 

 

4. Introduction 

 

Preparations enriched for a specific protein are rarely easily obtained from natural host cells. 

Hence, recombinant protein production is frequently the sole source for purified proteins. The 

ribosomal machinery, located in the cytoplasm is an outstanding catalyst of recombinant protein 

biosynthesis (Sørensen & Mortensen, 2005). Among the systems available for heterologous 

protein production, the gram-negative bacterium Escherichia coli is one of the most attractive 

because of its relative simplicity, its inexpensive and fast high-density cultivation, its well 

characterised genetics and the large number of compatible tools available for biotechnology 

(Baneyx, 1999).  

 

4.1 Essential Components of expression 

 

A number of central elements are essential in the design of recombinant expression systems 

(Baneyx, 1999; Jonasson et al., 2002). Expression is normally induced from a plasmid harboured 

by a system with compatible genetic background. The genetic elements of the expression plasmid 

include origin of replication (ori), an antibiotic resistance marker, transcriptional promoters, 

translation initiation regions (TIRs) as well as transcriptional and translational terminators 

(Sørensen & Mortensen, 2005). 
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4.1.1 The Replicon 

The replicons of plasmids contain the origin of replication and in some cases associated cis acting 

elements (del Solar et al., 1998). Most plasmid vectors used in recombinant protein expression 

replicate by the ColEl or p15A replicon. Plasmid copy number is controlled by the origin of 

replication that preferably replicates in a relaxed fashion (Baneyx, 1999). The ColEl replicon 

present in modern expression plasmids is derived from the pBR322 (copy number 15-20) or the 

pUC (copy number 500-700) family of plasmids, whereas the p15A replicon is derived from 

pACYC184 (copy number 10-12). These multi-copy plasmids are stably replicated and 

maintained under selective conditions and plasmid free daughter cells are rare (Summers, 1998).  

  

4.1.2 Resistance Markers 

The gene coding for antibiotic resistance is necessary, both for identifying transformants and to 

ensure antibiotic selective pressure, that is, only cells that harbour an expression vector will 

divide, thus preventing plasmid loss (Jonasson et al., 2002). The most common drug resistance 

markers in recombinant expression plasmids confer resistance to ampicillin, kanamycin, 

chloramphenicol or tetracycline. Plasmid mediated resistance to ampicillin is accomplished by 

expression of β-lactamase from the bla gene. This enzyme is secreted to the periplasm, where it 

catalyses the hydrolysis of the β-lactam ring. Ampicillin present in the cultivation medium is 

especially susceptible to degradation, either by secreted β-lactamase, or acidic conditions in high-

density cultures. The latter effect can be alleviated by the less degradation susceptible ampicillin 

analog, carbenicillin. Kanamycin, chloramphenicol and tetracycline interfere with protein 

synthesis by binding to critical areas of the ribosome. Kanamycin is inactivated in the periplasm 

by aminoglycoside phosphotransferases and chloramphenicol by the cat gene product, 

chloramphenicol acetyl transferase (Connell et al., 2003).   
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4.1.3 Promoters 

 

Table 4.1: Promoters used in high-level expression in E. coli. 

Promoter Induction 

lac (lacUV5) 

trp 

tac (hybrid) 

γpL 

T7 

T7-lac operator 

T3-lac operator 

T5-lac operator 

T4 gene 32 

phoA 

araBAD 

xapA 

cadA 

recA 

lpp 

proU 

cst-1 

tetA 

nar 

trc (hybrid) 

Chemical (IPTG); High temperature 

Chemical (IAA); High temperature 

Chemical (IPTG) 

 Chemical (IPTG); High temperature 

Chemical (IPTG); High temperature 

Chemical (IPTG) 

Chemical (IPTG) 

Chemical (IPTG) 

T4 infection 

Phosphate starvation 

Chemical (L-arabinose) 

Chemical (xanthosine) 

Acidic pH 

Chemical (nalidixic acid) 

Chemical (IPTG) 

Osmolarity 

Glucose starvation 

Chemical (tetracycline) 

Anaerobic conditions 

Chemical (IPTG) 

 

There are many different types of promoters (Table 4.1 above) that can affect the level of gene 

expression in E. coli. The suitability of promoters for high-level gene expression is governed by 

several criteria. First, the promoter must be strong, capable of protein production in excess of 10-

30% of the total cellular protein. Secondly, the promoter should exhibit a minimal level of basal 

transcription. Basal transcription in the absence of inducer is minimized through the presence of a 
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suitable repressor. Minimization of basal transcription is especially important when the 

expression target introduces a cellular stress situation and thereby selects for plasmid loss. An 

early overproduction of the heterologous protein, due to a nonsilent promoter, might impair cell 

growth. It is therefore desirable to be able to repress the promoter during a cell growth phase to 

achieve high cell densities, after which the high-rate protein production would be initiated by 

induction of the promoter. Thirdly, promoters should be capable of induction in a simple and 

cost-effective manner. Promoter induction is either thermal or chemical and the most common 

inducer is the sugar molecule isopropyl-β-D-thiogalactopyranoside (IPTG). IPTG is an effective 

inducer of the powerful hybrid tac and trc promoters (Hanning & Makrides, 1998). 

 

4.1.4 Messenger RNA 

Translation initiation from the translation initiation region (TIR) of the transcribed messenger 

RNA requires a ribosomal binding site (RBS) including the Shine-Dalgarno (SD) sequence and a 

translation initiation codon (Sørensen et al., 2002). The Shine-Dalgarno sequence is located 7±2 

nucleotides upstream from the initiation codon, which is the canonical AUG in efficient 

recombinant expression systems (Ringquist et al., 1992). Optimal translation initiation is 

obtained from mRNAs with the SD sequence UAAGGAGG. The RBS secondary structure is 

highly important for translation initiation and efficiency is improved by high contents of adenine 

and thymine (Laursen et al., 2002). Translation initiation efficiency is in particular influenced by 

the codon following the initiation codon and adenine is abundant in highly expressed genes 

(Stenstrom et al., 2001). 

 

A transcription terminator placed downstream from the sequence encoding the target gene, serves 

as enhancement of plasmid stability by preventing transcription through the origin of replication 

and from irrelevant promoters located in the plasmid. Transcription terminators stabilize the 
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mRNA by forming a stem loop at the 3` end (Newbury et al., 1987). Translation termination is 

preferably mediated by the stop codon UAA in E. coli. Increased efficiency of translation 

termination is achieved by insertion of consecutive stop codons or the prolonged UAAU stop 

codon (Poole et al., 1995). 

  

4.2 Expression Systems 

 

A wealth of expression systems designed for various applications and compatibilities are 

available. Approximately 80% of the proteins used to solve three-dimensional structures 

submitted to the protein data bank (PDB) in 2003 were prepared in an E. coli expression system. 

The T7 pET expression system (commercialized by Novagen) is the most used in recombinant 

protein preparation (pET represents more that 90% of the PDB protein preparation systems). 

Systems using the λPL promoter/cI repressor (e.g., Invitrogen pLEX), Trc promoter (e.g., 

Amersham Biosciences pTrc), Tac promoter (e.g., Amersham Biosciences pGEX) and hybrid 

lac/T5 (e.g., Qiagen pQE) promoters are common (Hannig & Makrides, 1998). A radically 

different system is based on the araBAD promoter (e.g., Invitrogen pBAD). 

 

In this study the pQE expression system was used. High-level expression of 6xHis-tagged 

proteins in E. coli using pQE vectors is based on the T5 promoter transcription-translation 

system. pQE plasmids belong to the pDS family of plasmids (Bujard et al., 1987) and were 

derived from plasmids pDS/RBSII and pDS781/RBSII-DHFRS (Stueber et al., 1990). These low-

copy plasmids have the following features:  
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• Optimized promoter-operator element consisting of phage T5 promoter (recognised by the 

E. coli RNA polymerase) and two lac operator sequences which increase lac repressor 

binding and ensure efficient repression of the powerful T5 promoter 

• Synthetic ribosomal binding site, RBSII, for high translation rates 

• 6xHis-tag coding sequence either 5` or 3` to the cloning region 

• Multiple cloning site and translational stop codons in all reading frames for convenient 

preparation of expression construct 

• Two strong transcriptional terminators: t0 from phage lambda (Schwarz et al., 1978), and 

T1 from rrnB operon of E. coli, to prevent read-through transcription and ensure stability 

of the expression construct 

• β-lactamase gene (bla) conferring resistance to ampicillin (Sutcliffe, 1979) at 100 µg/ml. 

The chloramphenicol acetyl transferase (CAT) present between t0 and T1 has no promoter 

and is not normally expressed 

• ColE1 origin of replication (Sutcliffe, 1979). 

The extremely high transcription rate initiated at the T5 promoter can only be efficiently 

regulated and repressed by the presence of high levels of the lac repressor protein. E. coli host 

strains used in the QIAexpress System use a lac repressor gene in trans or cis to the gene to be 

expressed. In the trans system, the host strains contain the low-copy plasmid pREP4 which 

confers kanamycin resistance and constitutively expresses the lac repressor protein encoded by 

the lac I gene (Farabaugh, 1978). The cis-repressed vectors pQE-80L, 81L, and -82L contain the 

lac Iq gene and do not require the presence of pREP4. 
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Expression of recombinant proteins encoded by pQE vectors is rapidly induced by the addition of 

IPTG which binds to the lac repressor protein and inactivates it. Once the lac repressor is 

inactivated, the host cell’s RNA polymerase can transcribe the sequences downstream from the 

promoter. The transcripts produced are then translated into the recombinant protein. The special 

‘double operator’ system in the pQE expression vectors, in combination with the high levels of 

the lac repressor protein generated by pREP4 or the lacIq gene on pQE-80L, pQE-81L, or pQE-

82L, ensure tight control at the transcriptional level. 

 

4.3 E. coli Host Strains 

 

The strain or genetic background for recombinant expression is highly important. Expression 

strains should be deficient in the most harmful natural proteases, maintain the expression plasmid 

stably and confer the genetic elements relevant to the expression system (e.g., DE3). 

Advantageous strains for a number of individual applications are available.  

 

In this research BL21, BL21(DE3), BL21(DE3) pLysS and JM109 were the E. coli host strains 

that were used. E. coli BL21 is the most common host and has proven outstanding in standard 

recombinant expression applications. BL21 is a robust E. coli B strain, able to grow vigorously in 

minimal media but however, non-pathogenic and unlikely to survive in host tissues and cause 

disease (Chart et al., 2000). BL21 is deficient in ompT and lon, two proteases that may interfere 

with isolation of intact recombinant protein (Sørensen & Mortensen, 2005).  

 

In the E. coli host strain BL21(DE3), the T7 RNA polymerase is produced from the lysogenic λ 

prophage DE3, and its expression is under the control of the IPTG-inducible lac UV5 promoter. 

The target gene cloned downstream from the T7 promoter is transcribed from the vector by 
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bacteriophage T7 RNA polymerase (Studier et al., 1990). BL21(DE3)pLysS cells can be used 

with protein expression vectors that are under the control of the T7 promoter, such as pET 

vectors. This strain is lysogenic for λ-DE3 (Studier & Moffatt, 1986), which contains the T7 

bacteriophage gene 1, encoding T7 RNA polymerase (Davanloo et al., 1984) under the control of 

the lacUV5 promoter. BL21(DE3)pLysS also contains the pLysS plasmid, which carries the gene 

encoding T7 lysozyme. T7 lysozyme lowers the background expression level of target genes 

under the control of the T7 promoter but does not interfere with the level of expression achieved 

following induction with IPTG. 

 

The JM109 strain is an E. coli K-12 derivative and is appropriate for routine cloning applications. 

JM109 cells are endonuclease (endA) deficient, greatly improving the quality of miniprep DNA, 

and are recombination (recA) deficient, improving insert stability. The hsdR mutation prevents 

the cleavage of cloned DNA by the EcoK endonuclease system. JM109 cells also contain the 

lacIqZ∆M15 gene on the F´ episome, allowing blue-white screening for recombinant plasmids 

(Yanisch-Perron et al., 1985). 

 

4.4 Fusion Proteins 

 

A wide range of protein fusion partners have been developed in order to simplify the purification 

and expression of recombinant proteins (Stevens, 2000). Fusion proteins or chimeric proteins 

usually include a partner or ‘tag’ linked to the passenger or target protein by a recognition site for 

a specific protease. Most fusion partners are exploited for specific affinity purification strategies. 

Fusion partners are also advantageous in vivo, where they might protect passengers from 

intracellular proteolysis (Jacquet et al., 1999), enhance solubility (Davis et al., 1999) or be used 

as specific expression reporters (Waldo et al., 1999). An additional advantage of fusion proteins 
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is that they appear to permit the synthesis of otherwise poorly translated polypeptides. Common 

affinity tags are the polyhistidine tag (His-tag), which is compatible with immobilized metal-

affinity chromatography (IMAC) and the glutathione S-transferase (GST) tag for purification of 

glutathione based resins.  

  

In this study, the polyhistidine tag (His-tag) was used for tagging the target protein. This method 

utilizes immobilized metal-affinity chromatography (IMAC) to purify recombinant proteins 

containing a short affinity-tag consisting of polyhistidine residues. IMAC as described by Porath 

et al., (1975) is based on the interaction between a transition metal ion (Co2+, Ni2+, Cu2+, Zn2+) 

immobilized on a matrix and specific amino acid side chains. Histidine is the amino acid that 

exhibits the strongest interaction with immobilized metal ion matrices, as electron donor groups 

on the histidine imidazole ring readily from coordination bonds with the immobilized transition 

metal. Peptides containing sequences of consecutive histidine residues are efficiently retained on 

IMAC. Following washing of the matrix material, peptides containing polyhistidine sequences 

can be easily eluted by either adjusting the pH of the column buffer or by adding free imidazole.  

 

The method of purifying proteins with histidine residues was first described in 1987 (Hochuli et 

al., 1987). Hochuli has developed a nitrilotriacetic acid (NTA) adsorbent for metal-chelate 

affinity chromatography. The NTA resin forms a quadridentate chelate and is especially suitable 

for metal ions with coordination numbers of six, since two valencies remain for the reversible 

binding of biopolymers. Dihydrofolate reductase with a poly-His-tag was successfully purified 

with Ni2+-NTA matrices in 1988 (Hochuli et al., 1988). The purification efficiency of this system 

was dependent on the length of the polyhistidine and the solvent system. Elution of His6-tagged 

proteins is effective within a range of 20-250 mM imidazole (Hefti et al., 2001; Janknecht et al., 

1991). A disadvantage of using imidazole is that it can influence NMR experiments, competition 
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studies, and crystallographic trials, and the presence of imidazole often results in protein 

aggregates (Hefti et al., 2001). 

 

Poly-histidine affinity tags are commonly placed on either the N- or the C-terminus of 

recombinant proteins. Optimal placement of the tag is protein-specific. Purification using poly-

histidine tags has been carried out successfully using a number of expression systems including 

bacteria (Chen & Hai, 1994; Rank et al., 2001), yeast (Borsing et al., 1997), mammalian cells 

(Janknecht et al., 1991), and baculovirus-infected insect cells (Schmidt et al., 1998). 

 

Although the relatively small size and charge of the polyhistidine affinity tag ensures that protein 

activity is rarely affected, it cannot be excluded that the affinity tag may interfere with protein 

activity (Wu & Filutowicz, 1999). Moving the affinity tag to the opposite terminus (Halliwell et 

al., 2001) or carrying out the purification under denaturing conditions often solves this problem. 

 

4.5 Aim 

 

Optimization of the heterologous expression of AtPNP-B to obtain purified recombinant 

protein for the functional characterisation of PNP-B in plants. 
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4.6 Materials & Methods 

 

4.6.1 Amplification of the AtPNP-B gene using RT-PCR 

The amplification of the AtPNP-B gene was done using the Qiagen® OneStep RT-PCR Kit 

(Qiagen). The Arabidopsis thaliana RNA samples were obtained from J. Goble (Rhodes 

University).  

 

4.6.1.1 Oligonucleotide Primers 

Forward and reverse oligonucleotide primers (ordered from Inqaba Biotechnical Industries) were 

designed to flank the 5' and 3' regions of the AtPNP-B coding region and to incorporate a BamHI 

and SacI restriction endonuclease site respectively for insertion of the amplified gene product into 

the multiple cloning site of the pQE80L expression vector (Qiagen). 

 

Table 4.2: RT-PCR Oligonucleotide Primers. The table summarises the respective sequence, 

length and Tm of each primer. The incorporated BamHI and SacI restriction sites in the forward 

and reverse primers respectively are indicated in bold and underlined. The Tm values provided 

indicate the temperature at which the primer sequences, excluding the introduced restriction sites 

are expected to bind to the target sequence. 

 

Primer Sequence Tm Length 

BamHIF 

(Forward 

Primer) 

5´- GTA GGA TCC ATG AGT AAA AGT 

ATT GTG TTT TTT TCT AC - 3' 

65.3 ºC 38-mer 

SacIR 

(Reverse Primer) 

5´- GTA GAG CTC TTA CGG AAA ATA 

ATC AAT AAT C- 3' 

66.4 ºC 30-mer 

 



 

94 
 

For the RT-PCR procedure, 10 µM working solutions of the forward and reverse primers were 

prepared by dilution of the 100 µM stock solution with nuclease-free water (Inqaba instruction 

sheet supplied with primers). 

 

4.6.1.2 Reaction Mixtures 

The reaction mixtures were prepared as summarised in Table 4.3 below. 

 

Table 4.3: RT-PCR Reaction Components and Control Mixture Compositions 

Component Volume/reaction Negative 

Control 

Final Concentration 

RNase-free water 

5X QIAGEN OneStep RT-PCR 

Buffer 

dNTP Mix (10 mM of each 

dNTP) 

Forward Primer 

Reverse Primer 

QIAGEN OneStep RT-PCR 

enzyme mix 

Template RNA 

20.0 µl 

10.0 µl 

 

2.0 µl 

 

3.0 µl 

3.0 µl 

2.0 µl 

 

1.5 µg (10 µl) 

30.0 µl 

10.0 µl 

 

2.0 µl 

 

3.0 µl 

3.0 µl 

2.0 µl 

 

_ 

_ 

1X 

 

400 µM  (each dNTP) 

 

0.6 µM 

0.6 µM 

_ 

 

1 pg – 2 µg/reaction 

Total Volume 50.0 µl 50.0 µl  

    

4.6.1.3 Temperature Cycling Parameters 

The PCR reactions detailed in Table 4.4 below were performed in the Eppendorf Mastercycler 

personal thermocycler. 
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Table 4.4: Thermal Cycling Conditions for RT-PCR Amplification 

 Step Temperature Time Number of Cycles 
Reverse Transcription 
Initial PCR activation step 
 
3-Step Cycling 
Denaturation 
Annealing 
Extension 
 
Final Extension 
Soak 

50 ºC 
95 ºC 

 
 

94 ºC 
55 ºC 
72 ºC 

 
72 ºC 
4 ºC 

30 min 
15 min 

 
 

1 min 
1min 
1min 

 
10 min 

Indefinite 

1 
1 
 
 

40 
40 
40 
 
1 
1 

 

4.6.1.4 Agarose Gel Electrophoresis of the RT-PCR Products 

The RT-PCR products were resolved at 100V for 1 hour on a 1.0% agarose TAE (Tris, Acetic 

acid, EDTA) gel stained preceding electrophoresis by the addition of 0.5 µg/ml ethidium bromide 

to the gel mixture. A 10 µl sample of each reaction mixture was run with 2 µl of 6 X DNA gel 

loading buffer. The molecular weight marker used was 100 bp O’Gene Ruler (Fermentas). 

Visualization of the gel was performed in the UVP BioDoc-It™ System 2UV Transilluminator. 
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4.6.2 Preparation of the expression vector (pQE80L) 

 

 
Figure 4.1(a) The map of the pQE80L vector showing the following; PT5: T5 promoter, lac O: lac operator, RBS: 

ribosome-binding site, ATG : start codon, 6xHis: 6xHis tag sequence, MCS: multiple cloning site with restriction 

sites indicated, Stop Codons: stop codons in all three reading frames, Col E1: Col E1origin of replication, 

Ampicillin : ampicillin resistance gene, lacIq: lacIq repressor gene (Adapted from the QIAExpressionist). (b) 

pQE80L multiple cloning site (Adapted from the QIAExpressionist). 

  

4.6.2.1 Transformation of the pQE80L vector into TOP10F' cells 

Ten µl of TE buffer was added to 5 µg of the lyophilized pQE80L vector (Qiagen) whose map is 

shown in figure 4.1. The resuspended vector was transformed into chemically competent 

TOP10F’ cells. One vial of competent TOP10F’ cells (50 µl) was thawed on ice and 1 µl of the 

pQE80L vector was added and gently mixed by stirring with a pipette tip. The vial was incubated 

on ice for 30 minutes and a heat-shock treatment was applied for 30 seconds at 42 °C without 

shaking. The vial was immediately placed on ice and 250 µl of room temperature SOC medium 

(a) 

(b) 
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was added. The tube was tightly capped, placed on its side for better aeration and incubated for 

an hour at 37 °C while shaking at 200 rpm. The transformation mix (10 µl, 50 µl and 100 µl) was 

plated on LB plates with 100 µg/ml ampicillin (Amp) and left to grow overnight at 37 °C. 

  

4.6.2.2 Preparation of a master plate 

Ten colonies were picked from the LB plates and used in the construction of an LB Amp agar 

master plate. The plate was incubated at 37 ºC overnight. 

 

4.6.2.3 Minipreparation of the pQE80L vector 

The minipreparation was done using the QIAprep miniprep kit (Qiagen). Two colonies were 

picked from the LB Amp master plate, inoculated into 5 ml of LB medium containing 100 µg/ml 

ampicillin and grown at 37 ºC with shaking overnight for approximately 16 hours. The bacterial 

cells were harvested by centrifugation at 6800 xg for 3 min at room temperature (15 – 25 ºC) and 

all the supernatant was removed leaving no traces at all. The resulting pellet was resuspended in 

250 µl Buffer P1, 250 µl of Buffer P2 was also added and mixed thoroughly by inverting the tube 

4 – 6 times. Following addition of Buffer P2, 350 µl Buffer N3 was added and mixed 

immediately and thoroughly by inverting the tube 4 – 6 times. Samples were then centrifuged for 

10 min at 13,000 rpm (~17,900 xg). After centrifugation, the supernatant was applied to the 

QIAprep spin column by decanting or pipetting, centrifuged for a minute and the flow-through 

was discarded. The QIAprep spin column was washed by adding 0.5 ml Buffer PB, centrifuged 

for a minute and the flow-through discarded. The QIAprep spin column was washed again by 

adding 0.75 ml Buffer PE and centrifuged for a minute. The flow-through was discarded and 

centrifuged for an additional 1 min to remove residual wash buffer. The QIAprep spin column 

was then placed in a clean 1.5 ml microcentrifuge tube. To elute DNA 50 µl of nuclease-free 
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water was added to the centre of each QIAprep spin column, allowed to incubate for 1 min at 

room temperature and then centrifuged for 1 min. From each minipreparation performed some of 

the eluted DNA was reserved for restriction enzyme digestion and the remaining DNA was stored 

at -20 ºC. 

        

4.6.3 Construction of the pQE80L-AtPNP-B plasmid 

Cloning of the AtPNP-B insert into the pQE80L expression vector was performed by double 

restriction enzyme digestion of the vector and insert with BamHI and SacI restriction enzymes as 

detailed below. 

 

4.6.3.1 Double Restriction enzyme digestion of vector and insert 

 

Table 4.5: Double Restriction enzyme digestion mixture constituents of the vector 

Components Volume/µl Control Control 

Promega Buffer E 

Rnase-free water 

Template DNA 

Promega BamHI 

Promega SacI 

10 µl 

10 µl 

10 µl 

5 µl 

5 µl 

10 µl 

20 µl 

_ 

5 µl 

5 µl 

10 µl 

20 µl 

10 µl 

_ 

_ 

Total 40 µl 40 µl 40 µl 

 

The vector and insert were cut in separate tubes with 10U/µl BamHI and SacI (Promega), 10 X 

buffer E (Promega) in a double digest at 37 ºC for 2 hours and analyzed on a 1 % agarose gel. 

Restriction mixtures were prepared as detailed in Table 4.5 above and 4.6 below. 
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Table 4.6: Double Restriction enzyme digestion mixture constituents of the insert 

Components Volume/µl Control Control 

Promega Buffer E 

Rnase-free water 

Template DNA 

Promega BamHI 

Promega SacI 

2 µl 

14 µl 

2 µl 

1 µl 

1 µl 

2 µl 

16 µl 

_ 

1 µl 

1 µl 

2 µl 

16 µl 

2 µl 

_ 

_ 

Total 20 µl 20 µl 20 µl 

 

4.6.3.2 Agarose gel electrophoresis of restriction enzyme digests 

Restriction enzyme digests and control reactions were resolved at 100 V for 1.5 hrs on a 1 % 

agarose TAE gel as per the protocol detailed in section 4.6.1.4. 

 

4.6.3.3 Gel Purification of the vector and insert 

The gel purification of the vector and insert was done using the Wizard® SV Gel and PCR Clean-

Up System (Promega). After the running of the gel, rapid visualisation was performed with a 

long-wavelength UV lamp and the two DNA fragments were excised using a sterile scalpel – one 

corresponding to the RT-PCR-amplified insert and the second to the vector.  

 

The gel slices were then transferred to weighed microcentrifuge tubes and the weights recorded. 

The weight of the empty tube was subtracted from the total weight to obtain the weight of the gel 

slice. Membrane Binding Solution was then added to the gel slices at a ratio of 10 µl of solution 

per 10 mg of agarose gel slice. The mixture was vortexed and incubated at 50 – 65 ˚C for 10 mins 

until the slice was completely dissolved. For each dissolved gel slice one SV Minicolumn was 

placed in a Collection Tube. The dissolved gel mixture was transferred to the SV Minicolumn 
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assembly and incubated for 1 min at room temperature. The SV Minicolumn was then 

centrifuged at 16,000 xg (14,000rpm) for 1 min and the liquid in the collection tube was 

discarded. The column was washed by adding 700 µl of Membrane Wash Solution to the SV 

Minicolumn and centrifuging the column assembly for 1 min at 16,000 xg (14,000rpm). The 

column was washed again with 500 µl of Membrane Wash Solution and centrifuged for 5 mins at 

16,000 xg. After the wash step, the collection tube was emptied and the column assembly was 

recentrifuged for 1 min with the microcentrifuge lid off to allow evaporation of any residual 

ethanol. Following centrifugation, the SV Minicolumn was transferred to a clean 1.5 ml 

microcentrifuge tube and 50 µl of nuclease-free water was applied directly to the centre of the 

column, incubated at room temperature for 1 min and then centrifuged for 1min at 16,000 xg 

(14,000rpm). The SV Minicolumn was discarded, some of the eluted gel purified vector and 

insert was reserved for ligation and the remaining eluted gel purified vector and insert was stored 

at -20 ˚C. 

 

 4.6.3.4 Ligation of the pQE80L vector and the AtPNP-B insert 

To enable a 1:2 molar ratio of vector: insert in the ligation reaction, the reaction mixture was 

composed as specified in Table 4.7, below. The ligation mixture was incubated at 16 ºC for four 

hours followed by incubation at 4 ºC for 30 mins prior to transformation into the E. coli cells.  
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Table 4.7: Ligation Reaction of pQE80L and AtPNP-B 

Reaction Constituent Volume (µl) 

BamHI/SacI-restricted pQE80L vector 

BamHI/SacI-restricted AtPNP-B (RT-PCR-amplified) 

10x Ligation Buffer (Promega) 

1.5 U/µl T4 DNA Ligase 

RNase-free water 

4 µl 

6 µl 

2 µl 

1 µl 

2 µl 

Total 15 µl 

 

4.6.3.5 Transformation of the pQE80L-AtPNP-B plasmid into TOP10F′ 

The pQE80L-AtPNP-B construct was transformed into chemically competent TOP10F′ cells. As 

described in the manual (pCR®T7 TOPO® TA Expression Kits, Invitrogen), one vial (50 µl) of 

the competent cells per transformation was thawed on ice and 2 µl of plasmid DNA (pQE80L-

AtPNP-B) was added and gently mixed by stirring with a pipette tip. The vial was incubated on 

ice for 30 minutes and a heat-shock treatment was applied for 30 seconds at 42 °C without 

shaking. The vial was immediately placed on ice and 250 µl of room temperature SOC medium 

was added. The tube was tightly capped, placed on its side for better aeration and incubated for 

an hour at 37 °C while shaking at 200 rpm. The transformation mix was plated on LB plates with 

ampicillin and allowed to grow overnight at 37 °C.  

  

4.6.3.6 Verification of the pQE80L-AtPNP-B ligation 

Verification of the ligation of the pQE80L vector and the AtPNP-B insert was achieved by 

colony PCR followed by agarose gel electrophoresis of the colony PCR products as detailed 

below. 
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Colony PCR of transformed pQE80L-AtPNP-B 

From the overnight LB Amp plates prepared in section 4.6.3.5 ten colonies were picked and used 

in the construction of an LB agar master plate and incubated at 37 ºC overnight. Templates for 

the colony PCR screening procedure were prepared through the re-suspension of the picked 

colonies in 10 µl of nuclease-free water. The constituents specified in Table 4.8 were added to the 

re-suspended cells. A PCR negative control was also included containing 10 µl of nuclease-free 

water in place of the template. The GoTaq® PCR Core Systems Kit (Promega) was used for the 

colony PCR procedure. 

 

Table 4.8: Colony PCR reaction constituents 

Component Component Volume Final concentration 

MgCl2, 25mM Solution 2.0 – 8.0 µl 1.0 – 4.0 mM 

5X Colorless GoTaq Flexi Buffer 

OR 5X Green GoTaq Flexi Buffer 

10 µl 1.0X 

PCR Nucleotide Mix, 10mM each 1 µl 200 µM each 

Forward primer 2 µl 0.1 – 1.0 µM 

Reverse primer  2 µl 0.1 – 1.0 µM 

GoTaq DNA Polymerase, 5 U/µl 0.25 µl 1.25 U/50µl 

 

Template DNA 10 µl <0.5 µg/50 µl 

Nuclease-Free water to a                                50 µl 

final vol of      

 

The PCR temperature cycling performed is shown in Table 4.9, below. 
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Table 4.9: Thermal Cycling Guidelines for Colony PCR Amplification 

Step Temperature Time Number of 

Cycles 

    

Initial Denaturation 95ºC 2minutes 1 

 

Denaturation 

Annealing 

Extension 

 

95ºC 

55ºC 

72 ºC 

 

0.5 – 1minute 

0.5 – 1minute 

1minute/kb 

 

25 - 35 

 

Final Extension 

 

72 ºC 

 

5 minutes 

 

1 

Soak 4 ºC Indefinite 1 

 

Agarose Gel Electrophoresis of Colony PCR Products 

The colony PCR products and control reactions were resolved at 100 V for 1.5 hrs on a 1 % 

agarose TAE gel as per the protocol detailed in section 4.6.1.4. 

 
4.6.3.7 Minipreparation of the pQE80L-AtPNP-B construct 

The minipreparation was done using the QIAprep miniprep kit (Qiagen). Two colonies were 

picked from the LB Amp master plate, prepared in section 4.6.3.6, inoculated into 5 ml of LB 

medium containing 100 µg/ml ampicillin and grown at 37 ºC with shaking overnight for 

approximately 16 hours. The bacterial cells were harvested by centrifugation at 6800 xg for 3 min 

at room temperature (15 – 25 ºC) and all the supernatant was removed leaving no traces at all. 

The resulting pellet was resuspended in 250 µl Buffer P1, 250 µl of Buffer P2 was also added and 

mixed thoroughly by inverting the tube 4 – 6 times. Following addition of Buffer P2, 350 µl 

Buffer N3 was added and mixed immediately and thoroughly by inverting the tube 4 – 6 times. 

Samples were then centrifuged for 10 min at 13,000 rpm (~17,900 xg). After centrifugation, the 
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supernatant was applied to the QIAprep spin column by decanting or pipetting, centrifuged for a 

minute and the flow-through was discarded. The QIAprep spin column was washed by adding 0.5 

ml Buffer PB, centrifuged for a minute and the flow-through discarded. The QIAprep spin 

column was washed again by adding 0.75 ml Buffer PE and centrifuged for a minute. The flow-

through was discarded and centrifuged for an additional 1 min to remove residual wash buffer. 

The QIAprep spin column was then placed in a clean 1.5 ml microcentrifuge tube. To elute DNA 

50 µl of nuclease-free water was added to the centre of each QIAprep spin column, allowed to 

incubate for 1 min at room temperature and then centrifuged for 1 min. From each 

minipreparation performed some of the eluted DNA was stored at -20 ºC to be used for 

expression. 
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4.6.4 Expression Analysis of AtPNP-B 

4.6.4.1 Overview of the procedure employed for optimization of expression 

 

(a)  

 

(b) 

 

Figure 4.2 Overview of the conditions used during the optimization of expression  

 

For the optimization of expression BL21, BL21 (DE3) and BL21 (DE3) pLysS were used at 0.5 

mM and 1.0 mM IPTG concentrations and 37 ˚C and 25 ˚C (room temperature) as shown in the 

BL21;                    
BL21 (DE3); BL21 

(DE3) pLysS

0.5 mM IPTG

37 ˚C

25 ˚C (Room 
Temperature)

1.0 mM IPTG

37 ˚C

25 ˚C (Room 
Temperature)

JM109

1.0 mM IPTG

37 ˚C
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flow diagram above (Figure 4.2a). However, using JM109 expression was done at 1.0 mM IPTG 

concentration and 37 ˚C only (Figure 4.2b above). 

 

4.6.4.2 Preparation of competent E. coli cell cultures [BL21, BL21 (DE3), BL21 (DE3) 

pLysS, JM109] 

A starter culture was prepared by inoculating a 2 µl aliquot of commercially prepared cells into 

5ml of LB medium and grown for 4 – 6 hrs at 37 ˚C with shaking. Two millilitres of the starter 

culture was inoculated into 200 ml of LB medium and grown at 37 ˚C with shaking to an OD600 

of approximately 0.4.  Following this, the culture was placed on ice and the cells were harvested 

by centrifugation for 15 min at 2,500 xg, 4 ºC. After centrifugation, the supernatant was 

discarded carefully and the cell pellet re-suspended gently in 100 ml of sterile, ice cold 100 mM 

CaCl2. The re-suspended pellet was centrifuged again for 15 min at 2,500 xg, 4 ºC and the 

supernatant discarded carefully. The pellet was gently re-suspended in 50 ml of sterile, ice cold 

100 mM CaCl2 and centrifuged for 15min at 2,500 xg, 4 ºC. Following centrifugation, the cell 

pellet was gently re-suspended in 5 ml of sterile, ice cold 100 mM CaCl2, 20 % glycerol and 100 

µl of the competent cells aliquoted into pre-chilled, sterile polypropylene tubes. The competent 

cells were then frozen in liquid nitrogen and immediately stored at -80 ºC. 

 

4.6.4.3 Transformation of pQE80L- AtPNP-B for over-expression 

For over-expression of AtPNP-B, the pQE80L-AtPNP-B construct was transformed into 

chemically competent E. coli cells (BL21, BL21 (DE3), BL21 (DE3) pLysS and JM109). As 

described in the manual (pCR®T7 TOPO® TA Expression Kits, Invitrogen). One vial  (50 µl) of 

E. coli cells per transformation was thawed on ice and 2 µl of plasmid DNA (pQE80L AtPNP-B) 

was added and gently mixed by stirring with a pipette tip. The vial was incubated on ice for 30 

minutes and a heat-shock treatment was applied for 30 seconds at 42 °C without shaking. The 
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vial was immediately placed on ice and 250 µl of room temperature SOC medium was added. 

The tube was tightly capped, placed on its side for better aeration and incubated for an hour at 37 

°C while shaking at 200 rpm. The transformation mix was plated on LB plates with ampicillin 

and allowed to grow overnight at 37 °C.  

  

4.6.4.4 Small scale – expression of recombinant protein 

One colony that was confirmed to contain the pQE80L-AtPNP-B plasmid was picked from the 

master plate prepared in section 4.6.3.6 and inoculated into 2 ml of LB containing 100 µg/ml 

ampicillin. The culture was allowed to grow overnight at 37 ºC with shaking. The following day, 

10 ml of LB media containing, 100 µg/ml Amp was inoculated with 200 µl of the overnight 

culture (50 x dilution). The culture was incubated at 37 °C vigorously shaking to an OD600 of 0.6. 

After reaching an OD600 of 0.6, a 1 ml sample was taken (T0) and the cells harvested by 

centrifugation at maximum speed (13 000 rpm) for 30 seconds. The supernatant was discarded 

and the pellet stored at -20 °C. The remaining culture was then split into two with one culture 

being induced by the addition of IPTG (Isopropyl β-D-thiogalactopyranoside, Roche) to a final 

concentration of 0.5 mM or 1.0mM. The other culture (uninduced sample) was left incubating 

under the same conditions and at every hour for 5 hours a 1 ml sample was taken from both 

induced and uninduced cultures. Cells were harvested by centrifugation and the pellets stored at – 

20 °C before analysis by SDS PAGE. Glycerol stocks were prepared using the overnight culture 

and stored at -70 °C till needed. 
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4.6.5 Monitoring of Expressed Proteins  

 

4.6.5.1 SDS-PAGE  

Protein samples were analysed in a discontinuous buffer system according to the method of 

Laemmli (1970) on a 15 % resolving and 4 % stacking gel. The composition of resolving and 

stacking gels are described below: 

 

Resolving gel: 5.0 ml 30 % Acrylamide/Bis (Bio Rad), 0.1 ml 10 % SDS (Sodium Dodecyl 

Sulfate, Roche), 2.5 ml 1.5 M Tris-HCl buffer (pH 8.8), 2.4 ml sterile distilled water, 50 µl 10 % 

APS (Ammonium persulfate, Bio Rad) and 5 µl Temed (N,N,N´N´- Tetramethylethylenediamine, 

Bio Rad). 

 

Stacking gel: 1.3 ml 30 % Acrylamide/Bis (Bio Rad), 0.1 ml 10 % SDS (Roche), 2.5 ml 0.5 M 

Tris-HCl buffer (pH 6.8), 6.1 ml sterile distilled water, 50 µl 10 % APS (Bio Rad) and 15 µl 

Temed (Bio Rad). 

 

Sample preparation for SDS-PAGE 

Prior to use 50 µl of β-mercaptoethanol was added to 950 µl of sample buffer (0.5 M Tris-HCl, 

pH 6.8, glycerol, 10 % (w/v) SDS, 0.5 % (w/v) bromophenol blue, deionized water). The cell 

pellets from section 4.2.4.4 were re-suspended with 40 µl of sample buffer. The samples were 

then heated at 95 ºC for 5 min and then spun at 13,000 rpm in a microcentrifuge for 1 min. After 

spinning, 20 µl of each sample was loaded on the gel and run at 200 V for 45 min. Following the 

running of the gel, it was washed in 200 ml ultrapure water with gentle shaking for 15 min. The 

gels were stained with Imperial™ Protein Stain (Pierce) for 2 hrs and destained with 200 ml 
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ultrapure water overnight or until protein bands were visualized. SDS-PAGE gels to be used for 

western analysis were also prepared in a similar way and set aside prior to staining. 

 

4.6.5.2 Western Blotting 

Western analysis of the His-AtPNP-B was performed with the penta- and RGS- anti-His primary 

antibodies from mouse serum (Qiagen; Roche) and peroxidase-labeled Goat Anti-Mouse IgG 

secondary antibody (KPL; Roche). Resolved proteins on the SDS-PAGE gels of the induction 

procedure were allowed to transfer to a nitrocellulose membrane 100 V for 1 hr or 30 V overnight 

in a BioRad Western analysis apparatus loaded with Transfer Buffer (48 mM Tris, 39 mM 

glycine, 20 % (v/v) methanol, pH 9.2). The membrane was incubated in blocking buffer (10% 

(w/v) milk powder in TBS-T) for 1 hr at room temperature on an orbital shaker and rinsed with 

TBS-T. The membrane was incubated with Anti-His antibody (diluted 1: 1500 in TBS-T/1: 2500 

in TBS-T) at room temperature for 1 hr on an orbital shaker. Following washing of the membrane 

with TBS-T the membrane was incubated with peroxidase-labeled Goat Anti-Mouse IgG 

secondary antibody (KPL; Roche) (diluted 1: 10 000 in TBS-T) for 1 hr at room temperature on 

an orbital shaker. After washing of the membrane with TBS-T, the blot was developed using the 

ECL Advance™ Western blotting detection kit (Amersham Biosciences) and the resulting 

chemiluminescence signal detected using a BioRad ChemiDoc. 

  

4.7 Results 

 
The Arabidopsis thaliana total RNA samples obtained from J. Goble (Rhodes University) were 

run on a 0.8% agarose gel to check on the quality of the RNA. As shown in Fig 4.3, the RNA was 

shown to be intact by the sharp clear bands of the 28S and 18S ribosomal RNA (rRNA) bands 
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that were visualized by ethidium-bromide staining. This was an indication that the RNA samples 

could be used for RT-PCR. 

 

The Arabidopsis total RNA was quantified and the purity was also checked. Using the RNA 

concentration factor of 40 µg/ml, the RNA concentrations of the three RNA samples were 

determined as 192, 210 and 280 µg/ml. The A260/A280 ratios of the total RNA samples indicated a 

negligible presence of contaminating proteins within the RNA samples.  

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Verification of the quality of the Arabidopsis thaliana total RNA samples by non-denaturing 0.8% 

agarose gel electrophoresis. Lanes: 1 - 1kb DNA ladder;  2 – 40 mg RNA sample; 3 – 120 mg RNA sample; 4 – 80 

mg RNA sample. 

 

From the bioinformatics analysis in Chapter 3 (Bioinformatics Analysis of PNP-B) it was 

predicted that AtPNP-B has a 138 bp intron. The 138 bp intron was determined to still be present 

by the RT-PCR results which showed an RT-PCR product of approximately 510 bp (Figure 4.4 

below). This is contrary to expectations and therefore a control PCR reaction was performed to 
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eliminate the possibility of contaminating DNA in the RNA sample.  No band was detected, 

showing that there was no DNA contamination.   

 

 

 

 

 

 

 

 

 

Figure 4.4 0.8% agarose gel electrophoresis of the RT-PCR amplification of AtPNP-B. Lanes: 1 – O’GeneRuler™ 

50 bp DNA Ladder; 2 – RT-PCR product (2 µg RNA sample); 3 – RT-PCR product (1 µg RNA sample); 4 – 

Negative control (no RNA template).  

 

Although the predicted intron was still found in the amplified product after RT-PCR, it was 

decided to attempt expression to determine whether a functional protein could still be expressed.  

For the optimization of the heterologous expression of AtPNP-B, pQE80L was was used as the 

expression vector. Therefore, the AtPNP-B gene was ligated into the pQE80L expression vector. 

Before ligation, both the RT-PCR product and the expression vector were restricted with BamHI 

and SacI restriction enzymes and run on a 1.0% agarose gel. The positions of the expression 

vector and the insert are shown in figure 4.5 below showing that the vector and insert were 

successfully restricted as they migrated to the positions corresponding to their actual sizes of 

approximately 4.8 kb and 510 bp respectively. The expression vector and the AtPNP-B gene 

were excised from the gel for gel purification.  The gel purified vector and insert were ligated and 
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transformed into competent TOP10F` cells. Ten colonies resulting from the transformation 

procedure were screened for the pQE80L-AtPNP-B construct by colony PCR. The colony PCR 

products were analysed by 1.0% agarose electrophoresis, as presented in figure 4.6 below.   

 

  

 

 

 

 

 

 

 

 

Figure 4.5 1.0% agarose gel electrophoresis of the doubly restricted (BamHI and SacI) pQE80L and the AtPNP-B 

gene. Lanes: 1 – Perfect DNA™ 1kb Ladder; 2 – Position of the excised doubly restricted RT-PCR amplified 

AtPNP-B gene; 3 – Position of the excised doubly restricted pQE80L expression vector. 

 

Following colony PCR, the AtPNP-B inserted into the expression vector was expected to be 

amplified and visualised on an agarose gel at a size that corresponds to approximately 510 bp as 

depicted in figure 4.6 below. All the colonies showed the presence of the pQE80L-AtPNP-B 

construct.  
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Figure 4.6 Verification of the pQE80L-AtPNP-B ligation by colony PCR, as visualised by 1.0% agarose 

electrophoresis. Lanes: 1 – O’GeneRuler™ 50 bp DNA Ladder; Colony PCR products from; 2 – colony 1; 3 – 

colony 2; 4 – colony 3; 5 – colony 4; 6- colony 5; 7 – colony 6; 8 – colony 7; 9 – colony 8; 10 – colony 9; 11 – 

colony 10. 

 

After the confirmation of the insert in the expression vector, only one of the ten colonies was 

picked for the expression of AtPNP-B. The expression of AtPNP-B encoded by the pQE80L-

AtPNP-B construct was done using the conditions shown in figure 4.2 under IPTG induction. The 

E. coli hosts used were BL21, BL21 (DE3), BL21 (DE3) pLysS and JM109. Protein fractions 

were collected from the induced and non-induced samples. When SDS-PAGE analysis was 

performed on all the SDS-PAGE gels there was no induced protein that was observed and typical 

gels showing the SDS-PAGE results is presented in figure 4.7 below. The assumption was that 

the protein had been induced in very small quantities that could not be resolved on the SDS-

PAGE gels, thus western blot analysis was also carried out on the gels. However, the western 

analysis also yielded no results and typical western blot pictures are presented in figure 4.8 

below. 
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

Figure 4.7 SDS-PAGE of protein fractions.  

(a) IPTG-induced E. coli BL21(DE3) cells; Lanes: 1 – T4 Induced; 2 – T3 Uninduced; 3 – T3 Induced; 4 – T2 

Uninduced; 5 – T2 Induced; 6 – T1 Uninduced; 7 – T1 Induced; 8 – T0; 9 – peqGOLD Protein Marker IV. 

 (b) IPTG-induced JM109 cells; Lanes: 1 - T3 Uninduced; 2 - T3 Induced; 3 - T2 Uninduced; 4 - T2 Induced; 5 - T1 

Uninduced; 6 -  T1 Induced; 7 -  T0; 8 -  peqGOLD Protein Marker IV. The unfilled block arrow indicates the 

expected position of the induced 13kDa His-tagged AtPNP-B protein.       
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

Figure 4.8 Western analysis of resolved proteins.  

(a) IPTG-induced E. coli BL21 cells; Lanes: 1 – T4 Induced; 2 – T3 Uninduced; 3 – T3 Induced; 4 – T2 Uninduced; 5 

– T2 Induced; 6 – T1 Uninduced; 7 – T1 Induced; 8 – T0; 9 – peqGOLD Protein Marker IV. 

(b) IPTG-induced JM109 cells; Lanes: 1 - T3 Uninduced; 2 - T3 Induced; 3 - T2 Uninduced; 4 - T2 Induced; 5 - T1 

Uninduced; 6 -  T1 Induced; 7 -  T0; 8 -  peqGOLD Protein Marker IV. 
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4.8 Discussion 

 
The presence of the predicted 138 bp intron of AtPNP-B was confirmed by the RT-PCR results 

giving an RT-PCR product of approximately 510 bp. This could mean that AtPNP-B is a 

pseudogene or the predicted intron is not correct and the gene could express a functional protein. 

Expression studies under different conditions was therefore attempted to determine if a functional 

protein could be expressed. 

 

For expression, the T5-based pQE80L expression vector was used. The T5 bacteriophage 

promoter has the advantage of being expressed by bacterial RNA polymerase, unlike the T7 RNA 

polymerase (Zomorrodipour et al., 2004). E. coli strains used in the QIAexpress System use a lac 

repressor gene in trans or cis to the gene to be expressed. In the trans system, the host strains 

contain the low-copy plasmid pREP4 which confers kanamycin resistance and constitutively 

expresses the lac repressor protein encoded by the lac I gene (Farabaugh, 1978). Lac I is a weakly 

expressed gene and a 10-fold enhancement of the repression is achieved when the over-

expressing promoter mutant lacIq is employed (Calos, 1978). Therefore, the cis-repressed vector, 

pQE80L which contains the lacIq gene and does not require the presence of pREP4 was used in 

this study. The special “double operator” system in pQE80L, in combination with the high levels 

of the lac repressor protein generated by the lacIq gene ensures tight control at the transcriptional 

level thus suppressing basal protein expression completely before induction. 

 

The other advantage of a T5-based expression vector is that it is recognized by an endogenous E. 

coli RNA polymerase (Tyler et al., 2005) while the T7 promoter is recognized by a highly 

specific viral T7 RNA polymerase (Dubendorff & Studier, 1991). The cis-repressed, pQE80L 

series of vectors can also easily be used with any E. coli host strain. Thus, the pQE80L 
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expression vector was used for expression in the following E. coli strains; BL21, BL21(DE3), 

BL21(DE3) pLysS and JM109.  

 

BL21 and its derivatives, BL21(DE3) and BL21(DE3) pLysS were used in this research for 

expression at the conditions shown in figure 4.2. BL21 and its derivatives, BL21(DE3) and 

BL21(DE3) pLysS lack the OmpT and lon, two proteases that may interfere with isolation of 

intact recombinant protein. The lon protease is an intracellular protease that E. coli makes to 

degrade abnormal proteins and the ompT protease is a protease that E. coli makes to degrade 

extracellular proteins. Cells deficient in these proteases accumulate recombinant proteins at a 

high rate and are less likely to degrade some proteins during purification (Moffatt & Studier, 

1987). BL21(DE3) pLysS is also less leaky, but the strain tends to produce less recombinant 

protein after induction (Studier et al., 1990). However, BL21 and its derivatives were not 

successful in inducing the expression of AtPNP-B. It was concluded that the level of recombinant 

protein was too low to be detected on the SDS-PAGE gel or the mRNA was not compatible with 

the bacterial expression machinery of BL21 and its derivatives. Thus, western analysis was also 

done on the SDS-PAGE gels to check if there was any induction at all. The westerns also yielded 

negative results. 

 

Since BL21 cells have the T7 promoter expression system and pQE80L is a T5-based expression 

vector it could have contributed to the expression not being successful. Thus, JM109, a T5-based 

E. coli strain was also used for the heterologous expression of AtPNP-B. JM109 also contains the 

lacIq gene (Yanisch-Perron et al., 1985) which is compatible with the mutant lacI gene in the 

pQE80L expression vector. The use of JM109 was expected to give an expression product but no 

induction was observed from the SDS-PAGE gels. Western analysis was also done on the SDS-

PAGE gels. However, no induction was observed as well.   
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Introns interrupt the continuity of many eukaryotic genes and therefore their removal by splicing 

is a crucial step in gene expression. Since the amplified AtPNP-B gene contained an intron it was 

also crucial to splice the intron out. The presence of the intron in the AtPNP-B gene could have 

contributed to the expression of the protein being unsuccessful because the E. coli host strains do 

not have splicing systems to excise the intron from the transcript resulting in the gene not being 

expressed.  

 

Premature translational termination could have been another factor that resulted in the expression 

being unsuccessful. The presence of sequences in the AtPNP-B gene that act as termination 

signals in E. coli could also have resulted in premature translational termination. These sequences 

will be perfect in the plant cell but in the bacteria will result in premature termination and loss of 

gene expression. 

  

4.9 Conclusion 

 
Since expression was unsuccessful for the PNP-B gene obtained from Arabidopsis thaliana it was 

considered important to check in other plants whether the PNP-B gene is present and whether 

there were any plants that had an intronless PNP-B gene. If such a plant could be found then it 

would be used for the heterologous expression of PNP-B for functional characterisation.  

It was also realised that there was a need to carry out an evolutionary study of the gene if it was 

going to be found in any other plants. In line with other studies of the Plant Stress group at UFH 

which focus on cereal studies, it was decided to evaluate the presence of PNP-B genes in cereals 

and compare these results with other dicotyledons.  
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CHAPTER FIVE: EVOLUTIONARY RELATIONSHIP OF PNP-B  

IN PLANTS 

5. Introduction 
 

The process of evolution changes the distribution of genotypes and phenotypes in successive 

generations (Lesk, 2005). A genotype is an organism’s genetic information. All other observable 

features of an organism - macroscopic and biochemical – comprise its phenotype (Griffiths et al., 

2008). The genotype is inherited from a parent or parents, subject to modification by mutation or 

lateral transfer of genetic material (Lesk, 2005).  

 

Evolution alters the composition and distribution of the gene pools and phenotypes in 

populations. Natural selection (enhanced reproduction by ‘fitter’ individuals) is the most 

important mechanism of evolution (Stearns & Hoekstra, 2005). Another is genetic drift, the 

random change in allelic frequencies, not in response to selection. Mechanisms that produce 

genetic variety such as mutations, recombinations, gene duplication, followed by divergence and 

gene flow create the potential for evolution (Alexandrov, 1994; Lesk, 2005). 

 

Microevolution refers to relatively small changes in a few genes, leading in most cases to 

relatively small changes in phenotypes. Microevolution affects the individuals within a 

population. On the other hand, macroevolution refers to larger-scale changes in populations as a 

whole, including formation of new species (Lesk, 2005). 

 

The information archive in each organism is the genetic material, DNA, or, in some viruses, 

RNA. Implicit in the structure of the DNA are mechanisms for self-replication and for translation 
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of genes into proteins. However, not all DNA is expressed as proteins or structural RNA. Most 

genes in higher organisms contain internal untranslated regions, or introns. Proteins are the 

molecules responsible for much of the structure and activities of organisms. Near-perfect 

replication is essential for stability of inheritance; but some imperfect replication, or mechanism 

for import of foreign genetic material, is also essential for evolution to take place (Lesk, 2005).  

  

5.1 Aim 

 
To investigate the evolutionary development of PNP-B in plants and sequence the coding 

region of the peptide in different evolutionary-related plants.  

 

5.2 Materials & Methods 

 

5.2.1 Plants Used in This Study 

The following plants were used in this study;  

Wheat (Betta), Wheat (Tugella), Barley (Clipper), Maize (CRN 3505), Cabbage (Cape 

Spitz/Sugar loaf), Tobacco, Millet, Sorghum, Sugar beans, Tomato (Tamatie-Floradade, 

PEZ8732), Mustard (Brassica nigra), Yellow maize (Sahara, PEZ8716) and Maize (Early Pearl) 

were grown in the glass house under natural seasonal daylight. The plants were harvested after 

two weeks. Moss and cycad were harvested from already existing plants. 
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5.2.2 Isolation of Total RNA from the Plants 

Using the SV Total Isolation System (Promega), RNA was isolated from the two-week old 

plants, fern and cycad. All instruments and equipment used in the isolation procedure were 

treated with RNAse Away (Molecular BioProducts) and/or autoclaved, followed by rinsing with 

DEPC-treated dddH2O. 

 

5.2.2.1 Preparation of the plant tissue 

The leaves from the plants were frozen in liquid nitrogen and ground vigorously in a pestle and 

mortar to a fine, dry powder. Two reaction tubes for each plant were comprised as detailed in 

Table 5.1 below and treated with RNA Lysis Buffer and RNA Dilution Buffer (Promega) as 

specified. 

 

Table 5.1: Preparation of plant tissue for RNA isolation 

Sample Plant Tissue (mg) RNA Lysis Buffer (µl) RNA Dilution Buffer (µl) 

1 

2 

60 

120 

175 

175 

350 

350 

 

Samples were centrifuged for 10 minutes at approximately 12,000 xg (14,000 rpm) and the 

resulting lysate transferred to a sterile microcentrifuge tube. 

 

5.2.2.2 RNA Isolation Procedure 

After the addition of 200 µl of 95% ethanol to the resulting lysate, the mixture was transferred to 

a Spin Column assembly and centrifuged at approximately 12,000 xg for 1 minute. The resulting 

flow-through solution was discarded and 600 µl of SV RNA Wash Solution (Promega) was 

added to the column, followed by an additional 1 minute of centrifugation at 12,000 xg. The 



 

122 
 

flow-through was discarded and 50 µl of DNAse incubation mix, comprised of 40 µl of Yellow 

Core Buffer, 5 µl of 0.09 M MnCl2 and 5 µl of DNAse I (Promega) was added to the column. 

The column was centrifuged for 1 minute as before and the flow-through was discarded. The 

column was washed with 600 µl of SV RNA Wash Solution as detailed before. An additional 

wash was performed with 200 µl of SV RNA Wash Solution, followed by 2 minutes of 

centrifugation at 12,000 xg. Elution of the RNA into a sterile microcentrifuge was done through 

the addition of 50 µl of nuclease-free dddH2O (Promega) to the column and centrifugation at 

12,000 xg for 1 minute following 1 minute of incubation at room temperature. A 20 µl sample 

from, each isolation performed was retained for quantification and agarose gel electrophoresis 

and the remaining isolated RNA was stored at -20˚C.  

 

5.2.2.3 Quantification of isolated RNA  

The quality and quantity of isolated RNA was simultaneously assessed through a measurement of 

the A260 and A280 of each sample obtained from the isolation procedure. A 50x dilution of each 

sample was prepared in dddH2O and the absorbance read using the BioMate3 Thermo Spectronic 

spectrophotometer. dddH2O was used as the blank. 

 

5.2.2.4 Agarose gel electrophoresis of the isolated RNA 

Agarose gel electrophoresis was performed for verification of the isolation of RNA from the 

plants as well as to assess the integrity of the RNA. The RNA was resolved at 100 V for 1 hour 

on a 1% agarose TAE gel containing ethidium bromide to a final concentration of 0.5 µg/ml. A 

10 µl sample from each isolation was run with 2 µl of 6x DNA gel loading buffer (30% glycerol, 

0.25% bromophenol blue). Visualization was done using the UVP BioDoc-It™ System 2UV 

Transilluminator. 
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5.2.3 Amplification of the PNP-B gene by RT-PCR 

The total RNA extracted from the plants was used in a 50µl RT-PCR reaction volume to amplify 

the PNP-B gene. The RT-PCR reaction was carried out using a RT-PCR Kit (Qiagen) according 

to the manufacturer's instructions. 

  

RT-PCR was optimised with respect to RNA quantities and temperature. The RT-PCR reactions 

were optimised at 1.0, 1.5 and 2.0 µg of RNA and 50 ˚C, 55 ˚C and 60 ˚C. The optimal 

conditions for amplification of the PNP-B gene were noted to be at 1.5 µg RNA concentration 

and 55 ˚C (as shown in figure 5.3 and 5.4 below). 

 

5.2.3.1 Oligonucleotide Primers 

The forward and reverse oligonucleotide primers (ordered from Inqaba Biotechnical Industries) 

used to amplify the PNP-B coding region, were designed based on the Arabidopsis thaliana, 

AtPNP-B gene sequence. 

Table 5.2: RT-PCR Oligonucleotide Primers. The table summarises the respective sequence, 

length and Tm of each primer. The incorporated BamHI and SacI restriction sites in the forward 

and reverse primers respectively are indicated in bold and underlined. The Tm values provided 

indicate the temperature at which the primer sequences, excluding the introduced restriction sites 

are expected to bind to the target sequence. 

 

Primer Sequence Tm Length 

BamHIF 

(Forward Primer) 

5´- GTA GGA TCC ATG AGT AAA AGT ATT 

GTG TTT TTT TCT AC - 3' 

65.3 ºC 38-mer 

SacIR 

(Reverse Primer) 

5´- GTA GAG CTC TTA CGG AAA ATA ATC 

AAT AAT C- 3' 

66.4 ºC 30-mer 
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For the RT-PCR procedure, 10 µM working solutions of the forward and reverse primers were 

prepared by dilution of the 100 µM stock solution with nuclease-free water (Promega). 

 

5.2.3.2 Reaction Mixtures 

The reaction mixtures were prepared comprising of the constituents summarised in Table 5.3 

below. 

 

Table 5.3: RT-PCR Reaction Components and Control Mixture Compositions 

Component Volume/reaction Negative 

Control 

Final Concentration 

RNase-free water 

5X QIAGEN OneStep RT-PCR 

Buffer 

dNTP Mix (10 mM of each 

dNTP) 

Forward Primer 

Reverse Primer 

QIAGEN OneStep RT-PCR 

enzyme mix 

Template RNA 

20.0 µl 

10.0 µl 

 

2.0 µl 

 

3.0 µl 

3.0 µl 

2.0 µl 

 

1.5 µg (10 µl) 

30.0 µl 

10.0 µl 

 

2.0 µl 

 

3.0 µl 

3.0 µl 

2.0 µl 

 

_ 

_ 

1X 

 

400 µM  (each dNTP) 

 

0.6 µM 

0.6 µM 

_ 

 

1 pg – 2 µg/reaction 

Total Volume 50.0 µl 50.0 µl  

 

5.3.2.3 Temperature Cycling Parameters 

The PCR reactions detailed in Table 5.4 were performed in the Eppendorf Mastercycler personal 

thermocycler. 
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Table 5.4: Thermal Cycling Conditions for RT-PCR Amplification 

 Step Temperature Time Number of Cycles 

Reverse Transcription 

Initial PCR activation step 

 

3-Step Cycling 

Denaturation 

Annealing 

Extension 

 

Final Extension 

Soak 

50 ºC 

95 ºC 

 

 

94 ºC 

55 ºC 

72 ºC 

 

72 ºC 

4 ºC 

30 min 

15 min 

 

 

1 min 

1min 

1min 

 

10 min 

Indefinite 

1 

1 

 

 

40 

40 

40 

 

1 

1 

 

5.2.3.4 Agarose Gel Electrophoresis of the RT-PCR Products 

The RT-PCR products were resolved at 100V for 1 hour on a 1.0% agarose TAE (Tris, Acetic 

acid, EDTA) gel stained preceding electrophoresis by the addition of 0.5 µg/ml ethidium bromide 

to the gel mixture. A 10 µl sample of each reaction mixture was run with 2 µl of 6 X DNA gel 

loading buffer. The molecular weight marker used was 100 bp O’Gene Ruler (Fermentas). 

Visualization of the gel was performed in the UVP BioDoc-It™ System 2UV Transilluminator. 

 

5.2.4 Construction of the pDrive-PNP-B plasmid  

The RT-PCR isolated cDNA fragments were ligated into a pDrive cloning vector (map is shown 

in figure 5.1) using the Qiagen® PCR Cloning Kit as per manufacturer’s instructions.  
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Figure 5.1 Representation of the linearized pDrive Cloning Vector with U overhangs. The unique restriction 

endonuclease recognition sites on either side of the cloning site are listed. 

(http://www1.qiagen.com/literature/pDrive/pcr_cloning21.pdf) 

 

5.2.4.1 Ligation of the pDrive cloning vector and the PNP-B insert 

To enable a 1:2 molar ratio of vector: insert in the ligation reaction, the reaction mixture was 

comprised as specified in Table 5.5, below. The ligation mixture was incubated at 16 ºC for four 

hours followed by incubation at 4 ºC for 30mins prior to transformation into competent TOP10F` 

cells (Invitrogen).  
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Table 5.5: Ligation Reaction of the pDrive cloning vector and PNP-B 

Component Volume/Reaction 

pDrive Cloning Vector (50 ng/µl) 

PCR Product 

Distilled Water 

Ligation Master Mix, 2X 

1 µl 

2 µl 

2 µl 

5 µl 

Total 10 µl 

 

5.2.4.2 Transformation of the pDrive-PNP-B plasmid into TOP10F′ 

The pDrive-PNP-B construct was transformed into chemically competent TOP10F′ cells. As 

described in the manual (pCR®T7 TOPO® TA Expression Kits, Invitrogen), one shot vial of the 

competent cells (50 µl) per transformation was thawed on ice and 2 µl of plasmid DNA (pDrive-

PNP-B) was added and gently mixed by stirring with a pipette tip. The vial was incubated on ice 

for 30 minutes and a heat-shock treatment was applied for 30 seconds at 42 °C without shaking. 

The vial was immediately placed on ice and 250 µl of room temperature SOC medium was 

added. The tube was tightly capped, placed by its side for better aeration and incubated for an 

hour at 37 °C while shaking at 200 rpm. The transformation mix was plated on LB plates with 

ampicillin (100 µg/ml) and allowed to grow overnight at 37 °C.  

 

5.2.4.3 Verification of the pDrive-PNP-B ligation 

Verification of the ligation of the pDrive cloning vector and the PNP-B insert was achieved by 

colony PCR followed by agarose gel electrophoresis of the Colony PCR products as detailed 

below. 
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Colony PCR of transformed pQE80L-AtPNP-B 

From the overnight LB Amp plates prepared in section 5.2.4.2 above ten colonies were picked 

and used in the construction of an LB agar master plate containing 100 µg/ml ampicillin and 

incubated at 37 ºC overnight. Templates for the colony PCR screening procedure were prepared 

through the re-suspension of the picked colonies in 10 µl of nuclease-free water. The constituents 

specified in Table 5.6 were added to the re-suspended cells. A PCR negative control was also 

similarly comprised containing 10 µl of nuclease-free water in place of the template. The GoTaq® 

PCR Core Systems Kit (Promega) was used for the colony PCR procedure. 

 

Table 5.6: Colony PCR reaction constituents 

Component Component Volume Final concentration 

MgCl2, 25mM Solution 2.0 – 8.0 µl 1.0 – 4.0 mM 

5X Colorless GoTaq Flexi Buffer 

OR 5X Green GoTaq Flexi Buffer 

10 µl 1.0X 

PCR Nucleotide Mix, 10mM each 1 µl 200 µM each 

Forward primer 2 µl 0.1 – 1.0 µM 

Reverse primer  2 µl 0.1 – 1.0 µM 

GoTaq DNA Polymerase, 5 U/µl 0.25 µl 1.25 U/50 µl 

 

Template DNA 10 µl <0.5 µg/50 µl 

Nuclease-Free water to a                               50 µl 

final vol of      

 

The PCR temperature cycling performed is shown in Table 5.7, below. 
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Table 5.7: Thermal Cycling Guidelines for Colony PCR Amplification 

Step Temperature Time Number of 

Cycles 

    

Initial Denaturation 95ºC 2minutes 1 

 

Denaturation 

Annealing 

Extension 

 

95ºC 

55ºC 

72 ºC 

 

0.5 – 1minute 

0.5 – 1minute 

1minute/kb 

 

25 - 35 

 

Final Extension 

 

72 ºC 

 

5 minutes 

 

1 

Soak 4 ºC Indefinite 1 

 

Agarose Gel Electrophoresis of Colony PCR Products 

The colony PCR products and control reactions were resolved at 100 V for 1.5 hrs on a 1 % 

agarose TAE gel as per the protocol detailed in section 5.2.3.4. 

 

5.2.4.4 Minipreparation of the pDrive-PNP-B construct 

The minipreparation was done using the QIAprep miniprep kit (Qiagen). Two colonies were 

picked from the LB Amp master plate, prepared in section 5.2.4.2 above, inoculated into 5 ml of 

LB medium containing 100 µg/ml ampicillin and grown at 37 ºC with shaking overnight for 

approximately 16 hours. The bacterial cells were harvested by centrifugation at 6800 xg for 3 min 

at room temperature (15 – 25 ºC) and all the supernatant was removed leaving no traces at all. 

The resulting pellet was resuspended in 250 µl Buffer P1, 250 µl of Buffer P2 was also added and 

mixed thoroughly by inverting the tube 4 – 6 times. Following addition of Buffer P2, 350 µl 

Buffer N3 was added and mixed immediately and thoroughly by inverting the tube 4 – 6 times. 

Samples were then centrifuged for 10 min at 13,000 rpm (~17,900 xg). After centrifugation, the 
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supernatant was applied to the QIAprep spin column by decanting or pipetting, centrifuged for a 

minute and the flow-through was discarded. The QIAprep spin column was washed by adding 0.5 

ml Buffer PB, centrifuged for a minute and the flow-through discarded. The QIAprep spin 

column was washed again by adding 0.75 ml Buffer PE and centrifuged for a minute. The flow-

through was discarded and centrifuged for an additional 1 min to remove residual wash buffer. 

The QIAprep spin column was then placed in a clean 1.5 ml microcentrifuge tube. To elute DNA 

50 µl of nuclease-free water was added to the centre of each QIAprep spin column, allowed to 

incubate for 1 min at room temperature and then centrifuged for 1 min. From each 

minipreparation performed some of the eluted DNA was stored at -20 ºC to be used for 

sequencing and the rest was used for quantifying the DNA. 

 

5.2.5 Sequencing of the PNP-B gene 

Sequencing was done using the ABI PrismTM BigDyeTM Terminator Cycle Sequencing Ready 

Reaction Kit (PE Applied Biosystems) at the Central Analytical Facility, University of 

Stellenbosch.  The resulting sequence chromatograms were analysed and all anomalies were 

corrected before verification of the nucleotide sequences using BLAST (blastn; Search nucleotide 

database using a nucleotide sequence). 

 

5.2.6 Search for other sequences similar to PNP-B 

BLAST (tblastn; Search translated nucleotide database using a protein query and tblastx; Search 

translated nucleotide database using a translated nucleotide query) was used to get other 

sequences that are similar to the AtPNP-B sequence from other plant genomes on “The Gene 

Index Project” (http://compbio.dfci.harvard.edu/tgi/). The default settings were used in the 

BLAST searches. The nucleotide sequences were then translated into all 6 reading frames using 
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the GeneRunner Software ver 3.05 (Hasting Software, Inc). The applicable protein sequence was 

selected, copied to a text editor and saved in a FASTA format.  

 

5.2.7 Sequence Alignments and Evolutionary Trees 

Sequence alignments were done using CLUSTALW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html) (Larkin et al., 2007) using the relevant text 

files that were obtained in section 5.2.6 above for inputting the sequences. Phylogenetic trees 

were constructed using MEGA4 (Tamura et al., 2007). Default settings were used in all the 

alignments and the construction of trees. 

 

5.2.8 Pattern Searches 

The signature pattern was designed from the alignment of AtPNP-B, OsJPNP-B, CjBAp12 and 

WhBPNP-B.  Motif searches were performed against the Prosite (http://au.expasy.org/prosite/) 

database as described by Sigrist et al., (2002). Default settings were used for all the pattern 

searches. 

 

5.3 Results 

 
The isolated total RNA samples from all the plant samples were run on a 0.8% agarose gel to 

check on the quality of the RNA. The RNA was shown to be intact by the presence of sharp clear 

bands representing the 28S and 18S ribosomal RNA (rRNA) bands that were visualized by 

ethidium-bromide staining (Figure 5.2). This was an indication that the RNA samples could be 

used for RT-PCR.  
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Verification of the quality of the isolated total RNA from the plants by non-denaturing 0.8% agarose gel 

electrophoresis.  

(a) Lanes: 1 - 1kb DNA ladder;  2 - 60 mg wheat (betta) RNA sample; 3 – 120 mg wheat (betta) RNA sample; 4 – 

120 mg wheat (tugella) RNA sample; 5 – 60 mg wheat (tugella) RNA sample; 6 – 60 mg maize (early pearl) RNA 

sample; 7 – 120 mg maize (early pearl) RNA sample; 8 – 60 mg moss RNA sample; 9 – 120 mg moss RNA sample; 

10 – 120 mg cycad RNA sample; 11 – 60 mg cycad RNA sample.  
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(b) Lanes: 1 – 1kb DNA ladder; 2 – 60 mg barley (clipper) RNA sample; 3 – 120 mg barley (clipper) RNA sample; 4 

– 120 mg cabbage RNA sample; 5 – 60 mg cabbage RNA sample; 6 – 120 mg tobacco RNA sample; 7 – 60 mg 

tobacco RNA sample; 8 – 60 mg sorghum RNA sample; 9 – 120 mg sorghum RNA sample; 10 – 120 mg tomato 

RNA sample; 11 – 60 mg tomato RNA sample; 12 – 60 mg mustard RNA sample; 13 – 120 mg mustard RNA 

sample.  

 

The isolated total RNA was quantified and the purity was also checked. Using the RNA 

concentration factor of 40 µg/ml, the RNA concentrations of the isolated RNA samples were 

determined as shown in table 5.8 below. The concentrations of RNA from plants where the PNP-

B gene could not be amplified are not shown in the table. The A260/A280 ratios of the isolated total 

RNA samples indicated a negligible presence of contaminating proteins within the RNA samples.  

 

Table 5.8: Quantification of the isolated total RNA from the plants 

Sample Tissue mass (mg) A260 A280 Ratio Conc. (µg/ml) 
Maize 
(Early 
Pearl) 

60 
120 

0.126 
0.103 

0.059 
0.049 

2.136 
2.102 

116.0 
94.29 

Wheat 
(Betta) 

60 
100 

0.169 
0.411 

0.080 
0.201 

2.112 
2.045 

155.0 
372.3 

Wheat 
(Tugella) 

60 
100 

0.179 
0.334 

0.084 
0.162 

2.131 
2.062 

164.7 
303.5 

Moss 60 
120 

0.044 
0.083 

0.028 
0.048 

1.571 
1.729 

35.2 
66.40 

Cycad 60 
120 

0.035 
0.071 

0.021 
0.042 

1.667 
1.700 

28.00 
56.80 

 

From the plants that were used in this study, the presence of the PNP-B gene was noted from 

wheat (betta), wheat (tugella) and maize (early pearl). The 138 bp intron was shown to be present 

from the RT-PCR results which showed an RT-PCR product of approximately 510 bp (Figure 5.3 
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below).  However, no PNP-B product could be amplified from RNA isolated from the plants 

representing the pterophytes and gymnosperms. The PNP-B coding region could also not be 

amplified from the RNA isolated from the other plants representing angiosperms in this study. 

 

After the confirmation of the PNP-B gene in the in the three plant species [wheat (betta), wheat 

(tugella) and maize (early pearl)], the amplified product was cloned to enable sequencing. For 

cloning the pDrive cloning vector was used. Therefore, the amplified PNP-B genes from the 

different plants were ligated into the pDrive cloning vector. Due to the presence of U/A 

overhangs, the PNP-B gene was directly inserted into the vector. The pDrive-PNP-B construct 

was then transformed into competent TOP10F` cells. Ten colonies resulting from the 

transformation procedure, for all the plants were screened for the pDrive-PNP-B construct by 

colony PCR. The colony PCR products were analysed by 1.0% agarose electrophoresis, as 

presented in figure 5.4 below. Only the colony PCR results for wheat (betta) are shown in the 

figure below.  
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(a) 
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Figure 5.3 0.8% agarose gel electrophoresis of the RT-PCR amplification of PNP-B.  

(a) Lanes: 1 –100 bp DNA Ladder (Promega); 2 – Wheat (Betta); 3 – Wheat (Tugella); 4 – Moss; 5 – Negative 

control (No RNA template). 

(b) Lanes: 1 – 100 bp DNA Ladder (Promega); 2 – Maize (Early pearl); 3 – Cycad; 4 – Control (No RNA template) 
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Figure 5.4 Verification of the pDrive-WhBPNP-B ligation by colony PCR, as visualised by 1.0% agarose 

electrophoresis. Lanes: 1 – O’GeneRuler™ 50 bp DNA Ladder; Colony PCR products from; 2 – colony 1; 3 – 

colony 2; 4 – colony 3; 5 – colony 4; 6- colony 5; 7 – colony 6; 8 – colony 7; 9 – colony 8; 10 – colony 9; 11 – 

colony 10. 

 

A band corresponding to 510 bp was expected following colony PCR, (figure 5.4). For all the 

plants, colonies were identified that showed the presence of the pDrive-PNP-B construct. After 

the confirmation of the insert in the cloning vector, only one of the ten colonies was picked for 

the mini-preparation of the PNP-B plasmid for sequencing. The sequences of the plants where the 

PNP-B gene could be amplified are shown in figure 5.5 below (original chromatograms are 

attached in Appendix 1). 
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(a) 

MSKSIVFFSTVLVFLFSFSYATPGIATFYTSYTRVTEVLKKERRSLQRVIHYGTMVEFVAKCSPRNAADLVTPCLTLARGNPRRSRS

LTIVSVAVLLRSIFLGKLLLRSLILSLGLLTLIIFRK 

(b) 

NKYKQQTYLIHFHINLQRNVIKSFSFISCLIASACYRGTQEGVMIAAASDTLWDNGRVCGKMFTVKCSGPRNAVPHPCTGKSAKVKI

VDHCPSGCASTLDLSREAFAQIANPVAGIINIDYFP 

(c) 

MSKSIVFFSTDYEHRLFSVRALQSEFVDKLLEPRRLAAHPPFASWRNSEEARTDRPSQQLRSLNGEWKLQALIFCENSRYIFVKSAH

FLTNRPKSAKSLINQKNRPRSGRVLFQFGTRVHYQRT 

 

Figure 5.5 PNP-B sequences of the cereal plants. (a) Maize (Early pearl) (b) Wheat (Betta) (c) Wheat (Tugella). 

 

Homology searches to the sequences obtained, using BLAST (Basic Local Alignment Search 

Tool; Altschul et al., 1990) identified mostly the expansin family with significant sequence 

similarity to AtPNP-B. CjBAp12, citrus blight protein was also shown to have some sequence 

similarity. It was interesting to note that the only sequences that could be amplified using the 

AtPNP-B primer sequences were limited to cereals.  It was therefore decided to attempt to 

identify possible other plant PNP-B sequences deposited in protein databases, using a signature 

pattern derived from these sequences. Pattern searches against PROSITE 

(http://au.expasy.org/prosite/) showed that AtPNP-B shares a structural motif with an 

endoglucanase belonging to family 45. The signature pattern ([PA]-C-[YN]-[RG]-[GFY]-[TEK]-

[QDN]-[EQD]-G-[VT]-M-I-A-A-A-S-[DY]-[TVA]-[LFI]-W-[ DN]-[NG]-G-[RA]-[VA]-C-[GN]) 

was derived from within the ANP-homologous region of AtPNP-B (33 - 66).  Using this 

signature pattern however, only identified other proteins belonging to the endoglucanase 45 

family. 
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Figure 5.6 Phylogenetic tree of PNP-B like sequences encoded by various plant genomes. The numbers represent 

bootstrap values from 1 000 replicates. Sequence identification: Apple (TC10919), AtPNP-A (Q9ZV52.2), AtPNP-B 

(Q9M0C2.1), Beet (TC6463), CjBAp12 (Q9ZP41.1), Coffee (EE192624), Cotton (EX166047), Erucastrum 

(AAO85279), Hedera (AAM18791), Leafy Spurge (TC6438), Maize (TC418589), Morning glory (TC5961), Moss 

(NP13134739), Oilseed Rape (TC81032), Onion (CF451209), OsJPNP-B (BAD2245.1), Pepper (TC11504), Pine 

(DR019211), Poplar (TC114006), Rice (TC360733), Sugarcane (CA286353), Sorghum (CF484893), Sunflower 

(TC33321), Tobacco (EB424615), WhBPNP-B,  OsEXPA5 (AAF62180), OsEXPB1 (AAF72983), EXPB2 

(AAB61710), EGV (P43316). The AtPNP-B cluster is shown in red and the AtPNP-B related cluster 1 is shown in 

pink while cluster 2 is shown in blue. The AtPNP-A cluster is shown in purple and the expansins cluster in green. 
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An alternative approach was therefore followed to identify other possible gene sequences 

encoding for PNP-B like proteins from different plant genomes using BLAST (tblastn and 

tblastx). The search was done against all the plant genomes that are available on the “Gene Index 

Project” (http://compbio.dfci.harvard.edu/tgi/plant.html) and seventeen genomes gave sequences 

that were related to PNP-B. The conserved MIAAA sequence was used to distinguish between 

protein sequences that are related to PNP-B and those related to PNP-A. The PNP-B sequences 

that were obtained were then aligned and a phylogenetic tree was constructed as shown in figure 

5.6 above. 

 

5.4 Discussion 

 

The intron predicted in the Arabidopsis gene for PNP-B was found in the cloned sequences 

[wheat (betta and tugella) and maize (early pearl)]. This then raises the question of whether this is 

truly an intron or not, or maybe an insertion as the PNP-B coding region was amplified from 

RNA. A DNA contamination test was done on the isolated RNA to eliminate the possibility of 

contaminating DNA in the RNA sample. The DNA contamination test proved negative, showing 

that there was no DNA contamination (data not shown). The presence of the 138 bp fragment 

within the PNP-B gene was contrary to expectations since if it was an intron, it would have been 

spliced out in the mature RNA. Thus, this suggests that PNP-B could be a pseudogene based on 

the plants that had introns in them. 
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Pseudogenes are DNA sequences that resemble functional genes but are thought to have no 

purpose. The first pseudogene was reported in 1977 (Jacq et al., 1977) and pseudogenes have 

since been grouped into two namely; ‘processed’ and ‘unprocessed’ pseudogenes (Gibson, 1994). 

‘Processed’ pseudogenes lack introns and certain regulator genes, often terminate in adenine 

series and are flanked by direct repeats, which are associated with movable genetic elements. 

They may be complete or incomplete copies of genes or mixtures of several genes (Gibson, 

1994). While ‘unprocessed’ pseudogenes have introns and associated regulatory sequences. Their 

expression is usually prevented by a misplaced stop codon or codons. They are believed to have 

arisen by gene duplication, which produced an extra copy of the functional gene. The extra copy 

could then accumulate mutations without harming the organism since it would still have a 

completely functional original copy (Gibson, 1994). 

 

Therefore, if PNP-B is a pseudogene at all, this makes it an ‘unprocessed’ pseuodogene since it 

has an intron and the associated regulatory sequences. Stop codons were also identified within the 

PNP-B gene after sequencing thus, supporting the fact that ‘unprocessed’ pseudogenes usually 

have misplaced stop codons. The misplaced stop codons prevent expression and therefore explain 

why the expression of the PNP-B gene that was attempted in Chapter 4 was not successful. It can 

also be speculated that if PNP-B is a pseudogene then its functional gene is PNP-A. 

 

However, although based on the cloned sequences, we are suggesting that PNP-B could be a 

pseudogene; the evolutionary gene duplication hypothesis also suggests that over time, random 

mutations may produce a new gene with new functions by using the gene duplicate while 

maintaining the original gene function (Long & Langley, 1993). Thus, it is also possible that if 

PNP-B is not functional at the moment then over time it will obtain a new function that is linked 

to the original gene function. Therefore, it can be speculated that since PNP-B has got sequence 
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similarity to PNP-A and CjBAp12 then it could have a role in pathogenesis response to stresses 

that affect water and salt homeostasis. 

  

The PNP-B gene was only amplified and sequenced from wheat (betta and tugella) and maize 

(early pearl) while it could not be amplified from the other plants where RNA was isolated. The 

reason why the gene could not be amplified from the other plants was due to the diversity in the 

5` region of the PNP-B of the genes in different plants. This would result in the forward primers 

that were used in this study, which were designed based on the Arabidopsis thaliana gene 

sequence, not annealing to the template RNA. This is evidenced by the homology searches that 

were done using BLAST against different plant genomes using the AtPNP-B sequence as a 

query. Examples of plants from which PNP-B related molecules were identified and from which 

PNP-B amplification was also attempted but was unsuccessful were tobacco, sorghum and moss. 

For moss the only region of the AtPNP-B gene that was identified was from 73 - 230, for 

sorghum it was 133 – 362 and for tobacco it was the region from 73 – 338. Therefore, since the 

primers were designed against the first about 25 bases of AtPNP-B, the gene could not be 

amplified from the other plants. 

 

Sequences from the BLAST searches that were done against the different plant genomes were 

aligned and a phylogenetic tree was constructed. The phylogenetic tree showed that AtPNP-B 

clustered with CjBAp12 in a group that contained other PNP-B related molecules from other 

plants such as cotton, oilseed and wheat (betta). There were also two other clusters in the 

phylogenetic tree (shown in blue and pink in figure 5.6 above) that were shown to be related to 

PNP-B. The cluster shown in blue represented cereals (monocotyledons) namely; rice, maize, 

sorghum and sugarcane. The cluster shown in pink represented dicotyledons (apple, leafy spurge 

and pepper), with the only anomaly being the rice sequence. Another cluster group contained 
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AtPNP-A. This showed that AtPNP-B is more evolutionarily related to CjBAp12 than it is to 

AtPNP-A. 

 

From the blast (tblastx) searches against the different plant geneomes showed us that there are 

some plants in which the intron is not included such as; rice (oryza sativa), leafy spurge, oilseed 

rape, onion, poplar, sugar cane, sunflower and tobacco. There were also other plants where only 

the region from 200 – 500 was the only one that could be identified from the AtPNP-B gene that 

was used as the query. These plants included apple, barley, coffee, cotton, maize (zea mays), 

morning glory, moss, pine and sorghum. There is a possibility that these plants could be lacking 

the intron as well. 

 

Homology searches using BLAST in NCBI identified mostly expansins as the molecules that are 

related to PNP-B. This was consistent with the results of Ludidi et al., (2002) where they also 

identified expansins as molecules with similarity to irPNP-like molecules. This is also consistent 

with the results from the phylogenetic tree which showed that the PNP-B related proteins from 

onion, pine and coffee were clustering in the same group with the α- and β- expansins. PNPs are 

similar to expansins but do not contain the tryptophan and tyrosine rich C-terminal putative 

polysaccharide-binding domain typical of expansins, thus, making PNPs considerably shorter 

than the expansin sequences (~ 12 – 14 kDa rather than ~ 25 kDa). The C-terminal in expansins 

that is absent in PNPs was assigned as a putative cellulose binding, and thus cell wall binding 

region of expansins (Cosgrove, 1999). The absence of the expansin C-terminal in PNP-Bs shows 

that although, PNP-Bs could be related to expansins; they do not interact with the cell wall and 

are therefore mobile. It has been previously demonstrated that irPNPs act on protoplasts (plant 

cells without cell walls) as well as microsomes (Gehring et al., 1996; Pharmawati et al., 2001), 

indicating that the novel peptides specifically interact with the plasma membrane. This shows 
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that the cell wall cannot be an obligatory substrate for PNP-Bs. Thus, the absence of the cellulose 

binding C-terminal of expansins, in PNP-Bs points the molecules to having a systemic role in 

water and solute homeostasis. Furthermore to show that PNP-B does not act on the cell wall like 

expansins; the BLAST homology searches also identified CjBAp12, a blight-induced protein 

which has no apparent expansin activity (Ceccardi et al., 1998). Thus, it can be speculated that 

PNP-B has a role in pathogenesis response which may involve regulation of water and salt 

homeostasis.  

 

Expansins also share structural motifs with the putative catalytic sites of endoglucanases of the 

family 45, which in turn do not have expansin activity (Cosgrove, 1999; Cosgrove, 2000). Thus, 

pattern searches against PROSITE showed that PNP-Bs share a structural motif with an 

endoglucanase belonging to family 45. The fact that expansins, endoglucanase family 45 and 

PNP-Bs share structural motifs reflects an evolutionary relationship among the molecules and 

therefore a relationship in function where the structure of PNP-B had to be changed to adapt to a 

new function that is different from both expansins and endoglucanases.  Unfortunately further 

studies will have to be conducted to elucidate the exact function of PNP-B in plants. 

 

5.5 Conclusion 

 

In conclusion it can be noted that there is a possibility that PNP-B could be a pseudogene only in 

certain plants that contain the intron in them such as [Arabidopsis, wheat (betta and tugella) and 

maize (early pearl)] and its functional gene is PNP-A, which has been extensively studied on and 

has evidence pointing towards a role in water and salt homeostasis. But in other plants such as 

rice, leafy spurge, oilseed rape, onion, poplar, sugar cane, sunflower and tobacco it appears to be 
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a functional protein since there is no intron in those particular plants. In this case, PNP-B would 

take up a function related to water and salt homeostasis.  

 

It can also be noted that PNP-B is evolutionarily related to expansins and the endoglucanase 

family 45, and that PNP-Bs lost the C-terminal domain important for the functional role of 

expansins and endoglucanases. The loss of the domain will then relate PNP-B to a systemic role 

and also increased mobility. Increased mobility is supported by the fact that CjBAp12, a citrus 

blight-induced protein which has sequence similarity (54%) to AtPNP-B is also a systemically 

mobile protein (Ceccardi et al., 1998), present, but not synthesized in leaves. 

 

Furthermore, given the evolutionary relationship of PNP-Bs and expansins we can go with the 

argument of Ludidi et al., (2002) which gives a possible link in function of expansins and PNPs. 

There has been evidence that PNP molecules can cause enhanced osmoticum-dependent water 

uptake (Maryani et al., 2001; Pharmawati et al., 2001) and hence increases in cell turgor. 

Increasing cell turgor will pose stress on cell walls and may in turn signal the need for expansin-

dependent wall loosening.  Thus, inferring from this it is possible that PNP-B and expansins both 

respond towards water and salt homeostasis but in different capacities.  Where PNP-B would 

enhance water uptake and expansins will be involved in cell wall loosening. 

 

This work has revealed some evidence pointing PNP-Bs towards a functional role in both abiotic 

stress and pathogen response. However, further work needs to be done to conclusively determine 

whether PNP-Bs are functional proteins that have a role in water and salt homeostasis or a 

possible role in pathogenesis response. 
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CHAPTER SIX: GENERAL DISCUSSION & FUTURE RESEARCH W ORK 

 

6.1 General Discussion & Conclusion 

 
Sustaining water and solute homeostasis is a key requirement for living systems and in 

vertebrates homeostasis is, in part achieved by natriuretic peptides (NPs), a family of peptide 

hormones (Anand-Srivastava & Trachte, 1993; Kone, 2001; Suzuki et al., 2001). There is 

structural and functional evidence to suggest that an immunological related peptide hormone 

system may operate in plants (Vesely et al., 1993; Billington et al., 1997; Gehring, 1999). 

Biologically active plant natriuretic peptide immune-analogues (irPNP) have been isolated and 

purified by immunoaffinity chromatography (Billington et al., 1997). Two Arabidopsis thaliana 

irPNP-encoding genes termed AtPNP-A and AtPNP-B have also been identified and isolated 

(Ludidi et al., 2002). 

 

This study was done with a major focus on PNP-B since PNP-A has been extensively studied. 

Immunological evidence for the presence of PNP-like molecules has been found in angiosperm 

species (Vesely et al., 1993; Billington et al., 1997; Gehring, 1999; Ludidi et al., 2002). In this 

study the coding region of the PNP-B gene was successfully amplified from wheat (tugella and 

betta) and maize (early pearl) (Chapter 5) and RT-PCR was used to amplify the gene. A 138 bp 

intron was identified for all the plants where the PNP-B gene was amplified, including from 

Arabidopsis thaliana in chapter 4. The presence of the intron after amplification of the PNP-B 

coding region from template RNA from Arabidopsis, wheat (betta and tugella) and maize (early 

pearl) suggested that PNP-B could be an ‘unprocessed’ pseudogene. ‘Unprocessed’ pseudogenes 

have misplaced stop codons which result in them not being expressed. Thus, the attempts at 
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amplifying PNP-B in chapter 4 were not successful. It was also speculated that PNP-A could be 

the functional gene of PNP-B.  

 

Although it would appear that PNP-B has an intron we found from searching the plant genomes 

by tblastx that some did not have an intron region as in, rice, leafy spurge, oilseed rape, onion, 

poplar, sugar cane, sunflower and tobacco and would therefore encode a functional PNP-B 

protein. Bioinformatic and structural analysis (chapter 3) as well as evolution studies (chapter 5) 

pointed towards PNP-Bs having a functional role in both abiotic stress and pathogen responses. 

Firstly, AtPNP-B was found to have some sequence similarity with AtPNP-A (chapter 3), which 

has been extensively studied. Biologically active PNP immuno-analogues (irPNP) and 

recombinant AtPNP-A have been shown to have the following effects on plants; 

 

• Induction of stomatal opening in a concentration- and conformation dependent manner 

(Gehring et al., 1996; Pharmawati et al., 1998a, 2001; Maryani et al., 2001; Morse et al., 

2004), 

• Enhancement of osmoticum-dependent volume changes in leaf mesophyll protoplasts 

(Maryani et al., 2001), 

• Modulation of ion fluxes across plant membranes (Pharmawati et al., 1999) and 

• Induction of volume changes in protoplasts isolated from Arabidopsis cell suspensions 

(Rafudeen et al., 2003; Morse et al., 2004). 

Furthermore it has also been reported that in the brassicaceous weed Erucastrum strigosum the 

PNP-like molecules are significantly up-regulated under salinity stress conditions (Rafudeen et 

al., 2003). The PNP-like molecules have also been significantly up-regulated in Arabidopsis 

thaliana suspension culture cells in response to 150 mM NaCl and in response to iso-molar 
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amounts of sorbitol (Rafudeen et al., 2003). In addition, time-dependent increases in PNP in the 

xylem of the African sage Plectranthus ciliatus were registered after shoot removal (Maryani et 

al., 2003) which causes severe homeostatic disturbances. Taken together, these observations 

establish PNP-A as having a role in osmotic stress-responsiveness and the regulation of water and 

solute movements. Thus, it can be inferred that since PNP-B has sequence similarity with PNP-A, 

it might also have a function in water and salt homeostasis. 

 

Secondly, the transcription factor binding sites (TFBS) that were predicted upstream of the 

AtPNP-B and OsJPNP-B in chapter 3, also showed that PNP-Bs might have a role in water and 

salt homeostasis. The TFBS that were predicted for both AtPNP-B and OsJPNP-B were mostly 

those that were regulating water stress and homeostasis processes. 

 

However, the sequence similarity of AtPNP-B to CjBAp12 (Chapter 3) and the fact that AtPNP-

B and CjBAp12 clustered in the same group in the phylogenetic tree (Chapter 5) suggested a 

pathogenesis-related role for PNP-B. This was further supported by the prediction of TFBS 

(Chapter 3) that were related to biotic stress upstream of both the AtPNP-B and OsJPNP-B genes. 

This evidence suggests that there could be an overlap of roles for PNP-B where PNP-B responds 

to biotic stresses that are related to water and salt homeostasis in plants. 

 

 To further characterize PNP-B we went on in chapter 5 to search for other known proteins that 

are related to it. Using signature patterns searches, the protein was shown to have an evolutionary 

link with endoglucanase family 45 molecules. When BLAST was used to search the protein 

databases for more molecules that could be related to PNP-B, mostly expansins were identified. 

This was consistent with previous studies that have shown that expansins share structural motifs 
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with the putative catalytic sites of endoglucanases of the family 45 (Cosgrove, 1999). Thus, this 

shows us that there is an evolutionary link among the three molecules.  

 

PNPs might be similar to expansins but they do not contain the C-terminal putative 

polysaccharide-binding domain typical of expansins and glucanases, thus, making PNPs 

considerably shorter. This loss in the C-terminal suggests that during evolution the domain was 

lost so that PNP-B could adopt another function other than the function of expansins and 

glucanases in plants. This suggests a systemic role for PNP-Bs. The systemic role is further 

supported by the sequence similarity that AtPNP-B has with CjBAp12 and the fact that AtPNP-B 

and CjBAp12 cluster together in the same group in the phylogenetic tree. CjBAp12 appears to be 

a systemically mobile protein (Ceccardi et al., 1998) since it is present but not synthesized in the 

leaves.  

 

The relationship that PNP-B has with expansins also suggests a divergence in the substrate that 

the molecules act on. Expansins are proteins that promote cell wall loosening and extension 

(Cosgrove, 1999) thus they act on the cell wall while PNPs have been shown to act on the 

membrane. However, irPNP-dependent processes have been observed in experimental systems 

that do not contain the cell wall such as protoplasts or microsomal and plasma membrane vesicles 

(Suwastika et al., 2000; Maryani et al., 2000; Pharmawati et al., 2001; Maryani et al., 2001). This 

suggests that PNP-B could also act directly on the plasma membrane. 

 

Another BLAST search against the different plant genomes in the “Gene Index Project” database 

in chapter 5 also showed that PNP-B related molecules were also present in other plants. The 

identification of other PNP-B related molecules could help explain why PNP-B could not be 

amplified from various plants other than the three cereal plants. This was due to the diversity of 
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the signal peptide coding region of the different PNP-B related genes, the primers that were 

designed based on the PNP-B sequence from Arabidopsis thaliana could not amplify the gene 

from some of the plants. The sequences that were obtained from other plant genomes were also 

used in the construction of a phylogenetic tree. 

  

In conclusion, it was shown that the PNP-B gene is present in other plants from where the gene 

could not be amplified thus there is a need to design degenerate primers so as to amplify the 

respective PNP-B genes from the different plants. Due to the sequence similarity of AtPNP-B to 

both AtPNP-A and CjBAp12, it can be concluded that PNP-B may have a function in 

pathogenesis related stresses that affect water and salt homeostasis. The evolutionary relationship 

of PNP-B with expansins and endoglucanases also suggests a divergence in function where PNPs 

are systemic mobile and act on cell membranes, unlike expansins which act on the cell walls. 

 

6.2 Future Research Work 

 
In this study, RT-PCR was done on total RNA from 15 different plants but the PNP-B gene was 

successfully amplified from only three plants. Thus for future studies it is important to design 

degenerate primers or specific primers, that will be able to amplify the gene from all the plants 

where the gene can be found. After amplification of the gene from different plants, it is also 

important to amplify and express a PNP-B gene lacking an intron. Expression of PNP-B can then 

be optimised using these plants. The purified recombinant PNP-B will be used to investigate the 

cellular responses of plants to recombinant PNP-B and thus elucidate its function. The 

recombinant PNP-B will also be used to further analyse the structure of PNP-B using 

experimental methods such as NMR (nuclear magnetic resonance) and X-ray crystallography. 
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It has been reported that the region sufficient for triggering protoplast swelling and stomatal 

guard cell opening of AtPNP-A lies within the region 33 – 66 which has been shown to be 

homologous to ANP (Morse et al., 2004; Wang et al., 2007). Thus, it is also important to confirm 

the region of PNP-B that is responsible for its function. 

 

A further aspect of this work would be to investigate the responses of PNP-B to biotic and abiotic 

plant stress responses. Immuno-localisation of PNP-B in the plants pre- and post stress is also 

suggested in order to have an idea of the localization of PNP-B in plants. Furthermore, it will be 

important to research on the regulatory elements of PNP-B using DNA foot-printing and reporter 

genes such as GUS. 

 

Further research work on PNP-B will help to bring about a conclusive role for the molecule. The 

functional characterization of PNP-B will help to improve biotechnological stress tolerance 

strategies and to further elucidate the role of proteins/peptides involved in plant stress signaling 

responses. 
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APPENDIX 1:  Sequence Chromatograms 
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570
A G C G GT A T C A

580
G C T C A C T C A A

590
AG G CG G T A A
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T
600
A CG G T T AT C C

610
A C A G A AT C A G

620
GG G AT A AC G C

630
AG G A A A G A A C

640
A T G T G AG CA A

650
A A GG C C A G C A

660
A A AG GC CA G G

670
A A C C G T A A AA

680
AG GC C GC G T T

690
G C T G GC G T T T

700
T T CC A T AG G C

710
T CCG C CC CC C

720
T

G ACG AG CAT
730
CA CA AA A A T C

740
G ACG C T CA A G

750
T CA G AG GT GG

760
C G AAA C CC G A

770
CA GG ACT AT A

780
AA G AT ACC A G

790
G CG T T T C C C C

800
TGG AAGC T CC

810
C T CG T GC GC T

820
C T CC T G TT CC

830
GACCC T G CC G

840
C T T ACC G

G AW
850
A C T G T C G C T T

860
C T C C T T C GGG

870
A G CG T G C G C T

880
T TC T CA TA G C

890
T C AC G C TG T A

900
G T A TC Y CAG T

910
T C G G KG T A G T

920
CG TT CG C T C A

930
G C T GG C TGK K

940
TG AC G A C C C

C
950
G TT C R T C G AA

960
C S CG TG GC C C

970
T W WT C C G G TA

980
M C M TAY S CG C

990
C
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Wheat (Tugella) – Qiagen Forward 
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C A T A A T C A T
10
TAC G C C A G C T

20
C T AAT A C G A C

30
T CA C T A T A G G

40
G AA AGC T C G G

50
T AC CA CG C A K

60
G C T G CA R AC G

70
C G T T AC G T A T

80
C G R AT C CA R A

90
A T T C G K G AT T

100
T A C G G A A A AT

110
AA T CA A K G

T T
120
A A T A AT C C CA

130
G C R AC RG G AT

140
T A G C G AT C T G

150
AG C AA A A GC T

160
T C C C R AG AA A

170
G AT C G AG C GT

180
A R A AG C AC AG

190
C CMC K G GG AC

200
A A T G G T CA A C

210
G A T C T T G AC C

220
T T CG C GG AT T

230
T C C C C G T G

C A
240
AGG G T G AGG C

250
AC G G C G T TM C

260
R AG G T C C G C T

270
G CWT T T CA C G

280
G KG A A CW T T T

290
T G C CA C A A A C

300
T C R AC CA T T G

310
T C C C A T A A T G

320
T A T CA C T C G C

330
T G C AG CG A T C

340
A T CA C T C C T T

350
C T T G A GT A C

C
360
T C T G T A AC A T

370
G C T G A T G C T A

380
T C A A A C A T G A

390
A A T A A A A R A A

400
A A T G A T T T T A

410
T A A CWT T T C G

420
C T G T A G GT T G

430
AT AT G A A A A T

440
G T A T A A R A T A

450
A G T T T G T T GT

460
T T G T A T T T G T

470
T T T A T A A T T

T
480
T G GT A GT A A A

490
A CA C A C A A A A

500
A T T C T T A C R A

510
G T G T A A C T T G

520
T G T A A A A A GT

530
T GC AA T C C C G

540
G G AG T T G C A T

550
A T G A G A A A G A

560
G A A G A G A A A A

570
AC A A G A A C G G

580
T A R A A A A A A A

590
C A C A A T A C
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T T
600
T T A C T C A T A A

610
T C T G A AT T C G

620
T C R A CA AG C T

630
T C T C G AG C C T

640
A G G C T A G C T C

650
T A G AC C A C A C

660
G T G T G G G G G C

670
C C G AG C T C G C

680
G GC C G C T G T A

690
T T C T A T A G T G

700
T C A C C T A A A T

710
G GC CG

C A C A A
720
T T CA C T G G C C

730
G T CG T T T T A C

740
A A C G T C G T G A

750
C T G GG A A A A C

760
C C T G GC G T T A

770
C C C A A C T T AA

780
T C G C C T T G C A

790
G C A C A T C C C C

800
C T T T C GC C AG

810
C T G G C GT A AT

820
A G C G A AG AG G

830
C

C C G C A C C G A
840
T C G C C C T T C C

850
C AA C A G T T G C

860
G C AG C C T G AA

870
T GG C G AA T GG

880
AAA T T G T AA G

890
C G TT AA T A T T

900
T T G TT AA A A T

910
T C G C G TT A A T

920
T T T G TT A A T C

930
AG C T CA T T T T

940
T A CC

AA T A G C
950
G A A T C GG C A A

960
A T C C T A T A A T

970
C A A A G A T A GA

980
C G AG A T A GG T

990
G AG TG T G T C A

1000
G T T T G A M A GA

1010
G T CC AC T A T A

1020
G A C GT G A C T C

1030
C A C G TC AA GG

1040
C A A C G Y T W T C

1050
A G G S AAT G CC

1060
TATA C TG A C T

1070
A C C T A
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Maize (early pearl) – Qiagen Forward 
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C KT AM A TG A
10
T T C G C C A G C T

20
C T AA T AC R A C

30
T CA C T A T A G G

40
G AAA GC T C G G

50
T AC CA C G CA K

60
G C T G CA R AC S

70
CG T T AC G T A T

80
C G R AT CCA R A

90
AT T C G K G AT T

100
T T AC G G AA A A

110
T A A T CA A K

G T
120
T A A T A A T C CC

130
A G C G A CR G G A

140
T T A G C GWT C T

150
G AG C A A A A GC

160
T T C C C R AG AA

170
A R AT C G AG C G

180
T A R A A SC AC A

190
G C CMC T G A R A

200
C AA K GG T C A A

210
CG A T C T T G AC

220
C T T C S C GG AT

230
T T C C C C G K

G C
240
AA GG G K G AGG

250
C A C G G CG T T M

260
C R AG G T C C G C

270
T G CWT T T CA C

280
G G K G A ACWT T

290
T T G C CM CA A A

300
C T C R A C CW T T

310
G T C C CA T AA K

320
G T A T CA C T C G

330
C T G C A SC G A T

340
CWT CA C T C C T

350
T C T T G AG T A

C
360
C T C T G T A AC A

370
T G C T G A K G C T

380
A T C A A A C A T G

390
A A A T A A A A R A

400
A A A T G A T T T T

410
A T A A CWT T T C

420
S C T G T AG G T T

430
G A T AT G A A A A

440
T GT A T A A R A T

450
A A G T T KG T T G

460
T T K G T A T T T G

470
T T T T A T A A T

T
480
T T G G T A GT A A

490
A A CA C A CA A A

500
A WT T C T T A C R

510
A G K G T A A C T T

520
G T G T AA A A A G

530
T T G C A A T C C C

540
G G G AG T T GC A

550
T A T G A R A A AG

560
A GA A R A G A A A

570
A A CA A G A A C G

580
G T A R A A A AA A

590
A C A CA A T
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A C T
600
T T T A C T C A T A

610
A T C T G A A T T C

620
G T C R AC A A G C

630
T T C T C G AG C C

640
T A G G C T A G C T

650
C T AG AC C A C A

660
C G T G T G GG G G

670
C C CG A G C T C G

680
C G G C CG C T G T

690
A T T C T A T A G K

700
G T C A C C T A A A

710
K G GC C

GC A C A
720
A T T C A C T G G C

730
CG T CG T T T T A

740
C A A C G T C G T G

750
A C T G G GA A AA

760
C C C T G GCG T T

770
AC C C AA C T T A

780
AT C GC C T T G C

790
AG C AC A T C C C

800
C C T T T CGC C A

810
G C T G G CG T A A

820
T A G C G AA G A G

830
GC C C G

C AC C G
840
A T CG C C C T T C

850
C C AA C A G T T G

860
C G CA G C C T G A

870
A T GG C G AA TG

880
G AAA T T G T AA

890
GC G T T AA T A T

900
T T T G T T A AAA

910
T T C G C G T T A A

920
T T T T T GT T A A

930
T C A G C T CA T T

940
T T T A CC A A

T A
950
GG C G A A T C GG

960
C A A T C C T A T A

970
A T C A A A G A T A

980
GA C G AG A T A G

990
G T G A GT G T G T

1000
C AG T T G A C A G

1010
AG T C M T W T A G

1020
A C TGG A CT C A

1030
C

G T C AA GG CA
1040

AAA C G Y T A T C
1050

A GG C A T G C C C
1060

W C TGG A C T A C
1070

T A T C A G T T T T
1080

G T C A GT C T AA
1090

G C T
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A T C G A C T
1100

A A G G A C C T G G
1110

A
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APPENDIX 2: Transcription Binding Factors 

Transcription 

Factor 

Consensus 

Sequence 

Description Species Reference 

ABRELATERD1 
 

 

ACGTG 

 

ABRE-like sequence (from -
199 to -195) required for 
etiolation-induced expression 
of erd1 (early responsive to   
dehydration) in Arabidopsis. 
 

Arabidopsis 
thaliana 

Nakashima et 
al., 2006 

ABREOSRAB21 

 

ACGTSSSC 
 
 

ABA responsive element 
(ABRE) of wheat Em and rice 
(O.s.) rab21 genes.  
 

rice (Oryza 
sativa); wheat 
(Triticum 
aestivum) 
 

Busk & Pages, 
1998 
 
 
 

ACGTATERD1 ACGT ACGT sequence (from -155 to 
-152) required for etiolation-
induced expression of erd1 
(early responsive to 
dehydration) in Arabidopsis. 

Arabidopsis 
thaliana 

Simpson et al., 
2003 

CAATBOX1 CAAT CAAT promoter consensus 
sequence found in legA gene 
of pea. 

Pea (Pisum 
sativum) 

Shirsat et al., 
1989 

ERELEE4 
 

AWTTCAAA 
 

"ERE (ethylene responsive 
element)" of tomato (L.e.) E4 
and carnation GST1 genes; 
GST1 is related to senescence; 
Found in the 5'-LTR region of 
TLC1.1 retrotransposon family 
in Lycopersicon   chilense; 
ERE motifs mediate ethylene-
induced activation of the U3 
promoter region. 
 

tomato 
(Lycopersicon 
esculentum); 
carnation 
(Dianthus 
 aryophillus); 
Lycopersicon 
chilense. 

Rawat et al., 
2005 

GCCCORE GCCGCC Core of GCC-box found in 
many pathogen-responsive 
genes such as PDF1.2, Thi2.1, 
and PR4; Has been shown to 
function as ethylene-
responsive element; Appears to 
play important roles in 
regulating jasmonate-
responsive gene expression; 
Tomato Pti4 (ERF) regulates 
defence-related gene 
expression via GCC box and 
non-GCC box cis elements 
(Myb1 (GTTAGTT) and G-
box (CACGTG). 

Arabidopsis 
thaliana; 
Lycopersicon 
esculentum 
(tomato) 

Koyama et al., 
2003 
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INRNTPSADB YTCANTYY Inr (initiator) elements found 
in the tobacco psaDb gene 
promoter without TATA 
boxes; Light-responsive 
transcription of psaDb depends 
on Inr, but not TATA box. 

Tobacco 
(Nicotiana 
tabacum) 

Nakamura et 
al., 2002 

LTRECOREATCO
R15 

CCGAC Core of low temperature 
responsive element (LTRE) of 
cor15a gene in Arabidopsis; A 
portion of repeat-C (C-repeat), 
TGGCCGAC, which is 
repeated twice in cor15a 
promoter (Baker et al., 1994); 
ABA responsiveness; Involved 
in cold induction of BN115 
gene from winter Brassica 
napus; Light signaling 
mediated by phytochrome is 
necessary for cold- or drought- 
induced gene expression 
through the C/DRE in 
Arabidopsis.  

Arabidopsis 
thaliana; 
Brassica napus 

Baker et al., 
1994 

MYB1AT 
 
 

 

WAACCA 
 
 

 

MYB recognition site found in 
the promoters of the 
dehydration-responsive gene 
rd22 and many other genes in 
Arabidopsis. 
 

Arabidopsis 
thaliana 
 
 
 
 

Abe et al., 
2003 
 
 
 
 

MYB2AT TAACTG Binding site for ATMYB2, an 
Arabidopsis MYB homolog; 
ATMYB2 binds 
oligonucleotides that contained 
a consensus MYB recognition 
sequence (TAACTG), such as 
is in the SV40 enhancer and 
the maize bronze-1 promoter 
(Urao et al., 1993); ATMYB2 
is involved in regulation of 
genes that are responsive to 
water stress in Arabidopsis. 

Arabidopsis 
thaliana 

Urao et al., 
1993 

MYB2CONSENSU

SAT 

YAACKG MYB recognition site found in 
the promoters of the 
dehydration-responsive gene 
rd22 and many other genes in 
Arabidopsis. 

Arabidopsis 
thaliana 
 

Abe et al., 
2003 
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MYBCORE CNGTTR Binding site for all animal 
MYB and at least two plant 
MYB proteins ATMYB1 and 
ATMYB2, both isolated from 
Arabidopsis; ATMYB2 is 
involved in regulation of genes 
that are responsive to water 
stress in Arabidopsis; A 
petunia MYB protein 
(MYB.Ph3) is involved in 
regulation of flavonoid 
biosynthesis.  

Arabidopsis 
thaliana; animal; 
petunia (Petunia 
hybrida) 

Solano et al., 
1995 

MYCATERD1 CATGTG MYC recognition sequence 
(from -466 to -461) necessary 
for expression of erd1 (early 
responsive to dehydration) in 
dehydrated Arabidopsis; NAC 
protein bound specifically to 
the CATGTG motif (Tran et 
al., 2004); NAC protein bound 
specifically to the CATGTG 
motif (Tran et al., 2004). 

Arabidopsis 
thaliana 
 

Tran et al., 
2004 
 

MYCATRD22 CACATG Binding site for MYC 
(rd22BP1) in Arabidopsis 
dehydration-resposive gene, 
rd22; MYC binding site in 
rd22 gene of Arabidopsis 
thaliana; ABA-induction; 
Located at ca. -200 of rd22 
gene; Also MYB at ca. -141 of 
rd22 gene.  

Arabidopsis 
thaliana 

Abe et al., 
1997 

MYCCONSENSUS
AT 

CANNTG MYC recognition site found in 
the promoters of the 
dehydration-responsive gene 
rd22 and many other genes in 
Arabidopsis; Binding site of 
ATMYC2 (previously known 
as rd22BP1); MYC recognition 
sequence in CBF3 promoter; 
Binding site of ICE1 (inducer 
of CBF expression 1) that 
regulates the transcription of 
CBF/DREB1 genes in the cold 
in Arabidopsis. 

Arabidopsis 
thaliana 

Abe et al., 
2003 

POLASIG3 AATAAT "Plant polyA signal"; 
Consensus sequence for plant 
polyadenylation signal. 

Maize (Zea mays) Heidecker & 
Messing, 1986 
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PYRIMIDINEBOX
HVEPB1 
 

TTTTTTCC 
 

“Pyrimidine box" found in the 
barley (H.v.) EPB-1 (cysteine 
proteinase) gene promoter; 
Located between -120 to -113; 
Required for GA induction. 

Barley (Hordeum 
vulgare) 

Cercos et al., 
1999 

TAAAGSTKST1 TAAAG TAAAG motif found in 
promoter of Solanum 
tuberosum KST1 gene; Target 
site for trans-acting StDof1 
protein controlling guard cell-
specific gene expression; 
KST1 gene encodes a K+ 
influx channel of guard cells. 

Potato (Solanum 
tuberosum) 

Plesch et al., 
2001 

     

TATABOX1 
 

CTATAAAT
AC 
 

"TATA box"; TATA box 
found in the 5'upstream region 
of rice alpha-amylase; TATA 
box found in beta-phaseolin 
promoter (Grace et al., 2004); 
sequence and spacing of 
TATA box elements are 
critical for accurate initiation 
(Grace et al., 2004). 

rice (Oryza 
sativa); bean 
(Phaseolus 
vulgaris) 

Grace et al., 
2004 

TATABOX2 
 
 
 
 
 
 
 
 
 

TATAAAT 
 
 
 
 
 
 
 
 
 

"TATA box"; TATA box 
found in the 5'upstream region 
of pea legA gene; sporamin A 
of sweet potato; TATA box 
found in beta-phaseolin 
promoter (Grace et al., 2004); 
sequence and spacing of 
TATA box elements are 
critical for accurate initiation 
(Grace et al., 2004). 
 

pea (Pisum 
sativum); tobacco 
(Nicotiana 
tabacum); bean 
(Phaseolus 
  vulgaris) 
 
 
 
 

Shirsat et al., 
1989 
Grace et al., 
2004 
 
 
 
 
 
 

TATABOX4 TATATAA 
 

"TATA box"; TATA box 
found in the 5'upstream region 
of sweet potato sporamin A 
gene; TATA box found in 
beta-phaseolin promoter 
(Grace et al., 2004); sequence 
and spacing of TATA box 
elements are critical for 
accurate initiation (Grace et 
al., 2004). 

 

sweet potato 
(Ipomoea 
batatas); bean 
(Phaseolus 
vulgaris) 

Grace et al., 
2004 
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WBOXATNPR1 TTGAC W-box found in promoter of 
Arabidopsis thaliana  NPR1 
gene; Located 
 between +70 and +79 in 
tandem; They were recognized 
specifically by salicylic acid 
(SA)-induced WRKY DNA 
binding proteins; A cluster of 
WRKY binding sites act as 
negative regulatory elements 
for the inducible expression of 
AtWRKY18 (Chen and Chen, 
2002). 

Arabidopsis 
thaliana 

Yu et al., 2001 

The symbols used in addition to A, G, C, or T are: 

N: A, C, G or T;  

R: A or G;  

W:  A or T;  

Y:  C or T 

S: C or G 

 


